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ABSTRACT 

Sainfoin (Onobrychis viciifolia Scop.) is a useful forage legume regarded as 

having drought resistant attributes. Also, it does not cause bloat in ruminants and is 

not sensitive to alfalfa weevil (Hypera postica. L). Although the physiological and 

morphological responses to water stress of lucerne (Medicago sativa L.) are well 

known the responses of sainfoin to water stress have nol been fully studied. In this 

study the physiological and morphological responses of sainfoin to water stress were 

investigated, with lucerne used as a reference plant. 

The results of the indoor and outdoor studies showed sainfoin had useful 

characteristics for forage production in dry conditions. Relative to lucerne it had a 

lower yield, due to lower leaf area, lower stem number and poor regrowth. However, 

sainfoin responded to water stress at least as well as lucerne. Sainfoin had a higher 

root:shoot ratio and a lower specific leaf area ratio than lucerne, indicating a higher 

allocation of carbohydrate to the roots, and a lower leaf surface area for transpiration 

in sainfoin than for lucerne. W ,ater stress decreased the yield of lucerne 

proportionally more than sainfoin mostly du� to the greater reduction in the above 

ground dry weight of lucerne. 

The indoor study of root characteristics of sainfoin and lucerne in l m  tall 

tubes showed that in terms of root development sainfoin responded to water stress 

better than lucerne. Although sainfoin had equal root mass and root length to lucerne, 

the root distribution of sainfoin at below 0.6 m depths was greater than for lucerne. 

As water stress developed sainfoin roots grew below 0.6 m earlier than lucerne roots. 

Sainfoin had a higher root osmotic adjustment than lucerne and also maintained 

higher (less negative) leaf water potential than lucerne. 

The stomatal resistances (Rs) of sainfoin and lucerne were equal, but Rs was 

not distributed equally between adaxial and abaxial leaf surfaces. The Rs of the 

adaxial leaf surface of sainfoin was lower and more sensitive to water stress than the 

Rs of the abaxial leaf surface. The different Rs of the adaxial and abaxial leaf 

surfaces of sainfoin was partly due to the different stomatal frequencies of the 

respective surfaces. 
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Comparison of sainfoin cultivars in a climate room showed that the water use 

efficiencies (WUE) of Remont, Fakir, Cotswold-Comrnon, and Eski, were similar. 

Remont was more sensitive to water stress than the other three cultivars, and Eski 

produced a greater root length and mass than other cultivars. The growth of Eski was 

initially slower than that of the Remont in both the indoor and the outdoor studies. 

However, lucerne grew faster than all the sainfoin cultivars. Over three harvests in 

the field the yields of Eski and Remont were similar but lucerne out yielded both 

sainfoin cultivars. Sainfoin produced a greater proportion of its yield earlier than 

lucerne, whereas lucerne distributed its yield throughout the whole season, indicating 

that sainfoin is adapted to regions with precipitation in only winter and spring. 

The results of the carbon isotope discrimination (.t..) analysis for the indoor 

and outdoor studies showed .t.. had a negative correlation with WUE, leaf water 

potential, osmotic potential, and stomatal resistance, but had a positive correlation 

with relative water content, turgor potential, transpiration rate, and photosynthetic 

rate. These correlations demonstrated the usefulness of this technique for evaluating 

the responses of plants to water stress. The stressed plants always had lower .t.. than 

the control plants showing the higher WUE of .stressed plants. The .t.. of roots was 

higher than the .t.. of the leaves suggesting that the growth of leaves occurred in 

conditions that were an average drier than for the growth of roots. This was 

supported by the lower (more negative) water potential of leaves than roots. The .t.. 

of the roots below 0.6 m depth was higher than the .t.. of roots above 0.1 m depth 

suggesting the roots above 0.1 m grew under higher water stress than the roots below 

0.6m depth. Over three harvests in the field the t:. of Eski and lucerne were similar 

and the .t.. of Remont was higher than for Eski and lucerne. 

In conclusion, sainfoin was found to have several useful attributes for growth 

and survival in dry regions. Of the sainfoin cultivars examined Eski was the best 

adapted to water stress. Relative to lucerne, sainfoin yielded less, but had a similar 

water use efficiency, a shorter season of growth, a greater root: shoot ratio, deeJ?Cr 

roots and better maintenance of leaf water potential under water stress. 
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1. Introduction and objectives 

Despite an increasing world population world land area is fixed, and the 

f;effective area for agriculture is further reduced by drought. By the year 2000 when 

; the global population is projected to be 6-7 billion, only 0.2 ha per person will be 
' 

available and producing food will be even more difficult (Simpson 1981). 
r '• 

• • r Wise development and
' 
management of the semi-arid and arid zones of the 

: world for greater crop production demands better knowledge about the nature of 

water stress and of ways of mitigating its harmful effects on crop production. 

In most regions of the globe, water is usually a significant rate-limiting factor 

in maintaining high productivity of crop plants throughout the potential growing 

season. In most circumstances natural rainfall limits the amount of growth or number 

of crops that can be grown in a year. Clearly, the study of water stress provides 

information that can help to optimize plant growth under agricultural conditions. 

Iran with a total area of 1,600,000 km2 is the second largest country in the 

Middle East. It is located between 44° and 66° east longitude, and between 2 5° and 

40° north latitude. The climate is of Mediterranean type with rain in the cool season 

and a long summer drought. Approximately 17% of the land surface of Iran has 2 50-

500 mm of annual precipitation. The monthly rainfall and mean temperature suggest 

that most of the precipitation is snow in winter and the rain mainly occurs in spring 

(Choudhary 1992). 

Drought in Iran has two characteristics: a) limitation from low rainfall b) 

distribution of precipitation mostly in winter and early spring. In consideration of 

these two points, research on drought resistant plants and their use potential for u�e 
·,. 

in the country is justified. 

Sainfoin (Onobrychis viciifolia Scop.) is a perennial forage legume capable 

of out-yielding lucerne (Medicago Sativa L.) in extremely dry regions (Cooper and 

Roath 1965, Murray and Slinkard 1968). Sainfoin appears to have some 

morphological adaptations to water stress such as a deep rooting system, and a low 

: specific leaf area (Koch et al. 1972, Sheehy and Popple 198 1 ). Nevertheless, the 
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9� t \ 
'Jiitle study (Bolger 1 988). The high water use efficiency of sainfoin in spring (Bolger 

and Matches 1990) is another attribute suitable for plants in regions with enough ' ,. 
:¥chlnfall in spring but with dry summer. Sainfoin has several attributes which make 

;i�: a desirable forage species. It has a high feed quality (Smoliak and Hanna 1 975, 
, t -\ 

6u-leton et al. 1 968, Sheely 1977), is non-bloating due to the presence of tannin 

cHanna et al. 1 972, McGraw and Marten 1986, Fortune 1 985), yet is palatable to 
.. 
sheep (Os borne et al. 1 966), fixes· nitrogen (Hume 1 98 1 ;  Bolger 1 988), grows on low •' 
f�rtility soil (Roath and Graham 1 968), and is resistant to some lucerne insects pests 

,, t 

such as the alfalfa weevil (Hypera postica L.) (Eslick 1968, Hanna et al. 1 977), and 

1' si>otted alfalfa aphid (Therioaphid maculta) (Lance 1 980). 

The objectives of this study were: 

· i) To examine physiological and morphological response of sainfoin cultivars to 
'· ·

water stress, using lucerne as a reference plant 

ii) To determine the important physiological or. morphological characters of sainfoin, 

and iii) To determine the potential of sainfoin as an alternative plant to lucerne for 

forage production in dry conditions. 
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2 Review of literature 
2.1 Plant adaptation to water stress 

r· 2.1.1 Definition and concepts 
r �The ability of a crop to grow satisfactorily in areas subjected to water deficit has 

been termed "drought resistance" (Turner 1 986a). Modifications of the structure and 

�· function that increase the probability that a plant will survive and reproduce in a 
� . . . 
�. particular environment are termed "adaptation" (Kramer 1 980). "Acclimation" is the 

� ability to slowly adapt to new environmental condition (Turner 1986a). 
I 

•1 Bielorai ( 1 992b) pointed out plants have to contend with three kinds of 

situations in which they are subjected to moisture stress: 

a) Transient drought: the occasional transient stress periods at various stages of plant 

development, a major characteristic of semi-arid regions 

b) Terminal drought: causing moisture stress towards the end of the growing period, 

which prevents normal formation and ripening of grain .  This is the most common 

form encountered in a Mediterranean climate ., 
c) Seasonal drought: where insufficient precipitation for economic crop production � 
occurs, generally in cycles, in the fringe areas of semi-arid regions and occasionally 

in semi-arid regions. 

2.1.2 Categories of drought resistance 

Drought resistance has been attributed to a number of adaptive mechanisms, 

but there is as yet no consensus on the most useful breakdown of categories of 

drought resistance (Turner 1986a). In many cases, the distinctions are more semantic 

than substantive. Three principal ways in which plants can adapt to drought are 

acknowledged (Levitt 1 972). 

- Stress escape: the ability of a plant to complete its life cycle before serious soil .and " 
plant water deficits develop. 

- Stress avoidance: Maintaining a favourable internal water balance, thereby 

postponing the negative effects of drought. 

- Stress survival: Surviving relatively long periods of drought (drought survival). 
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V t£1.2.1 Drought escape 
' �· 

. �: Ephemeral 
r --;1 Many desert plants genninate at the beginning of the rainy season and can 

' .  

; have as short as five to six weeks growing period (Polunin 1 960; Kassas 1 966) . 

I 

B: Early maturity 

Early maturing cultivars usually encounter fewer moisture stress periods, and 

.avoid tenninal stress; these do not, however, escape drought completely, and usually 

have additional drought resistance attributes. For example, in a study of drought 

stress on wheat cultivars during the period of ear growth and development Blum and 

Pnuel ( 1 990) found that early cultivars tended to also have more osmotic adjustment. 

In areas with alternate rainy and dry seasons, the ability to achieve maturity 

before the soil dries out is the main adaptation to drought of cultivated crops, and 

matching crop phenology to available moisture supply has always been a major 

breeding objective (Bielorai 1 992b ). 

C): Developmental plasticity 

Developmental plasticity is where the duration of growth varies according to 

the extent and timing of water deficit (Ludlow and Muchow 1990), and frequently 

occurs in indeterminate cultivars. Early maturity may be induced by water stress, 

which is an advantage in dry years; in more favourable years, maturity is delayed and 

the plant can benefit from a longer growing period. Phenological plasticity will be 

more beneficial than earliness, where soil moisture supply is less predictable. 

Sin clair et al. ( 1 987) state that cowpeas have an advantage over other grain 

legumes through their ability to delay development under moisture stress so t�t 

flowering and pod formation resume when a favourable moisture regime is re­

established. 

D) Seed dormancy 

The seeds of many species that grow in regions with a hot, dry season are not 
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" 'able to genninate at high temperatures, they are thereby protected from destruction 

: (Evenari 1 962). In desert plants, the process of gennination can be stopped and re­

-, started at different stages between imbibition and the appearance of the radicle and 
·�· 
·· shoot, without loss of gennination ability (Evenari 1 962) . 

., 2.1.2.2 A voiding stress 
l 

A favourable water balance under conditions of limited water supply can be 

achieved (a) by improving water uptake sufficiency, so as to replenish lost water (so­

called water spenders), (b) by conserving water, i.e. restricting transpiration before 

or as soon as stress is experienced (water savers), or (c) postponing dehydration and 

thereby enabling plants to avoid the effects of stress by maintaining turgor and cell 

volume. 

A: Maintaining water uptake 

In annual plants of the dry savannah, roots may account for 30-40% of total 

dry matter, whilst the proportion may rise to 90% in perennial desert species, with 

the roots growing to great depths. By contrast, annual ephemeral species, that grow 

during short moist periods as and when they occur, or in depressions in which water 

has accumulated, have poorly developed root systems (Fitter and Hay 1 987). The role 

of root systems in the maintenance of water uptake will be discussed in Section 2.6 

B) Reducing water loss 

The most common way plants regulate water balance and maintain turgidity 

is to reduce water loss. Several mechanisms are possible, and can be grouped as a) < 
reducing absorbtion of radiation, or b) increasing stomatal, cuticular and root 

\ 
resistance. 

a) Reduced absorption of radiation. 

Leaf area reduction is a common trait following the imposition of water stress 

because it decreases the probability of the crop depleting water before reaching 

maturity (Ludlow and Muchow 1 990). Leaf shedding increases the root/leaf ratio and 
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modifies the carbon balance of plants. Generally, nitrogen is recovered before 

'abscission (Schulze 1 988). Many desert species, such as Artemisia herba-alba have 

two leaf types, large winter leaves that are shed at the end of the wet season, and 

replaced by very small summer leaves (Zohary 1 96 1 ). Krieg ( 1 983) pointed out that 

plasticity of leaf area development is a useful trait allowing plants to conserve water 

during the vegetative stage 
. 
that can be used during seed formation. Excessive 

:reduction in leaf area, will impose an irreversible limitation on yield due to the close 

association between leaf area and seed number in most crop plants. 

�· : Another way water loss from plants is reduced is through leaf movements 

such as leaf rolling, folding and wilting of leaves at the time of water stress. These 

movements help reduce the heat load and water loss. 

• • Active movement of leaves is also an adaptation to both low and high light 

intensities. A special case of leaf orientation is the active leaf movement common­

place in Cucurbitacea, Leguminosae, and others. When water supply is adequate, the 

leaves are oriented perpendicular 
,
to incoming radiation. Thus the maximum 

photosynthetic rate is assured, but water loss is high. When stress occurs, leaves 

orient parallel to incoming radiation, thereby reducing heat load and transpiration. 

Indirect light is still sufficient for photosynthesis (Schulze 1 988). 

Leaf reflectance caused by the presence of epicuticular wax (Ludlow and 

• Muchow 1 990) is another factor which reduces water loss. Besides increasing 

treflectance, the wax also lowers epidermal conductance (Bielorai 1 992a) and 

t transpiration, thereby increasing water use efficiency (WUE). 

·b) Increased resistance to water flow 

Leaf structure can also influence water loss. Leaves can have characteiistics '• 
SUch as waxy surfaces, thick cuticles, sunken stomata, the presence of spine� and 

hairiness that help to reduce the transpiration rate under dry conditions. 

Stomatal resistance, stomatal number and location are also involved in the 

.�ntrol of water loss. This will be discussed in Section 2.5.4. 

Reduced cuticular conductance, is important since it is the main pathway of 

; 
�ater loss when stomata are closed (Bielorai 1 992a). Low epidermal conductance 
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delays leaf dehydration and, therefore, promotes leaf survival (Sinclair and Ludlow 
1986). Since water loss through the cuticle is significant only when the stomata are 

'closed, low cuticular conductance has no adverse effect on photosynthesis and does 

not reduce yield potential. It should therefore enhance plant survival in intermittent 

.stress environments without any cost in performance (Ludlow and Muchow 1 990). 

r,. 
[' 
C) Mitigating stress 

Osmotic adjustment, high root/shoot ratio, and transpiration efficiency are 

adaptations to drought that pennit plants to maintain a high internal water potential 

in spite of the stress. They are thereby able to maintain cell turgor and growth, avoid 
: secondary drought-induced stress, as well as direct and indirect metabolic injury due 

to dehydration (Levitt 1 972). 

Maintenance of turgor in spite of leaf water deficits is a major factor in 
mitigating stress since many biochemical, physiological, and morphological processes " 

· in �e plant are sensitive to leaf turgor (Turner and Burch 1 983). Osmotic adjustment 
is an adaptive process which enables a plant to maintain turgor despite lower internal 
Water potential. This factor is explained in detail in Section 2.4.2. 

For short-term water stress (e.g. at midday) a balance between water uptake 
and loss can be achieved through stomatal closure. For longer-term stress, however, 
adaptation by increased ratio between effective root surface and leaf area (Loomis 
1983) is necessary. Begg and Turner ( 1 976) pointed out that a high root:shoot ratio 
is a very effective means of plant adaptation to water stress. 

Transpiration efficiency (W) is defined as mass or moles of C or C02 fixed 
,per unit of water lost from a leaf. This contrasts with WUE of a plant which is· dry 

L 

. In principle, there should be no cost for higher W and it should contribute to 
. � , � potential and stability. Ludlow and Muchow ( 1 990) concluded that "this trait 

· ' �&real promise and potential for increasing yield of crops in the semi-arid and arid 
·,: .�" (see Section 2.2). 
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.�.j.t.2.3 Dehydration tolerance (low lethal water status) 
' 

The degree to which plant parts withstand desiccation can be expressed as the 

relative water content (RWC) or water potential ('V) at which leaves die, these are 
""'., .. 

called lethal values (Ludlow and Muchow 1990). 

�·· f� There are large differences.· between different plant organs in their ability to 

" withstand desiccation. In many perennial species, the above-ground parts die off with 
' '  

: the onset of the hot, dry season and the underground parts, such as rhizomes, bulbs, 

. , corms, and tubers, remain alive but dormant (Vegis 1 963). 

,. The ability of plants to store water in their tissue is another useful character 

in dry conditions. Succulents are a special group, which tend to be preponderant in 

arid regions which have short annual rainy seasons (W alter 1 962). They are able to 

survive periods of absolute drought during which they are almost completely 

unaffected by their environment, both aerial and edaphic, through use of the reserves 

of water that they accumulate in their storage organs during periods when water is 

available in the soil. 
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2.2 Water use efficiency 

2.2.1 Introduction 

Plant WUE was a topic of early scientific study (Woodward 1 699, Lawes 

1 850; Lawes ( 1 980); Briggs and Shantz 1 9 1 4  ). The detennination of factors 

: influencing WUE has been the objective of many studies of water relationships. 
I 

· 'wittwer ( 1 975) identified water as the second-most limiting factor, behind land area, 

· io increasing food production. He argued that a high research priority should be an 

improvement in the efficiency of water use by plants. 

2.2.2 Definitions 

Water use efficiency is an ambiguous term, with a wide range of meanings 

'and usages, although the basic definition is the total biomass produced per unit of 

water use . 

'· 

. 
Factors which influence Wl)E depend on the definition of WUE. Plant mass 

can be a function of carbon dioxide assimilation (A), total crop biomass (B) (above 

or below ground), or crop grain yield (G). Water consumed can be expressed as 
'
transpiration (T), evapotranspiration (ET), or total water input to the system (I) . 
' ·· Stanhill ( 1 986) has described water use efficiency at both the hydrological and 

physiological levels. In a hydrological context, WUE relates primarily to efficiency 
. 

With which water is used in irrigation, and is defmed by Bos and Nugteren ( 1 974) 

� "the increase in water content of the root zone following irrigation, expressed as 

a fraction of the total water supplied to the irrigated area". In a physiological context 

� has been defined as the ratio of the weight of crop water loss Jo the 

. 
. sphere to that of its yield or total dry matter production. Stanhill t 1 986) 

�ferred to use the term transpiration ratio rather than WUE. When the crop\vater 

, :',includes evaporation from the surface of the soil and crop canopy then Stanhill 

1�6) used the term evapotranspiration ratio which was expressed on a unit crop 

basis and evaporation was related to the fresh weight of the yield component, 

�·
,as a reciprocal of the evapotranspiration ratio, i.e., kg/ha/mm. Values of 

�iration ratio and evapotranspiration ratio are normally within the range 1 00  to 
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gig (Stanhill 1 986). In irrigation studies, evapotranspiration ratio i s  often termed 

production function" and is related to water application rather than 

Farquhar et al. ( 1 989a) defined the term transpiration efficiency as the total 

amount of carbon biomass produced per unit water transpired by the plant. The 

fnsQllltaneous ratio of C02 assiinihition rate of a leaf, (A), to its transpiration rate (E) 

is given approximately by AlE= ((P3-P;)/1 .6u)(Farquhar 1 989b) where P; and Pa are 
"ilie ratio of partial pressure of C02 inside the leaf air spaces and atmosphere, 

respectively' u is the water vapour pressure difference between the intercellular 

spaces and the atmosphere, and the factor 1 .6 is the ratio of diffusion of water vapour 

Because of the difficulties in determining the weight of roots, Gregory ( 1 988)  

suggested another approach to determining WUE by considering only the above­

ground biomass (Ludlow and Muchow 1990). For most crops, only part of the dry 

matter produced is of economic signifiCance to the farmer (e.g. grain crops), therefore 

the economic proportion of the total dry mattercan be related to the amount of water 

loss. Turner ( 1 986b) has pointed out the usefulness of WUE based on grain yield, or 

economic yield per unit of growing season rainfall for the agronomic evaluation of 

crops. 

In semi-arid conditions in which run-off (R), drainage (D), and interception 

of rainfall by crop canopies (I) are substantial components of the water balance, 

Gregory ( 1 988) suggests: 
Yec/ T  WUE= --�--���� 1 +  [ E+R+D+I] / T  

where Y fl is transpiration efficiency considering economic yield (Y ec) , R (run-off), rot· 
D (drainage), and I (interception of rainfall by crop canopies) are substaptial 

<. 

components of water balance. Bielorai ( 1 992a) supported the usefulness of the above 

equati<:m because it indicates it is possible to improve WUE by increasing Y ec or by 

increasing T proportionally more than the other water losses. Overall, the 

transpiration efficiency is a function of plant physiology, while the components 

E+R+D+I are amendable to soil and crop management. 
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z:2.3 Factors effecting water use efficiency 

2.2.3.1 Plant factors 
(. 

. . Plants have different methods to improve their WUE , their mode of carbon 

f�ation being one of them. C4 plants have a physiological advantage over C3 plants 
,f, 
at higher temperatures and light i�tensities (Ehleringer and Mooney 1 983) .  Certain 
!·i . . 

tropical crops have a combination of the Hatch-Slack (C4) photosynthetic pathway, 

�d the Calvin (C3) cycle. This combination appears to be intrinsically more efficient 

than the C3 cycle alone, at least under high radiation or high temperature (Pearson 
' 
r:Rnd !son 1 987). Crassulacean acid metabolism (CAM) plants have a low transpiration 
. 

' ratio because their stomata close during the day and open at night and fix C02 in 

malic acid, causing a gradient from the atmosphere to the leaf. The C02 absorbed at 

night is assimilated by the C3 pathway during the day, in the almost complete 

absence of transpiration. Schulze ( 1 988) pointed out that the high WUE of CAM 

plants resulted in their slow growth, because of the dependence of their carbon gain 
, 

to the size of their vacuoles for malate storage. 

The ability of leaves to expand and fully shade the ground, thus decrease 

water transpired by weeds and evaporated from the soil is an important plant 

characteristic to increase WUE (Stanhill 1 986). Bolger and Matches ( 1990) noted that 

differences in leaf area index (LAI) development of sainfoin and alfalfa accounted 

for differences in evaporation. The higher rate of leaf area development in lucerne 

than sainfoin in the second harvest resulted in final LAI of 3 .2 and 1 .3 for lucerne 

and sainfoin respectively, and compared with lucerne the lower LAI of sainfoin at 

: regrowth harvest caused its greater evaporation and lower season-long WUE than 

lucerne .  

Sinclair ( 1 984) stated that one o f  the best opportunities to increase Wl.)E is 
t, 

that leaf gas exchange occurs, only when the difference between saturation vapour 

' pressure at the leaf surface ( eL) and vapour pressure of the atmosphere (e) [V a pour 

pressure deficit "VPD" (eL-e)] is low. The high WUE of sainfoin in the early spring 

(Bolger and Matches 1 990) can be related to the high vegetative growth of sainfoin 

in the early spring when VPD is less than summer, considering the 



Ii'fUl.6c* ((p"/(er-e)) (Sinclair et al. 1984), and this aspect will be expanded in

:; ChaPter 8'

i,!: :'', The WUE can be expected to decrease as the ratio of the internal assimilating

i,.,.,surface to the transpiring surface of a leaf increases. Nobel (1980) has measured this

r,.,,'ratio between extremely xerophytic and mesophytic species, and found greater WUE

, as a result of increased mesophyll cell wall area to leaf area.

.' Diurnal change in foliage orientation is also another factor which influences

. . WIJE. Lucerne, cowpea, and beans reduce their radiation absorbtion under conditions

of high irradiance by leaf movements which avoid direct solar radiation, this is

termed paraheliotropism (Shackel and Hall 1979; Ehleringer and Forseth 1980; Travis

and Reed 1983).

2.2.3.2 Environmental factors

The principal environmental factor affecting WUE is atmospheric humidity.

Turner (1986a) noted that an increase ih the VPD of the atmosphere around a leaf

increased transpiration without a commensuratdincrease in photosynthesis, leading

to a decrease in W.

Temperature also effects WUE through its effects on VPD and higher

temperatures will increase WIJE. Bieloria (1992a) noted for cool-climate planrs

(mostly C3), that WUE decreased with increasing temperature, whilst (within certain

limis) the opposite was true for warm-climate crops (C4). Jones et at- (1985) found

that transpiration increased with air temperature at two levels of CO, concentration

(330 ppm and 800 ppm) solely due to the associated increase in saturation vapour

pressure deficit and hence vapour pressure gradient in soybean.

Soil moisture content has a direct effect on plant growth and productivity, and

therefore low soil moisture is conducive to low WUE. Soil factors exert a direct

influence on nearly every phase of the agricultural hydrologic cycle e.g.: determining

infrltration into, and runoff from, the soil surface, downward drainage and upward

capillary movement through the root zone, as well as availability of stored soil warer,

the component that is potentially available for crop exploitation in transpiration. Soil

factors also indirectly affect WUE through their influence on both static and dynamic
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plant processes. For example, the temperature and salinity of the soil can limit water 

uptake by the root system of the plant and so decrease transpiration from the canopy. 

Dynamically, the same factors influence the growth of the crop root and canopy 

systems, and can thus also limit crop transpiration. Low soil moisture increases the 

stom�tal resistance through increasing ABA levels and decreases leaf water potential, 

and finally increases WUE. 

The internal (p) and external (pa) concentration of C02 affect the WUE 

mainly through their influence on photosynthesis. The relationship between C02 

concentration and WUE is given by AlE= {[pa *(1-(p/pa)]/(1.6*v)}, the greater the 

difference between Pa and P; the greater the WUE (Farquhar and Richards 1984). 

2.2.4 Improving water use efficiency 

WUE can be improved by reducing the amount of water used, or by 

increasing yield. Reduced water loss could result from a higher stomatal resistance, 
" 

thicker boundary layer, or greater cuticular resistance. A higher stomatal resistance 

will not only reduce transpiration but will also limit C02 exchange, Stanhill (1986) 

stated "because the total diffusion pathway to water is less than for C02, which has 

an additional liquid-phase resistance up to the choloroplast, it is to be expected that 

any increases in the stomatal, cuticular, and boundary layer resistance will reduce 

transpiration more than carbon exchange, and so increase WUE. Sinclair et al. (1984) 

pointed out that the midday closure of stomata during periods of vapour pressure 

deficit would be a very useful strategy for increasing WUE. 

Alteration of the cropping VPD environment is another way to improve WUE . 

This could be achieved in two ways. A geographical solution would be to grow 

plants in regions with a more humid climate where greater WUE results from lower 
;, 

(e.-e). Another approach is by shifting the growing season to periods of lower (e3-e). 

Koch et al. (1972) found that the greater growth of sainfoin at the first cutting in 

early spring gave a higher WUE than in the other seasons. The WUE of sainfoin and 

lucerne and their growth pattern over the season will be investigated in Chapter 8. 



2.3 Water status of the Plant

Water Potential

In a transpiring plant that is well supplied with water, the free-energy status

iif the water declines gradually as it passes through the soil to the root, through the

xylem to the transpiring leaves, and into the atmosphere. For water to move against

a gradient from a high energy potential to a point of low energy potential a force in

the contrary direction has to be applied i.e. work has to be done' The potential energy

of water is defined relative to pure water at a specified temperature' and elevation'

23.2 Components of water potential

The total water potential (Y) of the plant consists of several mutually

independent components: the osmotic potential (n), arising from solutes in the water;

the turgor or pressure potential (P), arising from hydrostatic forces in the system; and

the matric potential, arising from capillariry"forces at the water-air interfaces' The

water potential is measured in units of energy per unit volume which is

dimensionally equivalent to pressure (Turner and Kramer 1980)' Since Turner

(1986b) has reviewed all water potential components and the techniques for their

measurement, only the role of osmotic adjustment and related factors such as turgor

potential, root-shoot communications, and stomatal resistance will be discussed'

2.4. Osmotic adjustment

2.4.1 Definition

Osmotic adjustment in higher plants refers to the lowering of osmotic

potential arising from the net accumulation of solutes in response to water deficit or

salinity. Turner and Jones (1930) recommend that the tenn osmotic adjustment be

used only for the accumulation of solutes in higher planS in response to water

deficits and that osmoregulation and turgor regulation be reserved for use in relation

to lower plants in response to salinity.
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2.4.2 Osmotic Potential (n)

,,fi1*i:; In considering the osmotic effect of cell solutes their chemical nature is of
r#fi:

i#Fs"conOary interest compared to their concentration. Solute concentration can be

1fliri
:ffi,related to rc using Vant Hoffs equation (Kramer 1983), r = -RTN,/V* where 7t =

.j,t},$or*otic potential, T= absolute temperature (273+25'C=298 K), R- gas constant

' .r:;ii'.
ili:,$.lZ rnl Mpa/K mol), V*= solution volume (ml), and N.= moles of solute (Munns
',. "i'i j,

t;;+ ana Weir, 1981, Morgan 1992).
: i:: ,.i

ji', The degree of osmotic adjustment is measured as the change in osmotic

'r,. protential at a particular water potential or water content, for convenience and

,,. , purposss of comparison. It is usual to measure the degree of osmotic adjustment at

. either full or zero turgor (Turner and Jones 1980).

In higher plants the osmotic potential and elasticity of the tissue will

determine turgor potential at a particular water potential (Turner 1979; Turner and

Jones 1980).ln addition to turgor, solute'accumulation, cell size, osmotic volume and

cell wall thickness are effected by both osmotii potential and elasticity (Steudle et

aI. 1977). Barker et al. (1993) found the occurrence of osmotic adjustment in

rcsponse to water deficit in both C3 and C4 grass species, but lower osmotic

adjustment for the C3 species. The more elastic cell wall (low modulus of cell wall

, . elasticity) of C3 grasses maintained turgor despite loss of water.

2.4.3 Components of osmotic adjustment

, Consideration of specific components of osmotic potential (rc) is necessary for

a mechanistic understanding of how the process occurs (Barker 1990). The important

components are classified into the following groups (Thomas l99l; Munns and Weir

l98l): l) sugar 2) inorganic acids 3) organic acids and 4) amino acids. Munns and

Weir (1981) found an increase in sugars accounted for 70-100Vo of the 0.12-O:34

MPa osmotic adjustment of wheat leaves. In contrast, Morgan (1992) found that

sugar accumulation did not account for osmotic adjustment in wheat, but that

potassium was the most abundant inorganic ion. Morgan (1992) found that 78Vo of

''t 
r''

':tl \ a

,:i. i:

r:ir',

'-tx'r-r;
*;l1i
,t ,11
.,.t-:,t
's-.i;.
.'ii.1 .

',,'r',,t,t'
(il;1
:,:iji

losmOdc adjustrnent was due to potassium accumulation, with amino acids the only
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iiotfro important contributor (ZZVo).In contrast, Turner et al. (1918) found no change

'':li1 potassium concentration during osmotic adjustment'

ii. Malate is the organic acid that usually responds to water StreSS, however'

aconitate, citrate, and succinate have also been implicated. Ford and Wilson (1981)

|ifound changes in the levels of malate of (40 pmoVg DM) in spear grass

(HeteroPo gon Contortus).

.: Accumulation of proline is a widely recognized metabolic response of plants

to water stress (Barker 1990). In a study of C3 and C4 species Barker et al' (1993)

found that the physiological role of proline accumulation was uncertain as even a

dramatic increase in leaf proline concentration was unlikely to influence osmotic

potential-

2.4.4.Importance of osmotic adjustment in dry conditions

The metabolic cost of using photosynthate for osmotic adjustment in grain

sorghum (Sorghum bicolor L.) was le,ss than the cost of converting it to new biomass

(Richardson and McCree 1985). This suggests that there is no particular cost of

osmotic adjustment above that of normal growth. For this reason, and because

osmotic adjustment is an inducible trait that occurs only when stress develops, there

should be no loss of yield potential.

Turner (1978) suggested that osmotic adjustrnent has several major advantages

and a few limitations. Included in the advantages were (a) maintenance of cell turgor

(b) continued cell elongation, (c) maintenance of stomatal opening and

photosynthesis, (d) survival of dehydration, and (e) greater soil exploration by roots.

Re-watered plants can lose most of their osmotic adjustment within l0 days- A

second limitation is the finite limit to adjustment. Ludlow and Muchow (1990),noted

that some of the consequences of osmotic adjustment promote dehydration avoidance'

and some reduce it. The continued water loss caused by maintenance of green leaf,

delay of leaf rolling (Hsiao et al. 1984), and stomatal adjustment reduces dehydration

avoidance. An inevitable consequence is that leaf water Potential falls progressively

(Morgan 1984), and this can cause leaf and plant death if critical ry or RWC are

.,, reached, or if the soil water is exhausted, irrespective of the dehydration tolerance
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of the species (Ludlow et aI. 1983). Thus, species like soybean (Glycine maxL.) and

some forage legumes, which have high osmotic adjustment and high dehydration

tolerance, die before other species such as cowpea and siratro that lack this attribute

(Ludlow et aI. 1983).

when osmotic adjustment results in greater root growth and exploration,

consequently soil water extraction dehydration avoidance is enhanced. Blum (1988)

pointed out that osmoregulation is effective in providing plant tolerance to salinity

and freezing stress, both of which involve a component of water deficit' Munns

(lggg) however, concluded that more measurements of leaf water relations and the

concentrations of individual solutes are unlikely to provide any useful information,

Munns (1988) argued that progress in evaluating the role of osmotic adjustment in

plant tolerance of drought and salinity will only occur if the nature of research

changes from that of collecting repetitive data to that of testing hypotheses. However,

Ludlow and Muchow (1990) recommendedbsmotic adjustment as a highly desirable

characteristic for plants in intermittent and terminal stress environments in modern

agriculture. At present more research is needed to fully understand the role of

osmotic adjustment in crops, during drought. Further explanation of osmotic

adjustment is provided in Chapters 7 and 8.
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2.5 Stomatal resistance

In dry conditions when water is the factor limiting growth increasing stomatal

resistance may be a useful action for plant survival. On the other hand' the closure

of the stomata will limit the plant growth via inhibition of cot diffusion to the

mesophyll. The physiological behaviour of stomata and factors affecting stomatal

resistance are discussed in this section'

25.1 Stomatal resistance and water stress

As water stress develops, physiological responses occur in the plant, such as

decreases in leaf water potential, relative water content, photosynthetic rate' and

osmotic potential. Typically stomatal closure occurs :rs a response to water stress'

Various stomatal characteristics such as low conductance, high sensitivity to water

status and saturation deficit, and abscisic acid (ABA) accumulation' have been

suggested as desirable traits to improve the yield of crops in water-limited

environments (Jones 1980; Turner 1982, iggOU). All these characteristics reduce

water loss and lower the probability of desiccation'

25.1.1 Stomatal resistance and transpiration

The role of stomatal resistance to control transpiration has been reviewed

rccently (Meinzer 1993). Until recently, the idea that stomata play a dominant role

in rcgulating transpiration from extensive stands of vegetation has remained largely

unquestioned by plant physiologists and ecologists (Meinzet 1993)' In contrast,

micrometeorological models often adequately predict canoPy transpiration without

explicit consideration of stomatal response (Jarvis et al. 1986). These results have led'

to opposing conclusions on the relative importance of environmental variables such 
,

as incident radiation and of stomatal movement in individual leaves on the control

',*Of 
transpiration from well-watered vegetation. Regardless of the extent to which'

'' stomatal movements ultimately control transpiration, considerable research has

;-{ocumented that stomata sense and respond dramatically to variation in the aerial and

jj

,!.Oil environment. Here, stomatal response to humidiry and soil drying are discussed.
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2.5.1.2 Stomatal response to drought and reduced plant water status 

Soil drying influences stomatal behaviour through the effect of reduced water 

uptake reducing the water status of leaf tissue. Rate of drying affects the water 

potential at which stomata close. Feres et al. ( 1978) showed that sorghum stomata 

did not close in non-irrigated field conditions when the leaf water potential was as 

low as -1.0 MPa. However, plants grown with a restricted root zone where the stress 

developed more rapidly showed closure at -1.4 to -1.6 MPa. 

Blum and Johnson (1993) found reduction in stomatal conductance in 

non-stressed plants when their relative water content and leaf water potential 

decreased, indicating the control of stomatal resistance was by leaf water status. 

Turner et al. ( 1978) presented a table of the different water potential values required 

tor stomatal closure and emphasized that there is not a unique water potential value 

for stomatal closure. Pierce and Raschke ( 1980) showed that the water potential at 

which abscisic acid (ABA) was produced corresponded to zero turgor pressure. Other 

studies have shown that ABA increased'linearly with decreasing turgor (Henson 

1983, 1985). Turner et al. (1985) noted that leaf conductance and carbon assimilation 

were not closely coupled to the leaf water potential or leaf turgor pressure in 

sunflower and oleander. It is clear that stomatal resistance is not always related to 

leaf water potential. One explanation is that stomata do not open because plants 

respond to the availability of water in the soil and regulate stomatal behaviour 

accordingly, whatever the water status of their shoots, which suggests a role for 

Pbytohormones (discussed in Section 2.5.4). The information about the direct 

i'nfluence of leaf water potential on stomatal resistance requires further information, 

llld this aspect will be discussed in Chapters 3-8. 

�.2 Stomatal response to humidity 

Humidity can control stomatal resistance (Schulze et al. 1972; Carnacho et al. 

l974; Pallardy and Kozlowski 1979; Morison and Gifford 1983; Muchow et al. 1986; 
kaufrnan 1976 a,b ). As the leaf-to-air vapour pressure deficit increases, stomata close 
lnd stomatal resistance increases (Hall and Hoffman 1976; Aston 1976). Those 
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species with a direct response to humidity average larger sub-stomatal cavities than 

other species (Sheriffi 1977). Lange (1975) noted that the humidity response affected 

the diurnal stomatal resistance pattern and controlled the midday depression of 
I 

transpiration and photosynthesis, especially under desert conditions. The response to 

humidity can also be affected by other environmental factors such as temperature, 

sun or shade, and whether plants had been previously exposed to stress (Kaufman 

1976a). 

2.5.3 Stomatal response to C02 concentration 

,. The sensitivity of stomata to C02 concentration and the greater responsiveness 

of C3 plants than C4 plants has been widely reported (Akita and Moss 1972; Ludlow 

·and Wilson 1971; and Osmond et al. 1980). The sensitivity of stomatal resistance to 

internal and external concentrations of C02 in the leaf and the effect of humidity 

(VPD) on the sensitivity of stomatal conductance to C02 was demonstrated by 

Morison and Gifford (1983). They found the sensitivity of stomatal resistance to C02 

was linearly proportional to the magnitude of stomatal resistance. Similarly, the 

sensitivity of stomatal resistance to VPD was linearly proportional to the magnitude 

of stomatal resistance. 

Coordination of gas exchange and chloroplast activity are important to plant 

performance in water limited environments. Together they allow growth to proceed 

while minimizing dehydration. Stomatal closure is a primary effect of moderate water 

stress and the observed decrease in photosynthesis under these conditions is often 

mainly due to a reduction in the partial pressure of C02 inside the leaf (Chaves 1991; 

Yassey et al. 1991). Yves and Markhart (1992) found Phaseolus acutiflius had a 

higher net photosynthetic rate than P. vulgaris at a high to moderately low water 
' 

potential and they found the more rapid decrease in the photosynthetic rate of P: 

acutif!.ius at low water potential than for P. vulgaris was related to increased stomatal'" 

closure as water potential decreased. Higher photosynthetic rate at any given internal 

C02 led to a higher WUE in P. acutiflius than in P. vulgaris . 



Stomatal response to phytohormones

Stomata apparently play an active role in regulating leaf water status rather

fllh,,, the more commonly believed converse. The basis for this response appears to
*i.-

;!1U, *,n" form of the chemical signalling between the roots and the shoots. The role

ffUUoruo in the reduction of transpiration during soil drying often results in a more

llj fanoo*ule leaf water srarus during drought than in well-watered plants (Davies and

'{,Jrff.*, 1990; Davies and Zhang l99l). Jensen et al. (1989) found no significant
r'jt: 

_

ijich-g* in water potential or turgor pressure in the roots or the leaves of lupin
,r i, '.

,:i'Ut pinut cosentinii Guss. cv. Eregulla) when a small reduction in soil water potential

li was induced which led to 6ovo reduction in leaf conductance.

',, Although some ABA is synthesized in the mesophyll cell of the leaf it is

prodominantly produced in the roots (Tnevaart and Boyer 1984; Hubick et aI. 1986b;

Cornish and Z.e,evaart 1985, 1936). ABA then moves into the transpiration stream,

where it possibly could act as the communicator between the root and shoot.

However, a recent study in which the roots of maize (7za maize L.) plants were split

and one half allowed to drv while the other half remained in wet soil, showed

stomata began to close as the soil in the un-watered pot dried without any detectable

change in the abscisic content ofthe leaf and a slight increase in leaf turgor pressure

@lackman and Davies l9S5). More details of root and shoot communications can be

found in reviews by Davies and Zhang (1991) and Davies and Jeffcoat (1990).

, Kinetin and zeatin are other phytohormones involved in stomatal behaviour.

Incubation of the leaves from plants with partly closed stomata in solutions of kinetin

and zeatin induced the stomata to open (Turner 1986b). Hubick et al (1986a) have

shown that water deficits induced a reduction in cytokinin as well as an increase in

;. abscisic acid in sunflower (Helianthus annus L.) shoots. They found the decrease in

cytokinin levels in the roots resulted not from a reduction in the production of

cytokinin by the roots but from an increase in "bound" cytokinin in the root which

; wlS not transferred to the shoots.

' 2.6 Roots and water stress

The effect of drought on plant growth can be reduced by root growth

tncreasing the supply of water. This can be achieved by deeper rooting, by changing

**i
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distribution of the root System, or altering the size of the vascular system

1989; Turner 1986b; Passioura 1982, 1983). There is genotypic variation
:. :,i,.'r

'i.ffirc,oting depth and in the rate of downward growth of the root axes. Genotypic
,l\'s":lic

.,.Tuiation in root characteristics of crop plants has been reviewed extensively by
,. ,i+ t:J

i;;b',f-n and Bland (1988). Variation occurs in both monocotyledons and
;- .'atr i, .

t+$liiiotyledons. Many root characteristics have been shown to be under genetic control

;fi i, therefore, heritable (Ludlow and Muchow 1990).

.:i.'i:::j'
' ,tr;l .'
;:-;LS.tRooting depth

1',...

':,ti::,: Deeperroots could recover some of the water otherwise lost by deep drainage.

'.r'SotDe evidence suggests deep roots may have additional benefits for water extraction

and root function. Since water uptake continues at night, an increase may occur in

the soil water content of the upper soil layers and presumably of roots in these layers

(Richards and Caldwell 1987). This water is available the following day. As well as

assisting water extraction, this 'hydraulic lift' could keep roots alive in the upper

layers where most of the nutrients and hence,nutrient uptake, occur. Since deep roots

moderate the effects of water stress this may also re{uce the production of hormone

signals, which reduce leaf growth and stomatal conductance (Turner 1986b). The cost

of water used for producing deeper roots in comparison to water gained has been

questioned. Passioura (1983) claimed the cost of assimilates used for deep root

production could have been used for shoot growth and thus increased yield. Other

investigators have found the cost for extra deep roots was small compared to the

above-ground biomass. For example, sorghum, at maturity can exceed 10,000 kgftra

of above-ground dry weight (Wright et al. 1983; Muchow 1988,1989). Ludlow and

Muchow (1990) agreed the benefits of greater rooting depth and density in

',0p,porhrnistic 
situations, out-weighed the possible risk of running out of water and the

carbon cost in above-ground growth.

;',i. For short-tenn water stress, control of water loss can be achieved through

.',ttottriltal closure, however, long term adjustment must come through adaptation of

';.!p ratio between effective root surface and leaf area (Loomis, 1983). The Shoot:Root
',f

"-.Ftio 
(S/R) is a very plastic character, and tends to decrease with water stress (Fitter

,;j;iii
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and Hay 1987). 

Kummerow ( 1980) pointed out the SIR does not offer any clues regarding the 

adaptation of roots to water stress because it can be affected by factors other than 

water stress e.g. nutrient deficiency. However, Begg and Turner (1976) noted that at 

a low SIR is a very effective means of plants adaption to water stress. It is easier for 

the root system of the individual.plant to maintain an adequate water supply if the 

transpiring surface is reduced or root size increased. 

Hsiao and Acevedo ( 1976) found that water stress reduced the above-ground 

mass of stressed lucerne plants, but did not reduce the root dry mass of water 

stressed plants compared to control plants. Mayaki et al. (1976) reported that under 

water stress, shoot height of soybean was reduced more than root depth. Some 

· aspects of rooting will be discussed further in Chapter 7. 

2.6.2 Root Hydraulic conductance 

The hydraulic conductance to, water flow in the plant is an important factor 

influencing water uptake. A high hydraulic re�istance between the soil and the shoot 

will result in a lower leaf water potential than for plants with a low root hydraulic 

resistance. The hydraulic resistance between the root and shoot varies with species, 

for example, a four-fold difference between bean (Phaseolus vulgaris) and soybean 

. (Boy er 1971 ). Turner (1986a) noted that any axial resistance to flow in the plant is 

likely to decrease leaf turgor more than root turgor provided there is not a 

concomitant decrease in osmotic potential. Therefore, plants with high hydraulic 

resistance to water are more likely to be sensitive to aerial stress and less sensitive 
·" 

to soil water stress than plants with a low resistance. Turner et al. (1984) showed that 

·,species with high hydraulic resistance were more sensitive to high vapour pressure 

deficits than species with low hydraulic resistances. Resistance to water flow in 

:Wheat can be increased by either reducing the number of root axes or reducing the 

diameter of the xylem vessels (Belford et al. 1987). Seminal roots may be
. 

more 

important than nodal roots (for water flow) because they sometimes grow deeper in 

the profile (Belford et al. 1987). 
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2.7 Carbon isotope discrimination 

Carbon isotope discrimination and its application in plant science has been 

estenSively reviewed by O'Leary (1981) and Farquhar et al. (1989a). Carbon isotope 

dilaimination and its relationship with the effect of drought on plants and water use 
. 

efticlency is outlined here. 

Atmospheric carbon dioxide contains about 1.1% of the heavier carbon 

botope 13C and 98.9% 1
2
C (Carig 1954). Ribulose bisphosphate (RUBP) 

Carboxylase-oxygenase reacts more rapidly with 1
2
C02 than with 13C02• The estimate 

of this effect is 1.029 with respect to C02 dissolved in water (Roeske and O,Leary 

1984), and therefore, 1.030 with respect to C02 in air, since there is proportionally 

13C02 in solution than in the gas phase at equilibrium (Vogel et al. 1970). If this 
. . 

were the only source of isotope discrimination, the molar abundance ratio of C02 in 

air �R.' (13C/12C) would be 1.030 times that in the plant ·�· using the definition of 
# 

drscrimination by Farquhar and Richards (1984), t:. = (R./Rp)-1, = 30*10-3 =30 %0 

(Farquhar et al. 1987) . 

. ., The absolute isotopic composition of a sample is not easy to measure directly. 

·Rather, the mass spectrometer measures the deviation of the isotopic composition of 

lbo material from a standard, O=(R/1{5)-1, where � is the molar abundance ratio, 

UCJt�, of the standard. The reference material traditionally has been carbon in 

Clzbon dioxide generated from a fossil belemnite from the Pee Dee formation, 
cleJ;oted PDB [for which R=0.01124 (Graig 1957)]. Using the two equations above 

-have t:.=(03-0P)/(l +OP). On the PDB scale, free atmospheric C02 (� "'0.01115 in 

1988) CUrrently has a deviation (03) of approximately -8%o and typical C3 plant
.s 

"al (Rp .. 0.01093) a deviation (OP)( of -27.6%o, which yields t:.= 20.1%o. 

'.2 Drought, soil strength and discrimination (t:.) 
Drought results in diminished stomatal conductance, rate of transpiration and 
tion. Intercellular C02 partial pressure usually decreases during 
thesis, or as stomatal resistance increases. This is revealed in smaller 

tion against 13C (Farquhar and Richards 1984; Jonathan and Ehleringer 



Condon et aI. 1992). The normal gas-exchange pattern is a reduction of

followed by an apparent inhibition of RUBP regeneration capacity, and

at the same time or later, sometimes, an apparent loss of RUBP activity

rer and Farquhar 1984; Kirschbaum 1987; and Sharkey and Badger 1982)'

Masle and Farquhar (1988) showed that transpiration efficiency increased and

ination (a) decreased as soil strength increased. Soil strength increases with

ing bulk density, as occurs.with compaction, and also with decreasing soil

content. Thus, some drought effects may ire accompanicd by effects of

soil strength, which increase resistance to deformation and, therefore, to

$o, p"n"oution of the soil. There is a more detailed examination of carbone isotope

6.:i.

discrimination in ChaPter 9.

:-.6.:

ilfiZS Water use efliciency and discrimination (a)

.. In a leaf, the instantaneous transpiratio0 efficiency, that is the ratio of net

photosynthesis (A) to transpiration (E) is given by A/E=[P"(l-Pt/P.)]/[1.6(e'-e.)]

,i (Farquhar 1989). Integrated over the life of plant, the transpiration efficiency (W) is

''i:W=[P"(l-P/P")*(l-O)]/[1.6(e,-e")] (Farquhar et al 1989a)' The vapour pressure

difference between the leaves and air is (e,-e") and losses of carbon or water not

i 
associated with CO, uptake through the stomata are represented by Q' The partial

: prcssures of carbon dioxide inside and ouSide the leaves are P, and P.' respectively'

I I The discrimination in C3 plants is, like W, determined by the ratio of internal

' to anrbient co2 pressure. Farquhar and Richards (1984) predicted discrimination with

the following equation: A= (4.4+22.6 P,/P")*10-3. If we realrange this equation and

substitute for Py'P" into the previous equation we have the expression where W is

tlependent on a: W=[P"(0.027-aXl-0)]/[0.036(e,-e.)] and the negative relationship

:,i,between W and a is clear. This relationship has been confirmed practically in peanut

,(tlubick et al. 1986a,1988), barley (Hubick and Farquhar 1989), cotton (Hubick and

'Farquhar 1987), sunflower (Virgona et al. I99O), crested wheatgrass (Mayland et a/'

,'11993), wheat (Araus and Buxo 1993, Condon et aI. 1992), rice (Dingkubn et aI'

r1l99l), and cowpea (Ismail and HaIl lgg1), More information about W and a can be

'rObtained from Farquhar et a/. (1989a) and Farquhar (1990)'



2.8 Sainfoin (Ononbrychis vicffilia Scop.)

Itsainfoin originated from the Near East which inciudes the regions of lran,

[ay, Iruq, the Caucasian Mountains and the area east of the Caspian Sea (Vavilov

,," Howener, the present distribution of sainfoin is wide, covering the

Central Europe, western Asia, and central Asia from the Caspian Sea

Baykal (Kernick 1978). The morphological characteristics of sainfoin have

tl.rcxtensively 
explained by Sheely (1977), Hume (i9Ei), Kon (i982), and

dloc (tggS). The potential of sainfoin as a forage legume and is water relations

'.: ,

''r:''f.t't Salnfoin: potential as a forage legume

.{'in Sainfoin has a high nutritive value and does not cause bloat in ruminant

llvtstock due to the presence of tannin. It is highly palatable to all classes of

llvcstock (Hanna et aL 1975). Carleton et al. (1968) found that at the same stage of
.nrnrity, sainfoin was higher in N-free extracts, total digestible nutrients (TDN) and

pbosphorus than lucerne. The N-free extracts of.sainfoin at full bloom were 46 and

195 % for irrigated and dryland conditions compared with 35.5 and 34.6 for lucerne

?Ill l.Off bloom under similar conditions, indicating that the total available energy of

n'lnfoin forage is equal to and possibly superior to that of lucerne. Karnezos and

,i}-||bhcs 
(1991) in a study of sainfoin and wheatgrass found that grazing by sheep

,gf-wbatgrasses mixed with sainfoin produced greater average daily weight gain,

foid conversion, and intake compared to a monoculture of wheatgrass. In a sheep
,.,jrf ! ,

=!r.ning 
trial over a five year period in Alberta (Canada) while the water table was

foiD (Eski) and lucerne was similar and that sainfoin was more palatable than

The yield of sainfoin ranged from 5175 to 10045 kg/ha/year and for lucerne

hom 5l 15 to 8690 kglha/year (Smoliak and Hanna 1975).

' The important quality of sainfoin forage when grazed by or fed to ruminants

non-bloating attribute. The anti-bloating characteristic of sainfoin herbage is due

tannin (Kendall 1966; Jones and Lyttleton l97l; and Jones et al. 1973)
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'Og74) found large quantities of condensed

rumen (Reid et al. 1974). Gutek et a/.

tannin in sainfoin in all seasons and

growth stages'

2.E.2 Agronomy of sainfoin

i:, Sainfoin is predominantly used for forage production from early-spring to

mid-summer (Hanna et al. 1972; Koch'er al. 1972; Giggs and Matches l99I:

Mowrey and Matches l99l). The regrowth, persistence, and competition against

weeds of sainfoin is often poor and has been widely studied. Studies on the effect of

plant growth stage at defoliation, and the intensiry of defoliation on the persistence

of sainfoin have shown that sainfoin defoliated at the bud stage, or flowering stage,

under light or medium intensities of defoliation gives acceptable stand persistence

over five years under irrigation systems (Mowrey and Matches 1991)' Cutting of

sainfoin at the pre-flower bud and pink flower bud stages was significantly superior

to cutting at the full-flowering stages over three years (Evans 196l). Percival and

Mceueen (1980) found increased dry matter yields when defoliation occurred up to

the full bloom stage. Frequent defoliation and low cutting height have been found to

rcduce plant productivity. Percival and McQueen (1980) found that although cutting

to 3 or l0 cm had little effect on productivity, 8 week cutting intervals gave higher

dry matter yield than at 6 or 4 weeks.

The storage of nitrogen in the root has been investigated as a factor affecting

rcgrowth and persistency of sainfoin. tnferior regrowth and stand persistence of

sainfoin may be due, in part, to its inability to obtain sufficient nitrogen by fixation-

The nitrogen fixed by sainfoin is not sufficient for plant requirements (Schneiter er

at 1969; Sims er al. 1968; Hume 1985). Application of nitrogen to nodulated plants

has increased yields of sainfoin (Koter 1965; Jenson and Sharp 1968). Meyer (1975)

found of that sainfoin vigour and regrowth were enhanced by nitrogen fertilization'

but there was linle effect of phosphorus and potassium on regrowth and persistence.

Total non-structural carbohydrate concentration in the roots showed that

;.rrrinfoin stores all energy reserves for winter survival during autunrn growth (Mowrey

,'ilOd Matches l99l) thus plant persistence is possibly reduced by grazing during

i :ft'



tftnrt" (MowreY et al' 1992)'
''.

,i*rr,i,. There is a linkage between regrowth ability and longevity apparent in the

'..
, 'differ"nt sainfoin types. The two-cut type of sainfoin has better regrowth yield during

,.t-.,tbc scason but its longevity is poor. In contrast, the one-cut type has poorer regrowth

l',r6ri its longevity is better than the two cut type. Cooper and Watson (1968) have

,t. irbown that for a one-cut type (e.g. Eski) total available carbohydrate (TAC) in the

, roott did not reach peak levels until seed maturity. Karal and Delaney (1982) also

.' found that levels of TAC in sainfoin were low compared to those of lucerne. These

two results suggest that regrowth will be affected by TAC reserves, and that frequent

lcvcrc cutting may result in depletion of these reseryes.

nuritional value of the forage, reducing bloat, and increasing the productivity of the

forage (Cooper 1973; Smoliak and Hanna 1975; Hanna et al. 1977; Scon 1979:

Griggs and Matches l99l), but it will not help the persistence of sainfoin. Kilcher

(1982) found that heavy grazing reduced the-competition from the grass component

in a mixture of sainfoin and Russian wild ryegrass and this apparently enabled the

sainfoin to persist.

The following reasons for the poor regrowth ability of sainfoin were found

in a series of glasshouse and field experiments by Fortune (1985): a) poor

dcvelopment of any new shoots to provide a starting point for regrowth, b) little leaf

rrea rcmaining at the base of the plant after harvest to provide a photosynthetic

surface, and c) losses of root and nodule tissue after defoliation which were

rubscquently replaced, possibly at the expense of top growth.

1&3 Sainfoin in dry conditions

Sainfoin is found in regions with hot, dry summers (e.g. Mediteranean). The

morphological features and time of maximum growth of sainfoin demonstrate its

rdaptation to drought (Koch et al. 1972). The deep root system of sainfoin has been

citcd as a reason for its drought resistance (Bland lg7l).Two Ononbrychis species

, O. echidna Lips. and O. cornita (L.) Desv. from central Asia have been described as

'"rcmphytic (Kul'tiasov l96l), but not sainfoin. Some sainfoin leaflet characters such

,d



iifrickened epidermal cell walls, thick cuticule, and water-bearing cell layer under

id"tmis (Dalenvoa 1962) reveal that it might have both avoidance and tolerance

like many arid and semi-arid plants (Chabot and Bunce 1979), but

from these mechanism have yet to be demonstrated. The lower specific leaf

l'(SlR) of sainfoin compared to lucerne (Sheehy et al. 1978; Sheehy and Popple

) is another useful character for dry conditions'
t--

ii.. Th" slow regrowth of sainfoin, particularly of one-cut types, could contribute

idrougtrt tolerance. Shain (1959) has reported lower drought tolerance from multi-

iitt oi"f"in types. In addition to drought tolerance, sainfoin has drought avoidance
l.i:'r
,$:ifarcgi"s, such as its ability to grow at low temperatures and thereby have a short

, iil ',r

rlfowine season (Young et al. 1970). Sainfoin yield potential in the spring is higher

, lbsn in summer (Bolger 1988), and Bolger ahd Matches (1990) found sainfoin

poduced 58-63Vo of its total yield in the spring. The greater production of sainfoin

causes greater water use efficieri.y, u useful attribute for areas with dry

: ln a freld study of sainfoin and lucerne, Sheehy and Popple ( 198 I ) found that

r.,rtainfoin leaf water potential remained remarkably high throughout the regrowth

,,paiod. Furthermore sainfoin solute potential decreased and turgor increased, whereas
':l

i'. hlcrne leaf water potential and osmotic potential decreased as plants increased in

, 

rizc, and turgor decreased. The high turgor potential of sainfoin even with decreasing

;.9motic potential, during the regrowth period is a useful feature in dry conditions.

lt,; Sainfoin showed only a 20Vo decrease in yield when the interval time of

,".,;i$Eatioo was increased from l0 to 20 days (Koocheky 1984). Rizzov and Giorgio

i'ir(t9eZ) found under insufficient water supply in a dry conditions in Italy the dry

+.l$ttt yield of sainfoin over a 3 year period was greater than for tall fescue, phalaris,

ii
eP

cocksfoot, indicating an abiliry of sainfoin to grow in water limiting conditions.



Chapter 3

ptation of sainfoin cultivars and lucerne to
d*'-

water stress.

o paper presented at the WII Inerrutional Grasslatd Congress, at

Palmersan North, February 1993
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of sainfoin cultivar

daptation of sainfoin cultivars and lucerne to water stress

tlsainfoin (Onobrychis viciifuIia Scop.) is of particular interest as a pasture

because it is a productive legume in dry areas but does not induce bloat in

animals. In this indoor study three sainfoin cultivars (Fakir, Melrose and

G35) and one lucerne (Medicago sativa L.) cultivar'Grasslands Oranga'

, compared during a drying phase when water was withheld after flowering

A randomized complete block design with four replicates was used.

iration rate (Tr) declined as volumetric soil water content (VSWC) was

Stomatal resistance (Rs) increased and relative water content (RWC)

when VSWC decreased. Critical VSWC for Rs, Tr and RWC was 8 and

for lucerne and sainfoin, respectively. Lucerne showed lower Tr, and higher Rs

RWC than sainfoin during water stress. Root dry weight varied significantly,

luceme and G35 having the lowest and highest weight, resP€ctively. I-eaf and

dry weight were not significantly different berween cultivars-



3.2 Introduction

Sainfoin (onobrychis viciifuliascop.) is regarded as a drought resistant forage

(Kozyr l94S).Its advantages comparcd to lucerne (Medicago sativa L') have

bn described by Hume (1981) and include : a) high nutritional value' b) non-

characteristics, and c) resistance to some lucerne pests such as the alfalfa

i

iegvil@ypera postica) (Eslick, 1968; Hanna et al. 1977) and spotted alfalfa aphid

'Theioaphis maculat) ( Lance 1980). Sainfoin is reported to be more palatable than

i itr.r-" (Chapman and Carter 1976). osborn er al. (1966) found the voluntary intake
...-'..

,rjiilo; r"ntoin by sheep was greater than for lucerne or red clover (Trifulium repense

t'',L.). 
Smoliake and Hanna (1975) found that sheep preferred to graze sainfoin rather

tban lucerne or cicer milkvetch (Astragalus cicer L')'

Quantification of the responses to water stress of sainfoin is important for

' understanding forage production in drought aIeas. Bolger and Matches (1990) found

i 'iainfoin 
yield potential and water use efficiency (WUE) were higher in sainfoin than

' Iuccrne during spring water deficit. Sainfoin extracted soil moisture from l '8m depth

r, (Koch et aI. 1972) and the specific leaf area (SLA) of sainfoin was approximately

. nau that of lucerne, though leaf weights were similar in both species (Sheehy and

,,Popple l98l).
': : ' A glasshouse experiment was carried out a) to gain familiarity with a range

.,, of sainfoin cultivars and lucerne under glasshouse conditions and b) to compare the

: :r r -r-r':,oiresponses of mature plants of sainfoin cultivars and lucerne to water depletion'

..:i'i,
..i:, ''
i<F .1.

'ili:ri .

J,i_t:j,
',,l rl

;i &3.f Experimental

,.i$fl Seed of the sainfoin cultivars Melrose, Fakir, and Grasslands G35, and the

",ff..'.1u..rn" cultivar Grasslands Oranga was germinated on 29 September 1990 in

it iitiOitt es in a solid agar medium, and three seedlings were transplanted to pots (20

*O diameter and 20 cm heighQ containing 9 kg of a mixture comprised of 33Vo river

33 Materials and Methods

and 66Vo soil, on 5 October 1990. The soil was a Haplquept (fine, loamy'



on of sainfoin cultivar.

mesic). The soil surface was covered with plastic chips to prevent

after the seedlings were transplanted.

The experiment was conducted in a glasshouse at Palmerston North from 5

1990 to 6 January l99l with daylnight temperatures of 28"C/20oC, l5 hours

day light and with a mean average relative humidity of 63Vo. A randomised

complete block design with four replicates was used.

*., Moisture was kept at pot capacity by top watering at frequency increasing

hom 7 to 14 times weekly as leaf area increased, until watering ceased at flowering

(15 December 1990).

332 Measurements

l) Transpiration rate (Tr) calculated by difference in pot weight on alternate days.

,2) Volumetric soil water content (VSWCito 15 cm was measured by time domain

rcflectometry ODR) (Topp et al. 1980, 1984, 7*ielin et al. 1989).

3) Stomatal resistance (Rs) of two fully expanded leaves per por was measured by

Porometer Mk3 (Delta-T devices).

4) Relative water content (RWC): Ten disks (l00mm diam) of fully expanded leaves

i'w?re weighed immediately (fresh weight, FW) soaked in d.istilled water 4 h in a dark

rnd cool environment, then surface water was removed by paper towel and the turgid
wcight (T!V) measured. After drying leaf samples at 80 "C for 24 h (Henson et al

..,198Sb1 dry weight (DW) was measured and RWC calculated by the ratio of

, t{nv-nwygw-Dw))* I oo.

."'s)tAt the end of the experiment plants were separated into leaf, stem and root,

, , futionr. Roots were washed free of soil using a 2mm screen. Dry weight of all parts

,iiryas determined after 24 h drying at 80 "C.
ri'i1"

':l: r;



3.4 Statistical analysis

i The data of morphological characters (e.g. yield) were examined by analysis

tt;lbf 
"ri-ce 

using the General Linear Model (GLM) procedure of SAS (SAS Institute
,if-',ll
,f:jn . l99l). Repeated measures analysis was used for physiological measurements
-:.r, 

., 
'

,i;rlppeated on the some experimental unit over time (Rowell & Walters 1976)-

3.5 Results and Discussion

I' Root DW was significantly different berween cultivars, with lucerne having

the lowest and G35 the highest weight (Table 3.1). Thus, in moisture limiting

conditions sainfoin could have more capacity to absorb soil water. Lucerne had the

highest harvest index (above ground DWtotal DW) because of its lower root weight

(table 3.1).

Table 3.1: Root, leaf and above ground dry maner (g/pot) for three sainfoin cultivars

and lucerne after 100 days, with no watering over the last 30 days.

Character Fakir G35 Melrose Lucerne PPF

Iraf DW

Root DW

4.46

6.88ab

4.91

8.90a

t4.o2

6.10

6.91ab

14.31

4.02

4.65b

0. l5l I

0.0406

Above ground DW 13.4 12.58 0.9244

tNumbers with the same letter(s) are not significantly different (P<0.05).

Stomatal resistance was significantly greater for lucerne than sainfoin at two

observations (Fig. 3.1). The Rs increased significantly when the VSWC was below

87o for sainfoin and below I2Vo for lucerne.

Differences in Tr for high VSWC were less than those occurring below 87o

t'l
i .:i:

VSWC for sainfoin and l2%o for lucerne. The only significant difference between



and lucerne'

Relative warer content did not change significantly until VSWC fell below 87o

in and l2Vo for lucerne. At 8Vo of VSWC, RWC decreased suddenly to

48Vo for sainfoin and lucerne respectively (Fig. l). At low VSWC (l/Vo)

values of RWC for lucerne, Fakir, Melrose and G35 were 75.82,69.23,

and 57.26Vo respectively (P<0.05). The results showed that Rs, Tr and RWC

iugely unresponsive to VSWC above 87o and l2Vo of VSWC for sainfoin and

respectively, these values providing critical targets for irrigation.

At l2Vo VSWC, Rs of lucerne was about l0 s/cm but for sainfoin it is still

Several factors could influence the later response to water stress in sainfoin
;t,'a*1ttbih 

in lucerne. lnhibitors like abscisic acid (Davies and Zhang l99l) could affect
r.:. iti,li; ,'.

' Ri'io lucerne sooner than for sainfoin or osmotic adjustment (Turner 1978) in

OOmpanion cells of lucerne stomata might close stomata sooner than for sainforn.

Alternatively, the greater root weight of sainfoin than of lucerne would make

norc water available at similar values of VS{C (Gregory 1989). The lower SLA of

frinfoin (Sheehy and Popple l98l) means that with egual leaf DW sainfoin has less

lctf surface, and therefore possibly less Tr in the same conditions. These

chrracteristics of sainfoin will be particularly desirable when water is limiting.

,Is
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and morplalogical responses of lucerne

Chapter 4

bHysiological and morphological responses of

tl .*.-- . . '. :-

lucerne to sbil moisture strbss

from a paper presented at the Internatiorul Grosslard conference at Imcr
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physiological and morphological responses of lucerne to soil

moisture stress

Abstract

Lucerne (Medicago satival.) is a productive plant which can supply quality

re even during extreme climatic conditions- Water limitation in arid and semi-

zones will, however, reduce production from this species' our objective was to

ine relationships between soil moisture and physiological, morphological

irr*"rr- and relative shoot and root development of the plant. In this glasshouse

, three levels of soil moisture were imposed with soil water contents of 22' 15'

lzvo (glg) as control, moderate, and severe stress, respectively. water stress

the transpiration rate of control plants from 500 mVday to 140 mVday in

stressed plants. Stomatal resistance was constant over time and was higher

f,r r"n"r" stress than for control plants in early growth' The osmotic potential of the

at dawn was lowest for severely slressed plants and highest for control plants'

Soil moisture had significant effects on total dry weight of shoot, root' and

root length, and leaf area. The shoot dry weight in severely and moderately

plants decreased to ?l and 58Vo ofthat of the control plants' Root length and

dry weight of the severely and moderately strcssed plants were 33Vo and 66Vo

the control respectively. The leaf-to-stem ratio was 0.59, 0.89, and l'45 for

moderately, and severely stressed plants respectively'The shoot-to-root ratio

ith".ont ol, moderately, and severely stressed plants was 1.38, l'2, and 0'9a G/g)

vely, suggesting that the relative allocation of carbohydrate to roots increased

water stress.



ical and morphological responses of lucerne

4.2 lntroduction

Lucerne (Medicago sativa L.) is often included in crop rotations in dry areas

it produces high quality forage and fixes large quantities of nitrogen. In spite

being deep rooted, water deficit can reduce lucerne's growth in arid and semi-arid

Water deficit decreases dry weight accumulation (Carter and Sheaffer 1983a),

reduces stem number and stem diameter, internode length, and leaf size (Cowett

Sprague 1962). Also, net photosynthesis typically declines with drought due to

stomatal and non-stomatal factors and their effects on inhibition of net

lphotosynthesis (Chiara et al. 1988).

s)r

',,1 Despite the abundant literature on water deficit effects there is still a need for

,' studies on the effect of different soil moisture levels on the physiological and

, morphological responses during the development of the plant, so that the relative
{:,J

+'i. importance of the adaptations by lucerne to drought can be determined. Nevertheless,

the physiological responses of lucerne to water stess are better understood than those

of sainfoin so lucerne is used as a reference plant in this thesis. In this chapter the

responses to water stress of the lucerne cultivar Grasslands Oranga were examined

using a comprehensive set of water stress measurement techniques. This was the

basis for lucerne being used a reference. Lucerne was grown for a prolonged period

(4 months) at different levels of soil water content to evaluate :

a) the functional relationships between available soil moisture and plant physiological

characters, and

b) ttre relative shoot and root development of the plant at different soil moisture

levels.



4.3 Materials and Methods

Experimental

Seeds of lucerne 'Grasslands Oranga' were germinated on 15 June

in a solid agar medium, and 5 seedlings were transplanted on

pots (20 cm diameter and 2O cm height) containing 9 kg of a

50Vo iver sand and 507o soil.

Plants were grown in a glasshouse until 30 October l99l with daylnight

28120 "C, natural daylight, and daylength and a mean average relative

of 63Vo. A layer of plastic chips on top of the soil prevented evaporation.

,,{i,i.': Initially, soil moisture was maintained at pot capacity until plants were well

:.:'established. Then three levels of soil moisture were imposed one month after

;.' Eansplanting (20 July), as follows:

,; l) control,22Vo water content (glg.

.,,1 2) nnoderately stressed, l5%o water content.

'1 3) severely stressed, l}-l2%o water content.

,. The available soil water content (ASWC) in the severe and moderate stress

;- trcatments was 50 and 25Vo of the control treatment, respectively. The ASWC was

'* calculated as the difference between pot capacity (22Vo g/g) and wilting point (9Vo
{ ,',
1, EIE) determined from a soil moisture retentivity curve at soil water potentials of

, -0.0114 and -1.5 MPa, respectively. The three soil moisture levels were replicated

, j.four times in a randomised complete block design.
'.:;.'

t;.,i

,i,i, 43.2 Measurements:
ii,iii 43.2.1 Transpiration (Tr) i

... ;,:i Pots were weighed and watered every night using a 30 kg electronic balance
'/ !l

#+x,ith an accuracy of 0.001 kg. The Tr was calculated s W,-Wz where W, was the
:i:'.'

i,.*ipo, weight after irrigation and W2 was the weight before watering on the
;{t

.,li following day.

l99l in

20 June

mixtureto

Evaporation was monitored from two identical extra pots without plants, but
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110 evaporation was detected. 

4.3.2.2 Relative water content (RWC) 

Ten disks (100 mm2) from fully expanded leaves were removed weekly at 

midday, weighed immediately (fresh weight, FW) using an electronic balance with 

an accuracy of 0.0001 g , and then soaked in distilled water for 4 h in a dark and 

cool environment. Afterwards, surface water was removed by paper towel and the 

turgid weight (TW) measured. Leaf samples were dried at 80°C for 24 h. Dry weight 
A• 

(DW) was measured and relative water content (RWC) calculated by the ratio of 

((FW-DW)/(TW-DW))*100. 

4.3.2.3 Stomatal resistance (Rs) 

Two fully expanded leaves from the top of the canopy in each pot were used 

· at midday each week to measure Rs of the abaxial and adaxial surface of the leaves 

using an automatic porometer Mk3 (Qelta-T devices). 

· 4.3.2.3 Leaf water potential ('¥), Leaf osmotic potential (7t) 

A leaf disk (80 mm2) was taken from a fully expanded leaf near the top of 

the canopy, and loaded into the chamber of a Wescor HR33T Dew .Point 

_psychrometer (Brown 1972, Rawlings 1972, Campbell and Barlow 1973) and leaf 

water potential ('¥) measured. The same sample was then frozen in liquid air and 

reloaded into the chamber to measure osmotic potential (7t). These factors were 

measured weekly at dawn. 

4.3.2.4 Leaf area development, and leaflet number 

The leaves of all plants were counted, and the LA of two randomly selected 
'• 

plants per pot was estimated every 2 weeks. Five leaf area classes were chosen, and 

the number of leaves in each area class was recorded (Appendix 4.1) (Williains et 

al. 1964). At the end of the experiment, actual leaf area was measured by leaf area 

meter (Li-Cor Inc, model 3100). At the same time 10 plants were chosen randomly 

and their LA was estimated as above. The regression equation relating the estimated 



to acrual LA at the end of experiment was Y=-l l0+l.l0X; R2=0.86.

Plant height and relative stem elongation

The total length of the stem and the Iength of the branches of the plants were

every 2 weeks and the relative stem elongation rate (RSE) calculated from

total length of the stems and the branches as follows: RSE=(lnL2-lnLl)/(T2-Tl)

L is the total stem and branch length per pot at time T (Radford 1967).

',i. At the end of the experiment, plants were harvested and separated into leaf,

,rt ., and root fractions. Roots were washed free of soil using a 2 mm screen and

rcot length was measured by Comair Root Length Scanner. The dry weight of all

plant components was determined after 24 h drying at 80'C.

4.4 Stati$icat analysis

Data from the final harvest were analyzed by analysis of variance using the General

Linear Models (GLM) procedure of SAS (SAS Institute, [nc.,1991). Physiological

data presented in Table 4.2 exhibited no trend over time when analyzed by repeated

imeasures analysis (Rowell and Walters 1976) so the mean for all measurement times

'was subjected to analysis of variance. When repeated measures analysis showed there

was a significant interaction between soil moisture levels and time the results are

prcsented in figures. The fined functions in Figures were generated with FITLS (Mr.

'C. Pugmire, Industrial Research Ltd, Pers comm) using the biggest significant Rf.
"..
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''t ', 4.5 Results

Total stem plus branch length of the plants from all treatments increased with time

Fig. a.l). Control plants were tallest and severely stressed plants the shortest. The

total stem plus branch length of control, moderately, and severely stressed plants at

the end of the experiment were 1.3, 0.9, and 0.4 m, respectively. The RSE of the

severely stressed plants was initially less than that of the moderately stressed and

control plants (Fig. a.D. The RSE of the plans in all treatments approached zero

towards the end of the trial but this occuned earlier in the severely stressed plants

Gig. a.4. The development of estimated LA over time followed a similar pattem to

stem length. Control plants always had the largest, and severely stressed plants the

smallest, LA during the experiment (Fig. 4.3). The LA did nor increase after the

flowering stages in any treatment. Water stress affected the leaf numbers on the

plants significantly (P < 0.01), with the final leaf numbers per pot for the control,

moderately, and severely stressed plants being 601,351, and 293, respectively

(Fig. a.a).

There were significant effects (p < 0.01) on total shoot dry weight (Dw),
root Dw, stem DW, leaf DW, root length, and LA (Table 4.1). The shoot DW of the
plants in the severe and moderate stress treatments was 7l and5SVo of the control
treatment respectively. Stem DW of the treatments was significantly different (p <
0'01) with stem DW of the plants under severe and moderate stress being reduced
to 82 and 52 Vo of the control, respectively (Fig 4.5). LA of the moderate and severe
shess treatments was 34 and 60Vo of the control. Total leaf dry weight was reduced
to 54 and 27vo of the control in severe and moderate stress treatments, respectively.
The specifrc leaf area (SLA) was significantly different between the treatments. SLA
of control and moderately stressed plants was higher than that of the severely stressed
plants (Table 4.1). There were significant differences berween the roor Dw and root

;rllosttt of the plants with the control and severely stressed plants having the largest

i;'',TU 
smallest root system, respectively (Fig 4.6). The mean root Dw and root length

fj:.t*. control plants was 37.8 g and 1288 m, respectively, while rhe severely and
.:i r ''r
;':,,Illni^--^r r'"&oderately stressed plants had root DW and length approxima tely 33Vo a1d, 66Vo of

l$t

lb control respectively.
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The average transpiration rate (mVpoVdaY) of the control, moderate, and

ievere stress treatments at the end of the experiment were 503, 276,and 140

imya respectively (Table 4.2). The ratio of the transpiration rate of the control

ffipf-o to the moderate and the severely stressed plants treatments were 1.8 and

-ffig.0, respectively which were similar to the ratios of the LA of the control to
,;..F..$i;

ffiooa"t^te (1.5) and to severe stress plants (3.1) at the end of experiment (Fig
.fi,:
ffi+.11. Increase in transpiration rate during the experiment in all treatments

.$i paralleled the increase in LA (Fig a.7).
:;r: I
i:i, The mean of ten measurements of Rs was significantly higher for the

'.;:severely stressed plants than for the control plants (Table 4.2). There was no

, significant difference betrveen the Rs of the abaxial and adaxial leaf surfaces.

The Rs of the moderately and severely stressed plants was similar.

The mean RWC, based on six measurements times, of the control,

moderately, and severely stressed plants was 85, 83, and 74Vo, respectively.

The mean of eight times of measurenients at dawn of total Y over time

showed that Y of the control and moderately streised plants was different from

that of the severely stressed plants (Table 4.2). The Y of severely and

moderately stressed plants was similar. The mean of the eight times of

measurements showed that 7[ was significantly more negative for severe stress

ttran for the control and moderately stressed plants (Table 4.2).The difference

between the n of the moderately and severely stressed plants was always non-

significant.



and rnorphological responses of lucerne

l,'4*z Stomatal resistance (Rs), relative water content (RWC)'

:

ration rate (Tr), dawn leaf water potential (Y), and osmotic potential (n)

at three soil moisture levels'

Rs

(s/cm)

1.59b

1.57b

3.15a

RWC

(Vo)

84.7a

83.3a

73.9b

502.8a

275.5b

140.8c

1.13b

t.24b

1.50a

1.59b

1.63b

1.85a

Tr

(mUpot/day) CMPa) (-MPa)

Y

0.0067

0.25

0.0195

2.07

0.0001

16

0.0164

0.07

0.0077

0.04

with same lener(s) within columns

are the mean of four rePlicates.

are not significantlY different-
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and morphological responses of lucerne

4.6 Discussion:

,iisiii
r.1lr ,

,$fu.t PhYsiological resPonses
.; l:..rr.i.r i

ffi, Some physiological characters were unresponsive to moderate water deficit.

,i$fi i,*trular, RWC and stomatal resistance did not differ significantly between the
'-?r'fil r'

:i,ii&nrot and moderately stressed plants. These results supported the results of the
'tll, ai-.r'

i{ffivious experiment (Mir-Hosseini-Dehabadi et al. 1993a) (Chapter 3) which showed

Lf ih;rc was no difference in the Rs and RWC of lucerne when volumetric soil water

l'* coot"nt was more than lT%o 1cm3/g;.
; i 

The effect of moderate stress in reducing plant growth was not likely to result

from changes in RWC or Rs since there were no significant changes between these

factors during the latter part of the experiment. However, the greater stomatal

rcsistance of the severely stressed plans in the early growth stages reduced

transpiration and maintained cell turgor.

The osmotic potential was more negative for the severely stressed plants than

for the nnoderately stressed and control plants. SinceRWC was significantly different

between treatments the decreased rc was consistent with both solute accumulation

(Slout 1980), and solute concentration by dehydration. The more negative osmotic

potential of the severely stressed plants could have helped to maintain turgor and thus

glable cell expansion to continue (Turner and Jones 1980).

The patterns of increase in leaf area and transpiration rate were similar, and

suggested that leaf area had a strong effect on transpiration rate. There was a

quadratic relationship between transpiration rate and leaf area for all treatments which

-suggests that the decline in transpiration rate per unit leaf area at the higher leaf area
;1$;,

.:.xfls due to the shading of the lower leaves (Fig. a.7).
a'-:

4.62 Morphological responses
; r-'i.1'

ii;: Palatability and herbage quality of lucerne are related to the leaf-to-stem ratio

'l'(Ila[m et al. 1989; Hall et al. 1988. Brown and Tanner 1983). This ratio was 0.59,

'.0'89, and 1.45, forcontrol, moderate, and severe stress treatments, respectively. The

*'r,Stem heighUstem DW ratio of the control, moderate, and severe stress treatments was
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.i;r

314,381, and 513 (cm/g) respectively. Thus water stress caused thinner stems which

r'p3y have increased palatability and herbage quality.

, i',i The severely stressed plants were smaller than the other treatments and.. ..:::

;;'1 produced stem and branches at a relatively slower rate. Lower net assimilation rate
,;;1.:.,.
#, br lower Ieaf area per length of stem plus branches could be considered as factors{. .-r ;:-

r 
ji4r:r 'i;':'limiting RSE in the severely stressed plants. The earlier cessation of stem elongation

':...,,-'':

,, ,r'suggests that neither physiological nor morphological adaptation allowed the severely
'.:: 

".,t,t smessed plants to grow for as long as the other plants.

:: Water stress reduced root dry weight and root length, of the severely stressed

'; plants relative to the control plants. This result contrasted with the results of Carter

et al- (1982) who found no significant difference in the root length of lucerne plants

at three different soil moisture. This difference in results may have been caused by
different experimental conditions. Carter et al. (1982) used large metal tubes (150 cm
depth and 30 cm diam.) while we used plastic bags (20 cm depth and 20 cm diam.).

The pots of Carter et al. (1982) may have held enough warer for growth for a long
period after watering ceased, whereas the soii moisture of our pots decreased quickly
to target stress levels. The herbage yield of severely stessed plants in our experiment
wu 25Vo of the control, whereas in the experiment by Carter et al. (19g2) it was
54vo of the control, thus the extreme treatment of our experiment suffered from
greater water deprivation. Furthermore, the cultivars used in the experiment of Carter
et al' (1982) were stated to have a large root system, able to scavenge soil water and
avoid moisture stress. There is no similar information for Grasslands Oranga which
was bred under New Zealand conditions.

The shoot to root ratio of the control, moderately, and severely stressed plants
was l'38, l-2, and o-94 (glg), respectively. Therefore, the relative allocation of
carbohydrate to roots increased under water stress, in agreement with the
shoot-to-root ratio observed by Carter et al. (l9gl) of 1.75, and 1.3g, for moderatelv
and severely stressed plants, respectively.

.ds
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4.7 Conclusion

i," The responses of severely stressed plans can be summarized as follows:

[i Oe physiological level, increased stomatal resistance and lower (more negative)
,

iotic potential allowed plants to reduce transpiration, and to possibly maintain

, respectively.

at the morphological level, relative dry weight changes of the plant components

that stems were a lower priority than roots and leaves for the allocation of

since the DW reduction of the severely stressed plants relative to the

plants was 82Vo for stem, but was 56Vo and TlVo for leaf and root,

o'rcspectively. Leaves and roots may be of greatest benefit to the plant for

photosynthesis and water uptake, and appeared to be "protected" relative to the stenrs.

r4ill
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of sainfo in c ultiv ars and luc e rne'...... -. --.......... -.

5. Comparison of sainfoin cultivars and lucerne, with an

emphasis on sainfoin responses to water stress.

5.1 Abstract

sainfoin has been recognized as a possible alternative to lucerne in New

comparative information on cultivar performance is sparse. The objectives

this snrdy were to comparc eight sainfoin cultivars with lucerne under non-limiting

conditions in the glasshouse, and to examine the water stress responses of a

sainfoin cultivar in the field. Lucerne leaf area" leaf weight and stem weight

grcater than for sainfoin cultivars. Significant differences bet'ween root , leaf,

fid rt"- weight, and leaf area of sainfoin cultivars were observed. Cotswold-

and Remont had the lowest leaf area among sainfoin cultivan. Melrose and

had significantly greater leaf and stem dry weight than Cotswold-Common.

fhe field study plant water status, relative waterpontent and stomatal resistance

measured weekly at midday for the sainfoin cultivar Remont. There were

differences between stomatal resistance and relative water content of

(rain-out shelter) and non-stressed (rain-fed control) plants. Water stress

uced LA to 25Vo, and total dry weight (leaf+stem) to 62Vo, of control plants.

ve water content of sainfoin was more sensitive to soil moisture than leaf water

or stomatal resistance. The practical signifrcance of the physiological and

responses of sainfoin to water stress is discussed.



5.2 Introduction

Sainfoin (Onobrychis viciifolia Scop.) has been recognized as a possible

ive to lucerne (Medicago sativa,L.) on the pumice soil of the Central Plateau

North Island of New 7*aland (Percival and McQueen 1980). Comparison of

sainfoin cultivars and lucerne in this area showed Melrose was the highest

sainfoin cultivar under an eight week cutting regime but it only produced

'luri 
over half the yield of lucerne (Percival and Cranshaw 1986). In spring, sainfoin

. ,rooting habit (Koch et aI. 1972) and has a high stomatal resistance (Rs) under water

. ttress conditions, thus allowing it to maintain a higher relative water content (RWC)

, fha' lucerne during water stress (Mir-Hosseini-Dehabadi. et al. I993a). Bolger and

j, Matches (1990) found a higher yield potential for sainfoin in spring than in summer,
ripossibly indicating a higher water use efficiency in spring than sunrmer.

..:"r Of particular interest were differences in the growth responses of sainfoin
rctltivars 

and lucerne in non-limited soil moisture, and the physiological mechanisms

,.,,lDvolved in the drought tolerance of sainfoin. The main objectives of this study were:
:', a) to compare a range of sainfoin cultivars and luceme in the absence of water stress,

aDd b) to investigate the response of a single sainfoin cultivar (Remont) to water

' S0tss in the field.
i,. tr.

;,'.'..1

t.l'.;S,,

':., I 
.

'",.:

t:,

iir'r,

:'.tit,



of sainfoin cultivars and lucerne.

5.3 Materials and Methods

Glasshouse experiment

Seeds of six sainfoin cultivars (Grasslands G35, Remont, cotswold-common,

, Eski, Pola), o. tanaitica, o. transcancasica, and lucerne (Grassrands

) were planted individually in pots (15 cm diameter and lg cm height) on 26
1991, and subsequently thinned to 2 seedlings/pot on 2 January 1992.The

was 50vo peat, 50vo sand, and fertilizer (osmocote +@ 14-6_12, 2.25 gA;
0-9-0-11, l-5 gtl; lime 1.5 g/l; dolomite 3.0 g/r; Micromixo o.o gr;.

were glown in a glasshouse at Palmerston North with natural daylight, natural
gth, and daylnight temperature zsfisoc (plate 5.1). pot moisture was

,.1t"tt"*ted at field capacity by top-watering automatically up to four times daily.
llAi harvest (l March lggz),leaves were separated from stems and leaf area (LA)

;l,u,l*u*d 
with a planimeter (Li-cor Inc, model 310o). Leaf (LDW) and stem (sDw)- 

_

;i:..9 weight were determined after drying at Sffc for 72 h. Soil was washed from,.'.t:!"1
''.;.,r-oots and root dry weight (RD!v) determined as previously. A randomized complete
',i'block design with four replicafes was used.

,,, 532 Field experiment

: . ' The sainfoin cultivar Remont was used to study water stress effects in the
' field' seed was germinated in "peat pots" in the glasshouse (25 october 1992) and

'secdlings transferred to the field (l November). The soil was a Tokomaru silt loam
(Fragiaquall gleyed yellow-grey earth). There were two adjacent experiments (rain-

: -t* 
control and water stressed) each comprised of three replicates. Between 3 '

November 1992 and2 March 1993 afully automatic rain-out shelter moved to cover
the shessed experiment within 30 s of the onset of rain. A plastic sheet was buried
P I a to prevent lateral flow of soil water into the stressed experiment.

volumetric soil moisture content (vswc) (cm3/cm3, vo) of the contror and
,' shessed experiments was measured weekly in the zones 0-15, and 50-70 depth. A

:,:fu 
domain reflectometer (rDR) (Topp et al. l9g0: chanasyk and Neath lggg)

.*c

,.,... \ - _-t \--rr v. -.. L'vv, vrrqr(LJA 4ftu l\Catn ly66)

#.f*"0 the surface vswc with a single pair of vertical 15 cm probes per pot. The



VSWC was calculated from the difference between TDR readings of the

at 70 and 50 cm depth. Approximately weekly measurements were made of

petiole water potential (V) by pressure bomb (Model 3005 Soil Moisture

Corp) (Scholander et al. 1965; Boyer 1967: Tyree and Hammel

1972: Turner l98l) (8 times, 22 December - 2 March) and b) stomatal

ffiO^re (Rs) using a promoter (Delta) (5 times, 20 December - 2 March), on two

,,WnUy expanded leaves at midday from near the top of the canopy. Each week (6

nes- 22 December - 2 March) ten leaf disks were cut at midday, weighed

(FW), soaked in distilled water for 4 h in a cool and dark environment

fted to surface dryness by paper towel, re-weighed (TW), died 24 h at 8ffC, re-

(D!V) and relative water content (RWC) calculated as (FW - DWy(TlV -

. Plants were harvested on 3 March 1993 and LA, LDW and SDW determined

for the glasshouse experiment.

Mean LA, SDW, LDW, and SLA from the water stressed and the control

Ciperiments were compared by t-test. Physiological data from the control and the

experiments were combined to'deril e a single relationship with VSWC.

Equations were chosen which gave high R2, using the program FITLS option of GLE

C. Pugmire , Industrial Research Ltd, Pers comm).

ffi

lni

i'I.,'

,lJ
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Clzapter 5

5.4 Results

5.4.1 Glasshouse experiment

The LDW and SDW for lucerne were significantly greater than for all the

sainfoin cultivars and species (Table 5.1) iP<0.05). For both LDW and SDW Eskj,

Melrose, and Remont were significantly greater than Cotswold-Common (Table 5.1).

There was no significant difference between RDW of lucerne and the sainfoin

cultivars and species (Table 5.1). There was no significant difference in the specific

leaf area {SLA) with the result that the relative differences in LA were similar to

LDW (Table 5.1).

62

Table 5,1.: Leaf area (LAi, ieaf dry

weight (RDW), and specific leaf
cultivars and species, and trucerne,

weight (LDW), stem dry weight {SDW), root dry
area (SLA) of eight glasshouse-grown sainfoin
at 65 days after pianting.

Cultiva: LA
(cm2/plant)

LDW
{g/plant)

sDw
(glptrant)

RDW
(g/plant)

SLA
! rm?lo\

lucerne (Oranga)

0rasslands C35

Eski

Melrose

Pola

O. tanaitica

0. trcnscaucasica

Remont

Cotswold-
Common

1484 a

1220 ab

1 i43 abc

i003 abc

941 abc

815 bc

741 bc

669 c

615 c

8.79 a

5.10 bc

6.2i ab

5.89 bc

5.?5 bc

4.?3 bc

4.18 bc

4.41 bc

3.29 c

10.91 a

5.43 bc

5.58 b

5.52 b

4.42bc

4.51 bc

4.82 bc

6.41 b

2.01 c

5"24 a

411 ^

5.30 a

3.81 a

4.1] a

3.91 a

4.16 a

4.64 a

2.M a

112"4 a

236.6 a

188.5 a

170"5 a

165.3 a

176.4 a

L to.t a

150.3 a

188.2 a

PpF

S.E.M.

0.05

r 88.7

0.028

0.96

0.003

I.t5

0.528

0.91

4.192

19.28

Numbers are the mean of four replicales,

Within a colurnn, numbers with same letter are not significantly different.
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Field exPeriment

Initial VSWC was similar for both the conrol and stressed experiments.

ently, as the plants developed, topsoil moisture (0-15 cm depth) decreased

water stressed experiment but did not change appreciably at 50-70 cm depth

5.1). The VSWC of the control experiment was always close to field capacity'

Significant differences were found between LA (P<0.05), LDW {P<0.01) and

iP<0.05) of the stressed and non-stressed Remont (Table 5'2)' Non-stressed

rr had a higher LA and LDW, bur larger SLA than the stressed plants (Table

, showed rapid change (decrease) in V below 19% VSIVC Fig' 5'2)'

Measurement of the RWC of stressed plants began when the top-soii VSWC

(&15 cm) in the sressed experiment was lesi than 25Vo. The RWC of water stressed

,,,k*on, 
was significantiy lower than for non-sfessed Remont, at all observations' A

cubic function relating RWC to VSWC {inc}uding stressed and control plants)

accounted for 93Vo of the variation in RWC and showed appreciably lower RWC

t:&*he VSWC was less than31Vo.RWC was unchanged betwee n 32-467o VSWC

(Fie.s.2).

Initial observations of the adaxial and abaxial Rs of leaves of stressed and

Don*shessed Remont were similar, but Rs was significantly great€r for stressed plants

,.,.,,:ot. 
VSWC was less thm2l9o, Exponential equations relating the adaxial and the

€baxial Rs to VSWC showed a rapid increase in Rs when VSWC was less than 28Vo

:(Fig 5.2)
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5.2: Leaf area (LA), ieaf dry weight {LDW),
leaf area (SLA) of field grown Remont, for

(rain-fed control) treatments.

stern dry weight (SDW), and

stressed (rain-out shelter) and

Treatment LA SDV/

(g/plant)

LDW

(giplant)

16.66

40.06

SLA

1crn2/g)

62.27

105.78

ti:
(cm2/plant;

1037.5 26.81

4237.9 29.72

Sressed

Control

T-Test

0.01 prcbability levels, respectively.



v = o ll-l9 aa-/4:: \)
X = dU-.

-nc

x 0.5

{ 0.4

ter 5

Ee0

odu
L

7za

€ ro,

Eg

9s

q

aha{ai

y- 118*{9+"?cra:lr')
R- ' 9l%

ad&ial
y* Lol{ 10.33.c{-o-r:Jl)

R-: fi9"

:::',/' o

i9,.^ .^ .- ]o - 4o*-*-*-*-:o::,:1, VS1VC {&15 crn) Zo

. 1'g' 5.2 Relationships berween Remoni petiore waier por.enriar (y, -MFa), relarive

. Kt::::ltenr (RWC, vo), or sromarar resisrance (aoaxiar surface, closed symbols;

.. Jjlrt:1to".., open syrnbois) and voiumetric soii water conrenr (0_lS cm, VSWC"vur /crn- u/o), tor rain-fed (non*stressed) plots (n,r) and srressed plors (o,l). symbots
',,.:;.* means of rhree replicares. Vertical bars show t SEM.

y:3 7-3-1"-<9r-o.04 
"t*0.0oo 

I9*

:a,



rison of sainfoin cultivars and lucerns..'."'........'."....

5.5 Discussion

: 55,1 Glasshouse exPeriment

, . Lucerne was rnore productive than sainfoin, with a higher leaf area, Ieaf
..' wei1ltt, and stem dry weight, in agreement with the results of Sheehy and Popple

'69g1). The overall mean LA and above-ground dry weight of sainfoin were 895

cnrf/plant, and 9.8 g/plant, respectively, whereas LA and above-ground dry weight

.,*for lucerne were 1484 cmtlplant and 19.7 g/plant, respectiYely. This faster growth of

:-lucerne compared to sainfoin was also reflected in its development. Lucerne reached

.,. tbe bud stage approximately a week earlier than most sainfoin cultivars.
t ,'a::.:a' .'

:,:,;:::l Among the sainfoin cultivars, Remont and Cotswold-Common had the lowest
.,..'. :

;,:,LA(Table 5.1). Reasons for this, however, were probably different for the two

I. cultivars. Remont is representative of "lwo-cut" sainfoin types which show earlier

growth and maturity than "one cut" types (Carleton and Delaney 1977). The low

: yield of Cotswold-Comrnon was in agreement with Rumball (1982) who found

,,rCotswold-Common was less produclive than Poia, Remont, and Melrose. Ttre lower

'1 ,LA of Remont may have resulted from senescence, since it rnatured sooner than the

,'- other sainfoin cultivars and losr leaves prior to harvest. In the case of Cotswold-

:,, Common, the low LA was probably due tc slower growth. This cultivar did not
nflower during rhe experirnent. The rapid growth of Remont might be a useful

,,,:t' ute for escaping drought, when soil rnoisture is lirnited for grcwth late in the

-. Sswing season.

Root dry weight of sainfbin cultivars and luceme was sirnilar, in contrast to

.tbe resuits of Mir-Hosseini-Dehabadi et al. (1993a) {Ctrapter 3) who showed that the

,...,Joot dry matter of sainfoin was greater than for lucerne. These contrasting results

Were probably due to a smaller pot size in this srudy. The shoot/roct ratio of sainfoin

- cultivars was 2.39 and that of lucerne was 3.78. The greater relative allocation of
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shoots resulted from a lower stem dry weight. The SLA of sainfoin cultivars

181 cm2lg; and lucerne (172 cm'/g1 were similar. In contrast, Sheehy and

le (1931) found in a field experiment that the SLA of sainfoin was half that of

rne. A possible explanation for this difference was the different environmental

idons of the field and glasshouse, for example, air temperafure, relative

idity, and light intensity in the field were not as constant as in the glasshouse.

our field experiment the SLA of Remont was 43Vo of that in the glasshouse.

Y.
iis: ri"u experiment

.'. . lxaf area and yield of Remont decreased as VSWC decreased (Table 5-2).l-eaf

dry weight, LA, stem dry weight, and SLA decreased 58, J6, 10, and 47Vo

,t,.respectively under water stress. The greater decrease in LA was probably due to
, ,:,.

,,,decreased RWC when VSWC was less than 32Va. Low RWC wouid impair cell

elongation (Begg and Turner t9'76).

Relative water content of Remont decreased in response to VSWC earlier than

for Y or Rs. Y was less sensitive to water stress than RWC and Rs which suggested

that maybe osmotic adjustment occurred in the water stressed sainfoin leaves (Begg

and Tumer 1916).

Stomatatr resistance Rs of the adaxial leaf surface {2.2 slcm} for sainfoin was

lower than for the abaxial (8.1 sicn:) leaf surface which was in contrast to the usual

, situation for most plants. Stomatal resistance for rhe adaxial and abaxial leaf surfaces

: of lucerne, for example, are equal {Cafier et al. 1982; Mir-Hosseini-Dehabadi et al.

' 1993b). The adaptive significance of the relatively iower adaxial Rs of sainfoin was

. not apparent though possibly leaflet folding under water sress would resuit in lower

transpiration loss due to high liumidity on the adaxial surface.
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5.6 Conclusion

Lucerne out-yielded all sainfoins cultivars and species under non-limiting soil

re conditions. I{evertheless, sainfoin exhibited a greater relative leafiness and

jlower shooUroot ratio than lucerne. Costwold-Common yielded less than all other

infoins. Remont grew faster than the other sainfoins and matured sooner. A

ively large root system {low SIR ratio) is a possible mechanism that could assisr

oin survival under water stress. Relative water content appeared to be more

itive to water stress than leaf water potential and stomatal resistance and possibly

ic adjustment occurs in sainfoin. The stomatal resistance of the abaxial surface

-...,of sainfoin leaves was higher rhan that of rhe adaxial surface in stressed and non-

_ stressed conditions, but any adaptive significance of this difference was not apparent.

tt
tt"

.:.
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Plant water status, and shoot and root growth of sainfoin

cultivars at constant n'ater stress levels.

6.1 Abstract

'thv of sainfoin {Onobrychis viciifolia Scop.) in previous Chapters showed the

' ,, nroisture levels .

Four sainfoin cultivars Cotswold-Corr-unon, Eski, Fakir, and Remont were used

..,.with a randomised complete block design wirh four replicates. Three soii moisture

levels of 22, 15, and l1 7o {g/g) were imposed, as control, moderately, and severely

,11,,;'&*uatreatments, respectively.

Water stress decreased leaf area, leaflet numtrel, rool mass, and root length,

. yield, leaf water potsntial, turgor potential, osrnotic potential, relative water contsnt

and transpiration and photosynthesis rates, but increased stomatal resistance, water

,



t,

6.2 Introduction

''rssults from Chapters 3 and 5 and work by other researchers suggest that the

and the morphology of sainfoin respond to water stress in a number of

that aileviate the effects of stress. Different growth patlerns for the sainfoin
,

were found in the absence of soil moisture stress (Mir-Hosseini-Dehabadi

%i.' 1OVZ"1(Chapter 5). Rernont grew faster than Eski, and the growth and yield
t,ta '.

Cotswold-Coffrmon was lower than the other cultivars . Rumball (1982) found

ir was the highest yielding among a wide range of sainftrin cultivars.
-

Thomson (1938) has classified sainfoin into two taxonomically distinguishable

ffis. "One-cut" or "common" type and a multi-cut or "giant" type, according to the

growth behaviour after about the six leaf stage. ln the one-cut fype,(e.g. Eski) stem

';,:. alangation is limited dr:ring the establishment year. Flowering usually occurs in the

',',',l,,sccond year and is cnce ayear (Spedding and Diekmahns, i972). in the rnulti-cut
',:,. :,,..,

,:,',;te.S Remont) type stems tend to be longer and leaflets larger (Spedding and

,tl):.biekmahns,1972), with stern elongation and {lowsring occurring in the establishment

t,:.year (Thornson I 938).
.t:'...:.'.

The early growth and relatively high yield of the first cut of sainfoin resuited

'::,:.1;.,b sirnllar dry matter yields to lucerne in ldaho under dry conditions (Murray and
'.:,...,,..a.

4., ,Slinkard 1968). Hurne ( I981) mentioned sainfoin generally yieided more than lucerne

at the first cut and less at the second, and appeared to have a comparative advantage

wnere conditions enabled only one cut p€r year. Roath and Grahan: (1958) found that

under dryland conditions, hay yields of sainfoin compared favourably with iucerne,

.red 
clover (Trifotum pratens€ L.) and cicer milkvetctl tAstragalus cicer L.).

,;l These investigations showed the drought resistance of sainfoin was from both

drought tolerance and drought escape strategies. The high root mass of sainfoin can

obtain water deep in the soil, and the higtr productivity of sainfoin in early spring

The different sainfoin types have different responses to dry conditions. The
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rype grows slower than the two-cut type and can, therefore, save soil

dry summer. On the other hand, the

when soii moisture is adequate, and

re in spring and be more tolerant of a

type can be more productive in spring

less active in a dry summer'

In this study we used Remont, Eski, Cotswold-Corunon, and Fakir with the

ive to: a) compare the different sainfoin rypes at different soil moisture levels,

b) investigate the morphological and physiological responses to water stress of

grown at different soil moisture levels.

:

t,
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6.3 Materials and Methods

63.1 ExPerimental

i". Seed of four sainfoin cultivars: Eski (E), Remont (R), Fakir (F), and Cotswold-

Common (C), was germinated (15 June 1991) in petri dishes in a soiid agar medium,

- l'and f,rve seedlings were transplanted on 20 June 1991 to pots (20 cm diameter and

cm high) containing 9 kg of a mixfure comprising 5AVo nver sand and 50Vo sail.

,,The soil was a Haplquept (fine, loam, mixed, mesic). Plastic chips were placed on

the soil surface to minimize evaporation.

::,1.12h natural daylight, and a mean average relative hurnidity of 63Vo. On 30 October
;"t )

,1991 pots were transferred to a fully controlled climate room with day/night

temperature 25/15'C , day length i4 h, relative hurnidity 50 + SVa, and light intensity

,' 7A6lrmoVm2ls (Warringron et a\.1978) (Piate 6.1). A factorial randomized complete

block design with five replicates was used. The fifih replicate was harvested when
,,, plants were transferred to the climate rodm .

')., " Initially, soil rnoisture was maintained at pot capacity until plants were well
. established (5 August 1991) and then three levels of soil moisture were imposed, as

-, follows:

l) non-stressed, 22 + ZVo water content (glg).

2) moderateiy stressed, 15 *2Vo rvater content, and

',- 3) severely stressed, 11+ ZVo water content.

,,,,,. Soil moisture adjustrnenl was based on Time Domain Reflectometer (TDR)

measurements and pot weight.

.,.,teatments was 50 and 25Vo of the non-stressed treatment, resp€ctively. The ASWC

-,1* caiculated as the clifference between por capaciry {22Vo g/g) and wilting point
(8'A5vo g/g) determined from a soil moisture refentivity curve at soil water potentials

,,,,-of 
{.01 14 and - 1.5 MPa, respecrively (Fig. 6.1). Nurrienr sorurion was applied rwice

.,,...,,..1*tty using -l00 n, srock solution 2 M for pOol , Car*, and Mg2*. The pH was 5.g.
brrlanh were inoculated with rhizotrium hlZPS4S4 and showed no symproms of
nitrogen dcficiency .
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Measurement

.a

1 Transpiration rate (Tr)

Pots were weighed and watered every night and midday (as required) using a

[g capaciry electronic balance with an accuracy of 0.001 kg. Daily Tr was

ated as W,-W, where W, was the pot weight after irrigation and W, was the

before watering on the following day plus watering at midday. Evaporation

determined as negligible in two identica"l exra pots without plants.

{*ee Rehtive water contenl (RWC)

During the ciimate room phase. ren disks (100 mm?) from fully expanded

"',t.:l:learcs 
were removed weekly at midday, weighed immediately (fresh weight, FW)

using an electronic balance with an accuracy of 0.0001g, and then soaked in distilled
:,...

,'.,,1*, far 4 h in a dark and cool environment. Afterwards, surface water was

- 
rcEoved by paper towel and the turgid weight (TW) measured. Leaf sarnples were

:'a: t:'; ,. .

;::,-ftied at 80"C far 24 h. Dry weight (DW) was mea$tred and relative water conrent
''t.futC) calculared by rhe rario of ((FS/-DW)/(TW-DW))*100.

63-23 Stomatal resistance (Rs)

.,,-...'.:;. During the climate room phase, two fully expanded leaves from near the top

-,,-,,,9.!-th. canopy in each pot were used at midday each week to measure Rs of the

-sbadal and adaxial surface of the leaves using an Porometer MK3 (Delta-T devices).

,..F" leaf stomaral resistance was found by cornparing the counts with those from a
JDoulded polypropylene calibration plate with six diffusion resistances of known

,.,jXY- A calibration graph of these resistances plotted against their corresponding

,Foot' was used to convert counts obtained from leaf measurements into diffusion
" 

Talues. The calibration was done under the same conditions as leaf measurement and

__-V* repeated when temperature changed.

.
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6.3.2.4 Leaf water potential (Y), teaf osrnotic potential (n)

A ieaf disk (80 mmt) was taken from a fully expanded leaf near the tap of the

panopy, and loaded into a chamber of a Wescor HR33T Dew Point micro-voltmerer

rown 1912, Rawlings 1972, Campbell and Barlow 1973) and y measured. The

sample was then frozen in liquid air, reloaded into the chambe r and x

fiieasured. Chambers were calibrated weekiy with a range of NaCl solutions of
potential eg: 0.05, 0.2, a.4,0.6, 0.8, and 1 M. samples y was calculated

a regressron equation between microvolt and y. Temperafure effects were

by identifying nv for each chamber according to the instructions. y and n

measured weekly at "dawn" in the clirnate room and the glasshouse. Addirional

ls were made weekly at midday during the last month of the experimenr

ate 6'2). Turgor potential (P) was calculated as the difference between Y and r
for both leaves and roots and was not adjusted for possible dilution by apoplasric

water.

Midday totai leaf water potenrial (v) was measured by pressure bcmb
(scholander et al. 1965; Boyer 1967; Tyree and Hammel 1972;and rurner 19gl).

.

fully expanded leaves frorn near the top of canopy, per pot in the climate roorn

yre excised and placed in a pressure bornb (Soil Moisture Equipment Corp. Model
and the prcssure recorded when sap appeared ar the cur surface.

Photosynthesis

At least three fully expanded leaflets at the top of the canopy in each pot were

red weekly at midday using a Li-cor 5200 primer with a.z5 | chamber volume.
boundary layer resistance of the prant was measured using waiman paper of

size and shape to the leaflets, as described in the manual for Functicn 4i of

'i-Cor 6200. The regression equation of leaflet size and corresponding boundary
teslstance was Y = 0.51 + 0.02*X where y is boundary layer resistance and X

carlet area. This equation was loaded in function 41 of Li-Cor 6200 with 43=
(0.5) and A8- slope t0.02). After finishing phorosyntheric measuremenrs LA

leaflets was measured by leaf area meter (Li-Cor Inc model 3100), entered into
U{or 62AA, and photosynthetic rare re-compured.
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Leaf area development, and leaflef numtrer
The number of leaves per plant \r/as counte d every 2 weeks, and at fhe same

!1e,Ieaf 
--r:_fto, of rwo randomry sampred prants per por was esrimated using the

&cbnique of wi'iams et ar. {1964). Six reaflet area crasses were chosen (Appendix
r), and the number of leaflets in each area crass recorded. At the end of the

actual leaf area was neasured. At this time l0 piants were chosen
y and their LA estimated as above t0 test the accuracy of estimation.

'.',The regression equation was y-3g.4 + 0.56*X where y=Actuar leaf area and
leaf area, and R2*0.92

63J.7 Plant harvest

At the end of the experiment (31 December 1991),plants were harvested and

Tvarated 
into le af' stem, and root fractions. Roots were washed free of soil using a

2 twn screen, divided into thick (diameter > 3 mm) and fine roors (diameter < 3 mm/
and rcot length was rneasured by Cornair Root Length scanner {yoorhees et ar.

11*'' 
Dry weight of all plant cornponenls was derermined afier 24 h atg0'C (plates

6.3, 6.4).

,_,,. Cumurative yield was carcurated using *re yieio at harvesting time prus

,fiusteo dead leaf weight' Dead leaves were collecred and counted at 15 d jntervals

'- :"1-::d 
dead leaves did nor include ail rhe reafrers, dead reaf weighr was

,?11*o from the dead leaf nurnber and rhe rario of Jeaf dry weight4eaf number for
try treatmenrs at the end of rhe experiment.

C3aB }l'ater use efficiency (IVUE)
WLIE was calculated as follows:

,,],,,I*t = Above ground dry maner at end of experirnent/totar water use.

.3'y*t = As for wuEl, bur arso incruding rhe estirnated dead reaf weight.

,:.,:tt'= As for wrJLz,bur arso incruding root dry rna*er/totar water use.

l,y* = As for wuEr, bur arso incruding the acuar dry weight of dead reaves.0 lnrcS = As for WLIE4, bur also including roor dry maffer.
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|1,&.2.g 
Specific leaf area {sLA)

Tw<l plants per pot were chosen randomJy, and at harvest time, Ieaflets were

separated from petioles, their area and dry weight determined and SLA calculated as

'Ire?Wrdry 
weight.

Statistical analysis

The data for measurements made at the final harvest, for example: root drv

, were analyzed by analysis of variance using the oeneral Linear Model (GLM)
of sAS (SAS trnstitute Inc. 1g91). A log transformation of root lengrh dara

not alter the interpretation" Repeated measures analysis was used to analyze the
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6.4 Results

,,: Soil moisture trsatments had different effects on thick (TR) and fine {FR)

(Table 6.1). Although there v/ere no significant differences forTR, FR varied
':,t:l

Lgnificantty (P < 0.01) between moisture treatments. Control, moderate, and severely

plants averaged 1985, 1271, and 835 m, respectively.
l-r.:.,::. The root fiactions varied between cultivars. Fak,tr {3.22 m) and Cotswold-

'a:,'
_-.Common ( 1.88 m) had the greatest and the smallest TR length, respectively. Eski had

l tb smallest TR DW after Cctswold-Corunon even though it had the largest FR

length. Although the TR length of Eski was the largest its TR DW was ranked third

-,.-.of the four cultivars. Eski {1660 m) and co$wold-Cornrnon (1020 m) had the:

grcatest and smallest totai root iength, respectively.
: 'l::::

1.,,.;r, :, The cultivar by soil rnoisture interaction was significant only for total root

,p$r}. (Table 6.2) and showed cultivars Cotswold-Common, and Fakir were more

,t;,:,,W**a bY water stress.

t4,.':'

6.,{.2 Yield

. : The yield and cumulative yield varied significantly between the three soil

.noisrure levels (Table 6.3). Control and severely stressed reatmenrs had the highest

lowest yield and cumulative yield, respectively. water deprivation reduced

ive yield of rnoderately and severely sressed plants by 72 and 497o,

vely, compared to that of the control. The cumulative yield was not

tly different for cultivars but cultivar yield at the harvesting tirne was

y different" The interaction between cultivar and soil moislure was not

{P<0.05).



.$:
r.t

E

:
f,

>'
F

(.) v
U'Fc-l

\4p

-,v
-a
f

dr l-
Y

-a

C,*

,-
'=
=gs3
.a3ra
L

::
{J r-

,: ,;
w

xL

z.g
"r4e';qJ€

ft6

()
r!)

{{)
;il

tt) g

L

K,Y

f\F-
d+f

q.)

I

L
L

a:
L

-
a

lt
z,
fll
(n

a
il

1*

O
,,

rl

()

tl
I

'<f
r*:*

aa

V)

i

r.)c!
c\

-i.
<t

rT \

rn

oO*
anA

VU

C, ri f..lAt
OC)r-<)o

lr)r*\.o
6\-

ON\f+

ct 'ifcoc)t--

v

\o c'OO(n
c5:(
^;AA

It

n
tiAr! 

^ 
**ftv07

AH) 4,.3 L.'*CI3a'

\oo\.c
Crl O i.*
N\Or,ce c\.1

A€ !
-Yrn ,;
ET#

4
cO f- F*AA
Crt a- C/)
N a.| c-,1

a-.
co\ft*(}Ov)
CO
c.t a.l

r*cco
c.{ ccoo \() c\l
Ol c..l .a€

(lL0)
LUL

Ixo
,",=(J'uarn

AA
yd4

aiiHS
o.\ ? .ri c.i

^l ^l

(.) ct -o n
=t rr? oq q
f* a.) \O f-'\o .tr. c.t(}\c)'tca

A
tf,lr)rf}9\*qlr}tr}.n
f{') <f lr) .if

.I H €ri66ri+oo .f, c\a v)og 1 c.J r:
c.l(')O

-A!€i3
\O \C vi \O
.O \O 

=f fr)\o,r; iia\ c!

NNA
+€dcJvl"1go
1r) aii V-l

= 
P tJ- c.'lv\Jrlca*

d,g

E
1L

=E,Y.=V\r-v-yc
ri -q d 4)
\^/ lll lL M,

t-

J..ila

t-

J'
L)

nb0T*V

1

&
C}

F5

*

ii 08

7

t



6.2: The interaction between cultivars and soil moisture

root length (m) (SEM = 288.7) (P < 0.05).

Moderate

l 883

2292

2r07

1658

76r

t476

1539

1308

407

t22l

693

totT



constant water stre.rs levels.

yield, cumulative yield (Cum yield), and leaf area (LA), of four sainfoin

different soil moisture levels, 200 days after planting (DAP)

SEM

Yield

(g/pot)

2r.2gbl

24.42a

2r.29b

20.49b

30.97a

20.&b

14.30c

0.0001

o.0299

0.0780

0.89

1.03

t.79

Cum Yield

(g/pot)

4t.73b

50.00a

44.84ab

45.23ab

LA

(cm2lpot)

r475.30b

177O.80a

1513.90b

1216.80c

2334.40a

r28r.27b

866.87c

0.0001

0.0003

0.0930

68.20

78.75

136.40

59.69a

46.38b

30.29c

0.0001

0.1500

0.3800

2.16

2.50

4.30

AR SEM

lDean of four replicates. Number(s) within columns with the same letter

y differenr.

levels, Cu= cultivars, SEM= standard error of the mean.



Leaf area

The LA of plants was significantly different between soil moisture levels

'able 6.3)' with control and severely stressed plants having the highest and lowest

respectively (P <0.01) (Table 6.3). The LA of cultivars was significantly
(P < 0.01). Eski and Remont had the highesr and lowest LA respectively.

LA of severely stressed Remont, Fakir, cotswold-corunon, and Eski, was 76.

68, and 55 Vo, of control plants, respectively.

Specific leaf area (SLA)

The SLA (cmzlg) of plants was significantly different between soil moisture
(Table 6.4 a)- Control plants had significantly higher SLA than moderatelv and

y stressed Plants (P < 0.01). There was no significant difference between the
of cultivars, however, the interaction of soil moisture by cultivar was

"$igtn"-tly different. Fakir had the hi-ehest and the lowest SLA for control and
'i',irr
'/.*;;:8eVerclv sfrccscrl nlqntc rocnonri,,ol., 'rL^ L:-L^-^ dr 

^ffiytttty 
stressed plants, respectively. The highesr SLA for moderate and severely

,'!{'suessed plants was for Remont and Eski, respectively (Table 6.4 b)
l;.s,:;',.,.r:i:,:j. .

fi#j
!i4'r

.,l:}'.-.i'. n-r t' i
1!!.'\i



at constant water stress levels

le 6.4 (a) Leaf dry weight (Dw), leaf area (LA), and specific leaf area (sLA) of
sampled plants per pot.

Leaf DW
(e)

LA
(cm)

238

300

256

259

394a

227b

l68b

0.0001

0.6000

SLA
(crrlg)

Moderate

,ibF Cultivar

bF W*Cu2

2.ll

2.4

1.9

2.0

2.7a

l.9b

l.6b

0.0016

0.5100

0.8600

r12

t2l
122

l3l

145a

I l9b

l04b

0.0003

0.3r00

0. r300 0.0300

' Water SEM

',Cultivar SEM

'W*Cu SEM

0.21

0.23

0.41

28.6

33.0

57.2

6.42

7.40

12.85

I Dua are mean of fibur repliicates. Numbers within a column with the same letter are
not signifi cantly di fferent.

'lw=-soil ;oil;, cu= cultivar, and SEM= standard error of the means.
i;:':

','':,

moisture treatment for SLA (SEM=

Control Moderate Severe

,#t_: 6.4 (b): Interaction of cultivar by
#18s) e < o.o5).

r29.8

134.7

180.2

138.5

106.7

t26.r

t06.2

t37.4

r00.0

120.8

79.7

tt7.5



ChaPter 6'

Relative water content (RWC)

Repeated measures analysis showed a significant effect for soil moisture

:j,-Flbvels (P < 0.01) over tiime but not for cultivars or their ilr lnteractlions with soil

l*i'noirtut" (Appendix 6.18). The RWC of severely stressed plants decreased over time

i;jwhereas the RWC of the control and moderately stressed plants did not (Appendix

r;i1 6.1). The mean for seven measurements of RwC of leaves was significantly different
li'.'l 

' '

'..,.
,,.,,bcnyeen soil moisture levels (P < 0.05) and cultivars (P < 0.05) but not their
':1,

';i".; interaction. Control and severely stressed plants had the highest and the lowest RWC
:lir'.
J..
_i" respectivelY (Fig. 6.2).

'1,, Cotswold-Cornmon and Fakir had the highest (80Vo) and Remont had the

'','lowest (77Vo) RWC. Independent ANOVA for each measurement time showed a

significant effect of soil moisture treatment at all but the second measurement.

Cultivars and their interaction with soil moisrure were sometimes significant but no

consistent trend was found (Appendix 6.1).
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Stomatal resistance (Rs)

The Rs of the abaxial leaf surface (19 +3.2 s/cm) was higher than the adaxial

surface (3.35 t0.5 s/cm) (Fig. 6.3). The average stomatal resistance oi the

i,6xirt surface of the control and severely stressed plants was 2.3 and 4.7 Vcm.

'irhile ttrat of the abaxial surface was 17, and 22 s/cm respectively.

Repeated measures analysis for each leaf surface showed no significant eft-ecs

ilf soil moisture treatment, cultivar, or their interaction for both sides of the leaf over

:tl ,'i.|}t,,

{{iti.
,"lf,.ir
lii
1i?r
.'ti.;:

(Appendix 6.18).

i$3:, The mean of the six measurements of abaxial leaf surface Rs u'a-s not
,1.$;.:"r

.$dgDin.*tly different for cultivar, soil moisture level, or their interaction. ln contrast.
:9,.::., -tls,:i

Sbwever, adaxial surface Rs was significantly different for soil moisrure levels but
i. ii
:i,hot for cultivar or their interaction with soil moisture. Control and severely stressed

' plants had the lowest and the highest Rs respectively (Fig. 6.3).

i'.:

'rf
lndependent ANOVA for each measurement time for the abaxial Rs of the

,'Mace showed no significant effect for cultivar, soil moisrure. or their interacuon.
.,:ftt 

nt of the adaxial leaf surface was sienificantly increased bv soil moisrure stress.

:ht the cultivar effect and the interaclion of soil moisture treatment bv cuitivar u'ere

Dot significant (Appendix 6.3).
;; il

i,
,64.7 WUE

#, Water stress significantly increased plant WUE (P < 0.0001) (Table 6.-5).

"Warcr stress increased the WUE of severelv and moderarely stressed plants br' -l-1.
::..

lordl5Vo, respectively relative to the conrol plants. The interacrion of soil moi..lls I)7o, respectlvely relatrve to the conrol plants. I'he rnteractron of soll molsture

ty cultivar was not significant, as the cultivars responded similarly at each soil

,;.Doisture level.
.qf l
-'ii{i

,,i;iij'
r+.jtr

'l,Li,

: ,iii r
.i'i'.-
,9::

'".t j.
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5.5: Water use efficiency (g DM/kg Hro) (by 5 methods, see text) of four

cultivars at three soil moisture levels.

WUEI WUE2 WUE3 W[IE4 WUE5

0.971

0.97

0.90

0.81

0.07c2

0.09b

1.10a

r.77

1.88

t.77

t.70

1.35c

L80b

2.18a

2.60

3.00

2.80

2.60

2.09a

2.80b

3.30c

l.l I

1.16

r.l0

l.l0

0.92c

1.10b

1.29a

1.90

2.30

2.10

r.94

1.67b

2.14a

2.40a

:,t,, bF Cu

,,,,, bF W*Cu

0.0001

0.5200

0.8800

0.0001

0.5000

0.6000

0.0001

0.1600

0.4000

0.0001 0.0001

0.5400 0.1800

0.7100 0.7200

, WSEM

,li:l
,';,t,$ SEM
., 

, 
;l!1:.

.ii1.-[tcu srrta

0.04

0.046

0.081

0.073

0.084

0.141

0.135

0.156

0.27

0.036

0.42

0.o72

0.1I

0.128

0.22

with the same letter within column are not significantly different.
soil moisture, cu= cultivar, and SEM= standard error of the mean.



at constant whter stress \eve\s................

f ,eaf water potential at dawn
a,.

I Glasshouse

Repeated measures analysis of the water potential at dawn showed no

for soil moisture treatrnent, cultivar, or their interaction

for the six measurements of dawn Y was significantly

and cultivar {P<0.05) but ttreir interaction was nor

effect over time

ix 6.i8). The mean

by soil rnoisture

The average of the six measurement of dawn Y of control, rnoderately, and

stressed plants was -0.49, -0.56, and -0.78 MPa respectively {Fig. 6.aa).

d-Cornrnon and Fakir {*0.7 and -0"53 MPa) had the lowest (most negarive)

and the highest Y, respectively.

t:aa::'

,,, .1afte*ed by soil moisture level. At each tirne, Y was lowest (most negative) in the

',,*everely stressed plants and the highest {least negative) in the control plants,

respectively (Appendix 6.4).

l.t ,,;. .,

'::.'.
,"'64.8,2Climate room

"..;.,, Repeated rneasures analysis showed no significant changes over rirne in Y due

Io soll moisture and the interaction of soitr rnoisture by cultivars, however, cultivar

r.''|cffcc* wer€ not consistent over time (Appendix 6.18). Cotswold*Cornrnon Y was
,,;l:.;;,..

.consistently lower (rnore negative) than for Remont, Fakir and Eski {Appendix 6.?).

"The mean of seven measurernents of dawn Y in the climate room was sienificant for
. ;'::,:.

. soil moisture level (P < 0.001) but not for cultivar or the interaction with sail
.a:.:)::t.'.:

'r1&oisture. Control and severely stressed plants had the highest (least negative) and rhe
t
rowest (more negative) Y respectively (Fig. 6.4 b).

.' Independent ANOVA of eaclr of the s€ven rneasurements showed that, excepr

.f *e first time, Y was significantly lower {rnore negative) in the severely stressed

.,,p!ants than the control plants. The culrivar and the cultivar by soil moisture

.Ittteraction were sometimes significant, but no consistent trend was apparent-

':li-



Osmotic potential {lr) at dawn

.1 Glasshouse

Repeated measures anarysis showed no significant changes over time in n due
moisture level, culrjvars, or their interactjon (Appendix 6.lg).
The mean of the six measurements of dawn n showed soii moisrure, and

significantly afiecred r, but not their interaction (p < 0.001). Severery
stressed and conrrol planrs had the lowesr (-0.gg Mpa) and the highest (_0.69 Mpa)

respectively (Fig. 6.4 a).

Independent analysis of each of the rneasurement times showed thal except
for the first measurement, x of the severely stressed plants was significanrly (p <

'l.me measurement times but no consistent trend was apparent.

,,, fA.9.2 Climate room

Repeated measures analysis showed no significant effects on n of cultivars,

,t 
nnd soil moisture levels over time, but there was a significant response to rhe

:,'."nteracfion of soil moisrure by curtivars by time {Appendix 6.rg). Costword_common
t! was consistentry rower (more negative) than for Remont, while Eski, and Fakir n
trnded to be inconsistent.

, 
The mean of the seven measurements, of dawn 7[ was significantly different

l]"*tt 
stressed and control plants had rhe lowesr (more negative) and the highesr

: it*"tve) 
n respectively (Fig. 6.a-b). The average n of control, moderarely and

ly smessed plants was -1.01, -1.10, and -l.rg Mpa, respectivery.v
Remont had bigher (- 1.03*-0.02) r than the orher tlhree cultivars. The averase

n of Eski, Fakir, and cotsword-common during the ciimate room period was _

-1. 10, -1. 15 respectively"

Independent analysis of rhe seven measurement times showed that, except for



ot cons{ant water stress levels

,2 and 4, there were significant differences between n of the soil moisture
(P < 0'05)' severely stressed and contror pranrs had trie ,owesr (most

ve) and highest (least negative) n at ar the times in the crimare room at dawn
6.8)' Although cultivar and the cultivar by soil moisture interaction were

t at some of the measurement times, no consistent trend was apparent.

Turgor potential {P)

0,1 Glasshouse

t'; Repeated measures

levels over time,

anaiysis showed p was significantty affecred by scil
but no consistent rend was found for aay soil moisrure

Independent ANovA at each of the six measurement limes showed that dawn
P for the soil moisture levels and the interaction of curtivar by soil rnoisture were
only significantiy different ar the firsr rneasuremedr time (Appendix 6.6).

U,l}.Z Climate roorn

. 
Repeated measures analysis showed no significant changes in rurgor potentiaJ

scr time for soir moisture, curilvar, and their interaction {Appendix 6.rs).

rl*:e 
The mean of the seven measurement of the crimare room dawn p showed

lignificant effects of soil moisture level and the interaction between soil moisture and

:t* lt 
< 0.05), however cultivars were nor significantry differenr. conrror,

y' and severery stressed plaats had mean p of 0.29, a.25, ando.l7 Mpa

:1*'t 
(Fig. 6.a-b). The p of severery (0"17*0.03 Mpa) and moderarery

r'ou 
MFa) sressed plants of Fakir were lower than for rhe nrtrer tkee culrivars.

& the conrrol rreatrnent jr was highesr (0.35+0.03 Mpa).
: Independent analysis of each of the seven rneasurement ilmes showed that p
occasionally significantry different for cultivar, soir moisture, and their



but no consistent trend was apparent (Appendix 6.9)

..1:,1:.

lX Total, osmotic, and turgor potential of the leaf at midday

1,1 l,eaf water Potential

Repeated measures analysis showed no significant effect over time for midday

for soil moisture and cultivar, but significant changes for their interaction over

The mean of the four measurements times for midday Y varied significantly

soil moisture treatment (P<0.01)iFig 6.a-c), and the interaction between soil

and cuitivar {P<0.05), however cultivars were not significantly different.

!}c mean Y of the control, moderately and severely stressed plants was -0.87, -

.,..,1,.10, and -1.30 MPa respectivcly (Fig. 6.4-c). Colswold-Cornmon had the highest (-

1,tt0.05 MPaXleast negative) Y in severely stressed and the lowest {most negative)

-'r..rylddal Y in control {-0.95-10.05 MPa) or rnoderarely (-1.310.05 MPa) srressed

',. Plants. Remont had the lowesr (1.5*0.05 MPa)(more negativ€) Y in severely stressed

.,,,Plants and the highest (-0.81r0.05)(less negarive) Y in the conrrol plants.

,,'',.,1/. 
lndependenr ANOVA for each measurement-time showed a significant effect

,r.1{ soil moisture on midday Y at all times of measurement (P < 0.01). Severely

,,r8$?ssed and control plants had the lowest (n:ore negative) and the highest (less
, :; 1.,,:1;.1'.

',, ative) Y, respectively. There was no significant effect of cultivars at any time

,.jf measurement, however the culrivar by soii moisture interaction was significantly

''l,.dfferent at some times but no significant trend was apparent (Appendix 6. i 3).
.:'.:,;l::...

6l.f t.Z Osmotic potential

i',: Repeated measure$ analysis showed no significanl changes in r over time due

.p soil moisture, cultivar, and their interaction.

The mean for the four measur€ment times of midday r was signifrcantly

r$ected by soil moisture but not by cultivar and their interaction {Fig.6.a c). Control

- 

t 
,.S *.u"rely stressed trealments had the lowest {more negative) and the highest (less

: "';
kgadve) y, respectively.



Sainfoin at constant water stress levels ............... . 97 

significant effects for soil moisture at all times of measurement, however, there, were 

no significant effects for cultivar or their interaction with soil moisture (P < 0.05) 

(Appendix 6.11 ). The control and severely stressed treatment had the highest (less 

negative) and the lowest (more negative) 1t, respectively. Mean 1t for times 1 to 4 

was -1.22, -1.35, -1.3, and -1.25 MPa, respectively. 

6.4.11.3 Turgor potential 

Repeated measures analysis for midday P showed no significant changes over 

time due to cultivars, soil moisture or their interaction. 

The means of the four measurement times showed midday P was significantly 

different for soil moisture treatments (P<0.05) and their interaction with cultivar 

(P<0.05), but not for cultivar. Control and severely stressed treatments had the 

highest (0.27 MPa) and the lowest (0.09 MPa) P, respectively (Fig.6.4 c). Remont 

had the highest (0.3±0.08 MPa) and lowest (0.1±0.08 MPa) P in the control and 

severely stressed treatments. Cotswold-Common had the highest (0.2±0.08 MPa) P 

in the severely stressed treatment. In the moderately stressed treatment Eski and 

Cotswold-Common had the highest (0.26±0.08 MPa) and the lowest (0.09±0.08 MPa) 

midday P, respectively . 

Independent ANOV A of each measurements time only showed significant 

effects due to soil moisture at times 2 and 4 (P < 0.05). There was no significant 

difference between cultivars or their interaction with soil moisture (Appendix 6.12). 

6.4.11.4 Midday leaf water potential by pressure bomb 

Repeated measures analysis showed significant changes over time (P < 0.01) 

for soil moisture treatment, but not for cultivar or their interaction with soil moisture 

treatment. 

The mean for the seven measurement times for midday 'I' were affected 

significantly by soil moisture but not cultivar, or their interaction with soil moisture 

level. Control and severely stressed plants had the lowest (most negative) and the 

highest (least negative) '1', respectively (P > 0.01) (Appendix 6.13). 

Independent ANOV A at each of the measurement times showed significant 



i tp.0.01) of soil moisture levels for times 1-7 (Appendix 6.13). Control and

sffessed treatments had the lowest {more negative) and the highest {less

ve) Y respectively. Cultivars were significantly different only at time 2 with

-Common and Remont having the lowest {more negative) and the highest

negative) Y, respectively {P < 0.05)'

115 Leaf water potential: Wescor vs Pressure bomb

'1, The relationship between Y measured by pressure bomb and by Wescor (Fig'

was Y=0.18+1.25X where Y is Y rceasured by Wescor and X is Y rneasured

pressure bomb {R'=0.90)-
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12 Photosl'nthesis (P")

Repeated measures anaiysis

significant changes over time

Pn over the seven measurelnent times found

soil moisture ireatment, cuitivar and their

of

for

The rnean of seven measuremenls of Pn showed significant effects for soil

sture {P < 0.001) (trig. 6.6), but not for cultivars or their interaction with soil

. Severely stressed and control treatments had the lowest and the highest

nthetic rale, respectively. There was no signifrcant difference between the

hetic rate of the control and moderately stressed treatments. The average

nthetic rale of the cultivars was 11.1 umlCO./m2/s.

Independent analysis of the seven measurement times showed significant

of soil moisture on Po for all the times (P < 0.05), whereas there rvere no

effect of cultivars or their interaction with soil moisture (Aooendix 6.14).
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at constanl water stress \eve|s......".........

Leaflet number

Repeated measures analysis showed significant change in leaflet number due
',tt,
iii soil moisture over time but there was no significant effect due to cultivars and
./t?:.,'

iieir interaction with soil rnoisture levels (Appendix 6.18).
. 

Independent analysis of the seven measurement times showed sisnificanr
.,t:.:.

differences between leaflet numbers in the soil moisture treatments for all the times

cxcept time I (Appendix 6.15).

leaflets, respectively (FiS 6-7 a). Cultivars had different leaflet numbers only at first

time of measurement. Remont and Cotswold-Comrnon had the largest, while Eski

and Fakir had the smallest number of leaflets. There was no significant interaction

between soil moisture and culrivar at anv time.''a:'

,.;:'6A.14 Sstimated leaf area
:'1,.'

Repeated rneasures analysis showed a significant effect of soil moisture on

,- leat area over tlme, however LA of cultivars and their interaction with soi] moisture
':,ri 

t,' 
.

.werc not significantly different over rime {Appendix 6.19).

::, Independent anaiysis of seven measurement times showed the

103

morsture treatment was sigaificant for all times, except first time

,ry:t and severely stressed plants had the highest and the lowest LA
ve to the control piants, water stress reduced LA of moderately

plants 42 and 587o, respecrively {Appendix 6.16}.

The LA of cultivars was significantly different only

effect of the

(Fig. 5.7 b).

respectively.

and severely

at two times of

had the largest LA

significant at any

ments. Initially, Remont had the largesr LA whereas Eski

4. The interaction of soil moisture and cultivar was not
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at constant tvater stress 1eve\s...........-....

5 TransPiration rate

Repeated measures analysis showed that soil moisture and the interaction

n cultivar and soil moisture significantly affected transpiration rate over time.

Independent analysis of the five measurement times showed significant

nces between the transpiration rates in tlre soil moisture treatments. Severely

d and control piants had the lowest and the highest transpiration rate.

ively (Fig. 6.8-a.b). Relative to control plants water sltess reduced

iration rate of moderateiy and severely stressed plants 59 and 66 Vo. The

ion rate of the cuitivars was sisnificantlv different at the first four

t;r:, Initiaiiy, Remont had a higher transpiration rate than Eski, but
l,l;:.

"Eski had the higher uanspiration rate than Remont (Appendix 6.17).

thc experiment there was no significant difference between the

at later times

At the end of

cultivars. The

"//;&rlttion between soil moisture and cultivars was not significantiy differenr at all'.i&r.

..,,,..,". The high initial Tr of Rernont could have due to the fasler eariy growth of

.-thiscultivar reiative to the Eski as was clear from the LA developmenl of Remont

, (App.ndi^ 6.16). Since Rs of the adaxial leaf surface was affected by soii moisrure,, --9PPenatx o.lOi. 5lnc€ Ks ol tne adaxral leal surlace was aflected by sort molsture

hore than that of the abarial leaf surface the Rs of the adaxial surface was plotted

rgainst transpiration rate to understand the relationships of Rs of upper surface

ranspirarion rare (Fig. 6.9 a,b).

t.,

al,

:
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Y=-71.1+'814.6 * (1/x)

Rz = 61Vo

345
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(a): Relationsirip belween adaxiat sromaral resisrance of sainfoin and
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(b): Relationship between adaxial stomatal conducrance of sainfoin and



6.5 Discussion

l Yield and its componenets

Water stress decrease d sainfoin cumulative yield of the stressecl plants by 49Vo

to ths control. This decrease was largely due to a decrease in leaf area. Ir{o

t difference was found between the leaflet number of the moderately and

y stressed plants whiie the leaf area was different for these two soil moisture

ts. It can be assumed that the decrease in leaf area was from smaller leaflets

Er than a decrease in leaflet number.
':t'.; Decreased LA due to wate, stress has been reported jn sainfoin (Bolger 19S8)
.l;.

'other plants (chu 1979; Richardson et al. 1985; McCree 19g6: Munns and

"hmat 1986; Richard and Twenley-Smith 1987; whjre et al. 1990; and Acosta-
,:::
Fallegos 1991). The decline in leaf area was strongJy related ro rhe severiry of the

'water stress treatments, with ttre LA of severely and moderately stressed planrs

dccreased to 63va and 457o of the control plants respectively.

,:.:,,,..: . The sLA of severely stressed prants was up to Zgvo less rhan the control

ilants lower SLA reduced the LA more,than leaf weight and increased rhe WUE.

Clements 1964; salter and Goode 1967; slaryer 1967; and Hsiao 1973).

The sLA of warer stressed Remont in &e field (Chaprer 5) was grearer lhan
stressed Remont in the present study. Reasons for this could be ttre differenr

rnental conditions of temperafure, relative humidity, light intensity and air

nt in the field compared to in the climate room.

Relative water content

Relative water content of severely and n'loderateiy stressecl sainfoin was
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v lower than control plants. A decreased R\l'C due to water stress has

lbo*n in other plants, for example: wheat (Ritchje er al. 1990), lupin (Henson

!,l7gggu), sorghum (Bennett et al. 1987), centrosema {Ludlow et al. 1983), and

(Sloane et al. 1990).

. Remont had a significantly lower RWC than the other cultivars while

-Common had the highest (Fig. 6.2 b). Tbe R1VC of the Remont was

more in the severely stressed piants relatjve ta the control than the other

liultivars. The RWC reduction of severely stressed plant compared to the

for Remont was l TVo whereas for Cotswoid-Common, Fski, Fakir it was 8.6,

and9.5To respectively. The RIYC of Remont in Chaper 5 was 62,69, and 80Vo

WC of 10, 15, and 73Vo, respectively, while in the present experiment the

RWC at these VSWC was 68" 80. and 837o respectiveiy

',,The trend of a hisher RWC of Rernont in this exp€riment may have been due

$fferent soil types used in the two experiments. Different soii rypes can have a

* diffcrent soil potential at a similar VSWC. The media used in this experiment was

;nhed with river sand {50Va) which rnade it iighter rhan the soil used in the field and

'prrzea lower soil potential at the same YSWC reiative to the field soil. In severely
.'

d moderately stressed plants higher water dBmands {rranspiration) than water
a

{soil water) resulted in a decrease in the RWC of the leaves at rnidday. This

confirmed by P, Y, and n results for the ]eaves ar midday.

:,. Stomata closure at rnidday following decreased RWC possibly helped to

in plant P. The low P of Remont at midday relative to other cultivars could
:

been due to iower RWC of this cultivar at middav. A-lso &e higher P of the

y stressed Corswold-Corrunon was probrably due to the smaller reduction in

of severely stressed Cotswold-Cosunon relative io other cuitivars. High RWC

be considered a positive factor for plant growth in dry conditions. Al&ough

such as root mass and root leneth, WUE, n, Rs, and cell elasticity, also

ine yield- The higher RWC, P and Y of Cotswold-Common, in the climate

than the other cultivars was probably due to the different phenological

nt of the cultivars. Cotswold*Common marured later than other three
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Water status of sainfoin

',,', Y, 7t and P were affected by the soil moisture level in both the glasshouse

blimate room at dawn and midday. These effects have been recognised in orher

for other plants (Turk and Hatl 1980; Turner et al. l9g7; Flower et al. 1990;

and Grace 1993 ). More negative Y can result from reduction in n or p" and

these effects occurred in this study. All cornponents of water potential were

at dawn than at midday. At dawn, stomatal closure reduced transpiration so

"t plant and soi] moisture potential could equilibrare. At midday, higher

iipiration than water supply (from soil through roots) caused the y and r of
plants to becorne more negative {Fig. 6.4-c}. The rnore negative x of the

ly stressed plants at both dawn and rnidday rnight have been caused by

tl*hydrarion of severely stressed piants ieaves or solute accumulation in the leaves

of severely stressed plants (Morgan lgg4).
'a:7,:,:",.

Remont showed a different response to soil moisture treatrnents than the other

,.,,,,9du*t, with the lowest Y and P in the severely and nroderately stressed trearmenls

but the highest Y in the control treatm€nr. Remont n was higher (less negative) at
.ts{mthan for the other cultivars. These responsds indicated rhat relative to rhe orher

'',fla'*t, Rernont might perform pooriy in dry conditions. Nevertheiess, lhe higher
(less negative) Y of the control plants of Rernont relarive to orher cultivars showed

'1,,1, ont was probably bener adapted to non-stressed conditions than the other
cultivars. ln contrast to Rernont, Cotswold-Cornmon had the highesl y and p in the

,':::at:&tsr stress reatments, but for other attributes associated wirh water stress tolerance

'*O as root length, Costwoid-Conmon perforned poorly compared to other
cultivars.

A deep rooted plant can take up water from deep in the soil and thereby avoid

,,;Fugtt, to some extent. cotswold-cornrnon grew slower than Remonr, and had a
:;u,,:fs.ller root mass and root length, thus it would probably not be as a droughr tolerant

&s Remont despite having a less n€gative Y. Eskj had the largest root length and root
mass and also maintained P better than Remont. The siower growth of Eski than
Remont, plus its grsater rootiness, would save water during early growth and allow

t,xate, uptake from depth.



in at constant waler stress levels.

The measurement of Y and rt at both dawn and midday can be useful

d plant water status. Measurement of midday r shows the responses

to extreme environments { the cultivars less toleranl of mjddav conditions

;less likely to survive). Measurement of dawn n could show the over-night

of plants. Aithough the dawn n of Remont was significantly lower (rnore

) than for other cultivars, this effect was not apparent at midday. It seems the

ight recovery of n varied between Remont and the other cultivars. Recovery

night and early morning is a drought tolerance mechanism.

Although measurements of midday Y in the climate room measured bv

bomb and wescor were sirnilar {R?= 0.90), the interaction of soil moisture

cultivar was not similar for the two instruments. This rnay have been due to the

ion of the measurement period. The pressure bomb measurements were

during the entire climate room phase, whereas the wescor measurements

only made in ttre last month of the climate room phase. Measuremenr of y by

bomb was faster and easier than by wescor. Since the wescor required more

fsr each sample, difficulties occurred when a large number of measurements

needed. Measurements delayed by dnly 1-2 tr may have been different to those

Y"y. As there was a good relationship betwebn the results of the pressure bomb
[,.the Wescor the pressure bomb results were preferred.

t0

of

t/.
tn
.ttt,



Chapter 6

65,4 Stomatal resistance

:r. The stomatal resistance of sainfoin leaf surfaces were differenr, with a hisher
[s for the abaxial than the adaxia] surface. For lucerne, the Rs of both sides of the

Ieaf is equal (carter and sheaffer 1983b). Henson et at (lgggb) found thar rhe abaxial

.ltomata of lupin closed more readily than those on the adaxial surface in resDonse'!t,.

?.** 
drought and exogenous ABA. Their results are in contrast with the results for

dnfoin in this study which showed higher response of adaxial stomata than stomara

;abaxial surface to water stress. Relative to control plants water stress increased Rs

abaxia] and adaxial surfaces of the severery stressed pranrs 29 and rzavo
ively. Koller and Thorne (197s) nored thar in soybean (c.v. Amsoy 71) rhe Rs

{'the adaxial leaf surface increased to approximately four tirnes the norrnal Rs
in 48 hours after pod removal whereas there was avery small increase in abaxial
surface Rs. In sainfoin the adaxiar ieaf surface Rs of severery stressed plants

increased 53vo relative to controls whereas Rs af abaxial leaf surfaces increased onlyJ rrrvr IaJtr,(J urllly

l9vo relative to control plants fig. 5.3). The higher Rs of rhe abaxial surface in rhe
sainforn leaf could be due to differences ip stomaral density, size, or cuticle thickness

ptn(Henson er al. rg}gb), Centroserna (Ludiow et ar. r9g3), whear (shimshi and
1975), and sunflower (snow and ringey l9g5). Mir-Hosseini-Dehabad t et al"

993c) (chapter 5) found thar rhe adaxial Rs of Remonr was about 2.0, z.s,and 4

lat 
vswc of 10, 15, and z4vo cm3/cmi respectively which is rn agreement with

sulfs presented here. Lucerne had a higher Rs at rhe same VSWC compared to'.-
n iMir-Hosseini-Dehabadi et ar. 1993b) (Chaprer 4).The Rs of rucerne at

of ll, 15' 22vo was 3.15, r.51, and r.59 s/cm for severery, moderatery
and control plants, respectiveiy. The Rs of sainfoin for rhe same soil
{reatmen,' at the same vswc was 4.7,3.2, and z.z s/crn respectivery.

;&sults were in conrasr to those of Mir-Hosseini*Dehabadi et at. (19g3a)

for each side of the reaf. These facrors wil be irlvestigared in Chaprer g.

'ff"u'" 
water stress has been shown to induce stomatal ciosure in maize (Bennet

::- 
19s7), soybean (Finn and Brun 19g0), iucerne (Carter and sheaffer l9g3b),

3) who found a greater for Rs of luceme than for sainfoin under the same
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conditions. These differences may have been caused by the different enY1ron=cntal 

conditions for both experiments. Sainfoin in the present experiment recei\·td 2 :..:wer 

light intensity and relative humidity and a greater temperature than in me e-.. die r 

experiment. 

It is now well accepted that ABA produced in roots can increase Rs (1).=\ies 

and Jeffcoat 1990, Khalil and Grace 1993). No relationship was found berwee= Rs. 

·and the water status of the mildly water stressed plants (Bennett et al. 1957. D.:bbe 

et al. 1978 ). Henson et al. ( 1989b) found that Rs was correlated with P. but IX'\ in 

lupin and concluded that Rs could be mediated by ABA. Other studies (Bennet c: al. 

1984, Baldocchi et al. 1985) suggested that stomatal resistance increased 0nly mer 

a,threshold leaf water potential was attained ( -2 MPa). Sainfoin in this study shL•wed 

a significant increase Rs between the control and the moderately stresse-d �l3.Dts :.1S 

well as the severely stressed plants. The mean � of the moderately StreS�� pl�ts. 

measured by pressure bomb was -0 .4 MPa, yet the Rs of the moderately StreSS p .::.nts 

�� still greater than the Rs of the control plants. Therefore, the Rs of s.ainfoin k.::v�s 
' 

a pears to be more sensitive to � than leaves of soybean and maize. 

6.5� Transpiration and stomatal resistance 

r Transpiration rate (rnl/pot/day) increased over time for all three soil ;uoisr� 

treatments, except at the last measurement and there was an inverse rel::tion:'.tip 

between Tr and Rs (Fig. 6.9 a). This was in agreement with the results of Shimshi 

llldEphant (1975), Turner (1974), Rosenthal et al. (1987) and O'Toole er c.:. \19�) 

Who found a similar relationship between stomatal resistance and transpiratiL1n r:>I�. 

A lin�ar relationship was found between stomatal conductance and transpirJti\.)n r..!t� 

(Pig. 6.9 b). 

"'Transpiration rate was linearly related to leaf area (Fig. 6.8b) Water sm-ss 

-�lled transpiration rate by decreasing leaf area and leaf number. Le�f e:\·�nsi('n 

�n affected by water deficits more than transpiration rate (Acevedo er,:.]_ 1971: 

O et al. 1976), however this was not found in this study, since seYeiT stre:'..' 

ased the leaf area of severely stressed plants 63% relative to the leJ.! .:l..rt':l ('( 

tr6I' plants while decreasing the transpiration rate by 66% relative to the �·\1ntrL'l 
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6.5.6 Photosynthesis and WUE response to water stress 

Photosynthetic rate was affected by soil moisture level. Reduced 

photosynthetic rate from water stress has been reported by many investigators (Johns 

1973; Boyer and McPherson 1976; Begg and Turner 1976). Reduced photosynthetic 

rate due to water stress can be caused by stomatal and non-stomatal factors 

(Christiansen and Charles 1982). Begg and Turner (1976) pointed out that the initial 

reduction of photosynthesis is due to stomatal closure and reduced C02 uptake. The 

increased stomatal resistance of severely stressed plants relative to control plants, was 

25%. compared with a 25% reduction in Pn (Fig. 6.6), indicating the strong influence 

of �tomatal closure on the reduction in photosynthesis by severely stressed plants. 

Water use efficiency of sainfoin was increased by water deficit. This was in 

agreement with Singh and Kumair (1981), Aggarwal and Sinha (1983), and Misra 

and Chaudhary ( 1985), who found an increased WUE due to water stress. The 

'1ncreased WUE of the severely stressed plants was probably due to the increased 

stomatal resistance of the severely stressed plants. Sinclair et al. ( 1984) pointed out 

tbat stomatal sensitivity to water stress could be important for improving water use 

efficiency. Water use efficiency can be defined as WUE= 1.6c*pa /(eL-e) where c= 

1-{p/p.), Pi and Pa are internal and atmospheric partial pressure of C02,and eL and e 

Ire the saturated vapour pressure at leaf temperature and vapour pressure of the 

here respectively (Sinclair et al. 1984). It is obvious from the above equation 

stomatal closure will increase c and as a result increase WUE. 

'J Cultivar response to water stress 
' 

· Sainfoin cultivars showed different responses to water stress. The shoot-root 
of Eski and Cotswold-Common were the highest and the lowest, respectively 

four sainfoin cultivars, indicating the greater rootiness of Eski comp�ed to 

CUltivars. Shoot-root ratio of severely water stressed sainfoin was higher than 

COntrol plants, as found by Mir-Hosseini-Dehabadi et al. (1993b) (Chapter 4) 

stressed lucerne. Both studies showed a reduction in absolute root mass and 

Water stress. Water stress decreased fine root length but not thick root 
greater root length of Eski relative to the other cultivars was due to its 
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fine root length (diam<3mm). The effect of water stress on the root mass and

of Cotswold-Comrnon was more severe than for the other cultivars. The

rsase in root dry weight was up to 6avo for Cotswold-Common but only 39, 36,

i9 33Vo for Remont, Eski, and Fakir, respecriveiy. The Remont control plants had

g,lorter root length compared to the other cultivars.

Although the yield of the sainfoin cuitivars was significantly different ar rhe

al harvest, the cumulative yield of cultivars was simiiar. This is in agreement witht;r

ts of Cooper {l9l2b) who found Fski ha<i a iower yield than Remonr at rhe firsr

'I 1(

but a greater yield at the second ha:vesr, and a similar total yield for the

. Eski is representative of "one-cut" types and Remont representatjve of ,,two-

fypes of sainfoin.

The LA of the cultivars varied wirh Eski and Remonr being rhe highesr and

LA, respectively, although initially Remonr LA was higher than the other

cultivus (Appendix 6.16). Sirnilarly, Krall er at. {1971) and Car}eran and Delang

-l!!JZ), 
found Remont began growth earlier, and matured earlier than Eski. Rernonl

lost considerable leaf material during the experiment, frcm senescence, but the

Feater LA of Eski was not related to leaflet number, since leaflet numLrer was nor

tly different between the cultivars at the final measurernent(Appendix 6.15).



6.6 Conclusion

water srress decreased reaf area, reaflet number, root mass, and root rength,
d, leaf water potential, turgor potential, osmotic potential, relative water content,

anspiration rate" and photosynthetic rate, and specific leaf area but increased warer
efficiency, and stomatal resistance of sainfoin. Transpirarion rate was hishlv

Ied by leaf atea, and stomatal resistance of rhe adaxial ieaf surface was lower
the abaxial surface.

Remont was more sensitive t0 warer stress than Eski, Fakir, and Cotswold_
Between the four sainfoin cultivars, Eski, was more tolerant ro water stress

11the 
other three sainfoin cultivars through irs grearer rooriness and higher y and

under water stress condirions.

cumulative yield was simirar for ail curtivars, but €ski yierded more than
at the final harvesr and Remont reaf production was initiarty f,asrer than rhe

cultivars.

The results of the experiment indicare rhat the osmotic potenrial of sainfoin
under water sfess conditions. This decrease in osmotic potentiar was

by dehydration of reaves, or by solute accumulation in the reaf.
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7. Root and shoot responses of sainfoin and lucerne to water

stress

7.1 Abstract

Plant factors affecting water availabilify include root size and disiribution. We
the responses of two sainfoin (onobrychis viciifotia scop.) cultivars Eski.

Grasslands G35, with lucerne {Medicago sativa L.) cv. "Grasslands oransa,, in
m tall pots in the glasshouse at three harvests. Parallei methods of soil moisture

nr were compared which showed rhat TDR gave a good esrimation of soil
In addition, it was found that an even disribution of soil moisture throush

soil profile could be achieved for water-limrting rrearments by adjustment of soil
at s€v€n depths, based on TDR rneasurernents at three depths.

The physiological and morphologicai responses of lucerne and sainfoin to
ing soil moisture, and to constart but limiting soil moisture, were investigated.

,:'Lucerne and sainfoin tolerated water stress by solute accurnulation and
water stress effects by growing roots to great€r depths. Relative to lucerne

showed rnore rapid root growth to greater depth. water stress increased the
and root density of the stressed trealrnents at deeper depths. Relative to the

treatment the herbage masses of lucerne, Eski, and Grassrand G35 were
by up to 34vo, 12va, and r4va respectivery by water stress. Eski was

lless by water stress rhan Grassrands G35. sainfoin had a higher roor:shoor
"lucerne in both the waler stressed and ttre contral treatments. shoot and
relationships of sainfoin and luceme are discussed.



end shoot responses to water Jtress......

7.2. Intraduction

Plant factors affecting water availability include root size and distriburion. ln

ition to the uptake of water, roots absorb macro elements and micro elements for

t nutrition. Roat developlnent during drought stress is of particular significance

the plant. When soil moisture is insufficient, one approach is for the roots to

ically adjust to help maintain turgor. Osmotic adjustment of roots has been

, f,or example, in peas {Pisum sativa L.) {Greacen and Ah W72) and com

msys L.) as soil moisfure decreased and mechanical resistance of soil increased

'{Sharp and Davies 1979).

Plant tissu€ can maintain turgor under dry conditions by postponement of
t,
dehydration, or by tolerance of dehydration or both {Kramer 1983). The

postponement of dehydration is accompanied by greater rooting depth and volume

{Burch et a/. I978; Boyer et sI. 1980; Kasper et sl. 1984). Dehydrarion rolerance

lncludes osmotlc ad1ustment, or the accumulation of solute in response to water stress

(Radin 1983).

::. Trvo critical areas with respect to water flow through the soil,plant-

re continuum ate the soil-root and the leaf-air interfaces. Relative to the

ion available about leaf adaptation to water stress, little is known about the

ons by roots, because direct observation is difficult.

Sainfoin has a thick (up to 5cm diameter) tap-root which normally extends

a depth of 1 to 2 m bur it can be to l0 m {piper 1924; whyte et cr. 1953;

v 1963; Spedding and Diekmahns 1972). The roots of sainfoin rnay penetrate
a.,: .

';,? Sreater depth than those of lucerne in open, dry subsoils (percival l9a3). The

,Pfoin root system has few main branches and nurnerous fine laterals (Spedding and

s 1972) (Plate7.l). sainfoin is reported to have twice as many lateral roots

lucerne {Kozyr 1948; Katugin 1950; Massaudilov 1958).
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Studies on the effect of water stress on roots are often limited by the 

difficulty in maintaining specific soil water Content throughout an entire soil volume 

during plant growth. Numerous experiments have been done where plants were 

grown in soil maintained at arbitrary soil moisture contents such as 10%, 20%, or 

30% of the original soil dry weight, or at a percentage of the capillary or field 

capacity (Kramer 1980). Shantz (1925) and Kramer (1980) have pointed out the 

difficulty of achieving this goal because of physical forces acting on soil water. They 

pointed out the addition of a small quantity of water to a mass of dry soil only wets 

the soil to a given depth. The remainder of the soil mass remains un-wetted. A 

container filled with dry soil having a field capacity of 30% and enough water added 

to the surface to wet the whole mass to 15% will only have the upper half wetted to 

pot capacity, whereas the lower half will remain relatively dry. 

The TDR has shown a good ability to measure the volumetric soil water 

content (Topp and Davis 1985, Daltoq and Van Genuchten 1986). Blum et al. 

(1991) have used TDR to measure the volumetric soil water content of the pots and 

this approach appears to have potential for monitoring soil moisture throughout the 

pot 

SIR ratio is widely used to describe carbon allocation to the above and below 

lfOUnd plant parts. Kummerow ( 1980) mentioned two problems with using this ratio. 

Jlim, the difficulty of complete extraction of the whole root system from the soil 

ClOses. underestimation of the true value of SIR, and, second, the considerable 

nal and stage of development fluctuations in root and shoot biomass. In this 

'tions, and the second by harvesting at three different growth stages. 

In the first experiment (Chapter 3) Grasslands G35 sainfoin showed greater 

blass than the other sainfoin cultivars (Fakir and Melrose) and lucerne. In a 

room experiment (Chapter 6) Eski showed greater root length than the other 

sainfoin cultivars (Fakir, Remont, and Cotswold-Common). In this study the 

cultivars Eski and Grasslartds G35, and lucerne were used to compare root 

at different soil moisture levels and stages of growth. 

The objectives of this experiment were a) to design a system that maintained 



specific soil moisture through the whole soil mass in a I rn rall conlainer (b) to

igate the influence of water stress on the root deveiopment and distriburion of

n and lucerne, and (c) to investigate the osmotic adjustment of the rools and

of sainfoin and lucerne durinq water stress.
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7.?. Materials and Methods

1 Plant materials and culture

:ir, seed of two sainfoin cultivars (Eski and 'Grasslands G35,) and lucerne

oranga') were germinated in waler agar on l0 March 1992 and three

ings were transferred to each pot in the glasshouse on 15 March. Growth

itions were 16 h daylength, daylnight temperature25/15 oC, and average relative

lf.diry 63va- The pot media comprised SAVI soil and SAVo river sand. The soil was

Ilaplquept (fine, loamy, mixed, mesic). The media was amended with 300 s
ite, 50 g iron sulphate, 100 g isobutylidene-diurea, and 500 g ',osmocote plus,,

ll {N-P-K), per 100 i of media (Bunt 19BS) to minindze the effecr of warer
on nutrient availability. planrs were fe*ilized with nitrogen (N) rather than

ing rhizobiom to stimulate nodulation, in order to minimise var.iability due to
tlr effect of warer stress on N fixation {sprenr 1972).

&""
?J2 Plant growth container

Pors of 0.0176 m3 capacitywere constructed of 1050 mm long and 150 mm
diameter polyvinyl chloride pipe (Pvc). To minimize temperature effecrs on roor
gowth, twin-wall white pvc with air between the wails was used (Fig. 7.1). A z0
&m thick circle of woo<i was fitted inside the base of the pot. six 30 mm iong

were used ta attach the wood 10 rnm from the bottom of the pot. six 10 mm
holes, 45o angle to the ground, were driled through the wood r' ailow

Xu** 
of water. coarse sand (average 5 mm diam.) was placed to 10 mm deprh

lthe 
wood to enhance drainage. Ccntrol pots were placed on a 50 mm high and

It, mm diameter plastic plate to enable irrigation from the bottom as well as the top

f* *t' Pairs of 5 mm diarneter holes were drilled in the side of rhe pot at zoo,
and 850 mrn from the top {Yig.7.1). These holes were used ro insert }rorizonral
Dornain Reflectometry (TDR) stainless steel probes (150 mm long) to measure

loil moisture ar these depths (Topp et al. 1gs|).In addirion, rwo 700 mm
were placed verticaily in the middle of each pipe to measure the average

ic soil warer content (Fig. T.l).
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Pots were fined wirh 27 kg of dry media. An inrernar rube (100 mm diam..
and lm) was used for fiiling the pors. Media were compacted at each i00 mm ro

fnsure 
homogeneiry of soir densiry rhrough depth. The soir burk densiry was

3Plroximately 1'5 glcm3 . A 20 mm thick layer of plasric chips was placed on the soil

ryrace 
to prevent evaporation (prate r.2 a). Tbe pots were designed ro be opened

th-wise to enable root and soil sarnples to be taken for root water stafus
ments (Plare 7.2 b).

i'.

JJ lresrgn and trealments

A randomised comprete brock design of four replicates was used with each
comprising a factorial arrangement of two moisfure levels, rhree cultivars and

}ree harvests, giving a total of l2 experimental units.

Harvesrs of both roots and shoots w€re at monthry interyars, with the first
(early) harvest on 27 April 1992, one month after the imposirion of the moisrure
t:tt The second {late) harvest was on 27 May and at the same time the remaining

ts were cut t0 20 rnm high. Tlie regrowth of these plants was harvested one
Iater on 27 June in the rhird {regrowth) harvest.

Two soil moisture revels were imposed. The contror treatment was maintained
wt capacity and the stressed treatrnenr at harf of pot capacity. pot capaciiy was
€tcnruned by watering unril drainage occurred frorn the baftorn of a pot. After

water drained from the pots (approximately 24 h) the soil rnoisrure
was considered to be pot capacity'. The average volurnetric soil water content

C), gravimetric soil water contenr (cswc) and pot water content at pot
were 24.6vo 1cm3/cm3), l6.54Ta (g/g), and approxirnately 4.g kg/por
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J.4 Soil Moisture.

r soil moisture was determined by measuring vswc (cmi/cm3) and GSWC

and weighing the pots. A Time Domain Reflectometry (soil rnoisrure

ipment Corp-Trase 1, TDR) system connected to the horizontal perrnanently-

itioned stainless steel probes was used to measure VSWC dailv, at differenr

(Plate 7.4 a). At the early harvest, GSWCr was measured at probe positions

each depth on soil samples of 6 cm diameter and 9 crn length. The average VSWC

f pots was determined daily by TDR using the two perrnanenr 700 mm long probes

*ated vertically in the centre of each pot. The total soil watercontent of each pot

?ias determined following imposilion of the soil moisrure ueatmenr {27 Mareh lgg1).

using the following formula: Soil moistupe= pot weighr- (tube weight + plasric chips

* probe weighr + dry soil).

:...,::: Irrigation of the control treatment was by a fully automatic irrigation sys{€m

fmm the top and bottom of the pots, to keep rhe soil moisture at por capaciry.

a;;,psutton of the sffessed treatment was done at 0, 35, and 670 mm depths for the

,,,& two harvests but at a,125,275,"4?s,5g?.5, 762.s, and 925 mrn deprhs for the

.,.,,!!ird harvesr (Plare 7.3). water was applied at each deprh through a 3 mm diameter

.-ltott (Plate 7.3). The end of each hose was wrapped in a piece of feit and located in
lh centre of the pot to ensure rhe gradual absorbtion of water and homogenous

ion of water in the soil rnass. The stressed pots were irrigared in the evening
rllow homogenous distribution of moisture through the soil profile whiie

rylratlon was at a minimum. The amount of water for each depth was calculated

difference between the required rnoisfure level {vswc= i4zo) and rhe

TDR reading for ttrat depth (Appendix i). The average arnount of water
in the stressed pots was 231 ml per day per por.

fftt:: wcre placed in alurninum cans flveighr=c) and imrnediarely weighed

;:,,,^rr_"C for 24 h. re-weighed {B), and GSWC was calculated by:

1Al

((A-B)/(B-C))" t0o.
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.- 7.2.5 Morphological measuremenls

area measured
(Li-Cor model 3100). Roots were harvested from seven separare

, , sgmentr of 0-100, 100-200, 200-300, 300-400,400-600, 600-g00, and g00-1000 mm
(Plate 7 'a a)' Roots were washed free of soil using a 2 mm screen. Root leneth for

segment was measured using a cornair r00t length scanner {yoorhees et al.

980). Leaf, stem, and root dry matter were measured after 24 h dryrng at gOoc.

,J.6 Physiological measurements

The physiological characters of roots and leaves were measured before each

' The leaf water potential (y) was measured at dawn and rnidday by pressure

"b*b (Plant waler consol, Model 3005) and thermocouple psychrometer (wescor)
siy. osmotic potential (n) of the leaf was determined ar dawn and midday' 

using the wescor as described in chapter 6. To measure the osmotirc potential at full
Wot' leaf samples (5-8 leaflets) were taken at dawn and midda y and soaked in
rur6ur' rtrdr salllPles (D*6 learlels) were taken at dawn and midday and soaked in
distilled water (4 oc, dark, 12h), then after'removing water from the leaf surface,

were frozen using liquid air and measured by therrnocoupre psychrorneter
Mode'l sc-10). Turgor potential (P) was calculared as rhe difference

Y and r for both leaves and roots and was not adjusted for possibie dilution
apoplastic water. Root-tip sampres were raken at tw' depths (100-300 rnm and
l-700 mm) from each pot in the afrernoon and the total and osrnotic potentials

determined as for leaves. planr transpiration rate (mvda ylpot) was measured at
late harvest by weighing the pots for five consecutive nights Lrefors harvesl,

a balance with accuracy of 50 g- Transpiration rate was considered as the
:nce between pot weight after irrigaticn and por weight of the previous night
i inigation. Because of the z0 mm plastic chips on the soil surface the

rate was ignored (plate 7.2a).

stornatal resistance (R,) of adaxial and abaxial leaf surfaces was measured bv

' MK3 as described in Chapter 6. Totar stomatai resistance of the reaf was

To * the rario of [(adaxiat \ + abaxial R,){adaxiar R. + abaxiar R.,J
ith 19?3).
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7 Statistical analysis

i|.

7 Zl.t Analysis of morphological measurernents
., t.

',k ,. , Analysis of variance was undertaken for leaf area, leaf DW, stem and petioie

.-pl!, LA, and total root length and root density using the General Linear Modei

-(qryl) 
procedure of SAS {SAS Instirute Inc. 1991}.In addirion, because of the effect

of regrowth on yield components, only the data of early (harvest l) and late (harvest

2)-hrvests were pooled. Repeated measures analysis was used for root length and

weight densiry ar rhe seven depths (Rowell and walters, lgJ6, Gill 19s6)
l,'

..'..

7&72 Analysis of physiological measurem€nts
::

.tt,l Analysis cf variance was used for RWC, Rs of whole leaf, Rs of abaxial and
dsxial leaf surfaces, for each harvests, and for Tr at only late harvest. Also, the data
f* Rwc, and Rs for the whoie leaf and each leaf surfaces were pooled over three
k*{vgs* using the General Linear Model {cLM) procedure of SAS (SAS Insrirure
ha tggri.

The effects of time of measurem€nt {dawn vs midday) on y, r, p, and n,*
er*tiz-: . -w uxs te&I were examined with repeated3,,. peated measures analysis (Rowell and Walters
{SrA'.
Y/t,l.,lo' each harvest, and pooled over ihree harvests using the cenera.l Linear
het (Cllrt) procedure of SAS (SAS insritute Inc. 1991).\_v^,r/ t/ru\.suurtr ul J"41) tlA) lnslllute ,tnc. lggl).

- 
To compare root v, N, p, and fir'o at different depths, a split_plot desi

the depth as a sub-plots and pots as a main-prots was used, for each

f *d pooled over the three harvests (Dr- i" oordon pers ccmrn.)

,:*' and leaf Y, r, P and n,* were compared using a splir plor design, wirh

..qr*tt 
water status as sub*prot and pots as a main prots for each harvest and

It-plor design

$'er *rree harvests (Dr. I. Gordon pers comm.).
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'2.7,3 Analysis of soil moisture

Analysis of variance for each harvest and pooled

for soil moisture measured by the 700 mm probe.

depth was influenced by rhe VSWC of the next

over the three harvests was

Since the soil moisrure at

depth repeated measures

analysis was used to study the effecr of vswC through the soil depths for each
and pooled over the three harvests.

The vswc measured by TDR ar rhree depths was regressed against the

tlswc at the same depths using Quattro-Pro. Also the regressions between vswc

Wthe 700 mm probes and average vswc from rhe rhree r50 mm probes, and

red at the tl*ee depths, by TDR were done using euattro-pro.
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7.3. Results

7,3.1 Soil moisture

The VSWC measured by TDR at three depths was closely related to GSWC

{Fig.1-2)' Analysis of VSWC at three depths over all three harvesrs showed

significant effects for soil moisture (P< 0.0001), harvesr (p< 0.0001), and their
interaction (P< 0.000i). Neither the cultivar effect nor any other interactions were
significant (Fig 7.3).

over all three harvests, the vswc of the co,ntrol treatment {25vc') was
significantly higher than the vSwC of the srressed rreatment {l4.1Vo). Early harvesr
vswc {23-6vo) was higher t}ran rhat of rhe late tl7.5vo), and regrowrh {lg.oEo)
harvests' The vswC of the stresserJ treatment was higher at the early harvest
(vswc= 19.7To), than ar the lare {la.gvo}, and regrow tb {rr.6vo) harvesrs (Fig. 7.3).

Repeated measilres analysi! of the data for VSWC over harvests ar three
depfts showed significant effects for depth (p< o.ooot), and the inreraction of deprh
and harvest (P<0.00o1), depth and soil moisiure (P< 0.05), and depth, soil rnoisture
erd harvest (P< 0.0001) {Appendix 7.3). All orher inreractions wirh deprh were nor
signiircant.

The VSWC at

0'2m(16.8Vo)deprh.

depth and 0.5 m depth

tlt..6.14 gig. 7.3). rrre
*ith deprh {Fig. ?.3).

hrl ne rnreraction of soil moisrure by harvest by depth {Fig ?.3) found rhe

tlaol ireaknent vsV/C increased wirh depth at all three harvests but the slope was*&

,;:"'"nt 
tor the late harvest than for the early and regrowlh harvests. The change in

&ess treatment vswc with depth was greater for the early harvest than for rhe ottrer

l
ho harvests. The irnteractron of soil moisture by depth was significant for the early

850 mm depth {?3.3Va) was higher rhan ar 0.5 m {ZO.\Vo), ot
At the early ha*'est the differences between vswc at g5 cm

{6.AVo) were greater than the late tl.gEa), ar regrowth harvests

vswc of both rhe control ancr stressed treatments increased

Y',tu* harvesrs, but nor for the regrowrh harvesr (Fig. 7.3).
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Chapter 7.

l3.l.l Average soil moisture (0-0.7 m depth)

The VSWC at 0-0.7 m deprh measured with a pair of 0-0.7 m verrical probes

per pot over all three harvests showed significant effects for soil moisture (p< 0.OO i ),

barvest (P<0.01), cultivar (P< 0.05), and the inreraction of harvest by soil mojsrure

(P< 0.01), no other interactions were significant (Appendix 7.2). The conrrol

tteatment had a higher VSWC at 0-0.7 m than ihe srressed treatment (2g.4 vs 1S.g%).

The early harvesl had a higher vswc {24.gvo) than the late {2lvo) and

r€growth harvests {21.|Vo). Over three harvests lucerne had a lower VSWC {ZA.6ZVo\

at0-0.7 rn depth than Eski tZ3.9Vo) and G35(ZZ.5Va).

Separate analysis of VSWC at each harvest showed a significant difference
berween the cultivars at only the regrowth harvest with lucerne having lower vswc
tl?'Svo) than Eski {23'3vo} and G35 {21.6qa).The difference berween rhe conrrol and
the stress treatments at the regrowth harvest t5.97o) was higher than for late (12.3vc\

and early harvests {g.3Eo).

The VSWC at0-a.7 m depth was compared with vswc measured at differenr
depths (by horizontal probes at 0.7,0.5, and 0.85 m.deptir). The foljowins formuia
vas used to integrate VSWC :

{ [(VSwCO.2 *35)+(VSWC0.5x30)+{VSWC0.B5 *5)]/?0 l

''t:':':t;

nr|.^wrcre vSWU0.2, 0.5, and 0.95, were the VSWC

I JCt

,,S,.1zontattV located at g.2,0.5, and 0.g5 m depths,

,,pj'djoobetween these two measurements was y= -1.

ffiC measured at 0.2,0.5, and O.g5 m deprh, and

measured by 0.tr5 m probes

respectively. The regression

I + 0.89X, R2=85Vo where y=

X was VSWC measured by

Water eontent of the pots measured by weighing
Pot water content rneasured by weighing found a signiilcant difference
1) between moisrure contenr of the conrror {4.96 t 0.0s kg) and sressecl pots

+ 0'08 kg). Cultivars received similar soil moisture, ancl there were sienificant
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?ffects for harvest and interactions {P< 0.05). The soil moisture content of the pots

measured by weighting was compared with soii rnoisture content calculated by

,VSWC measured at three different depths2 and a positive relationship was found

.Tbe regression line between the measurements was Y= 1.CI6i4.92x R2 =82Vo, where

;Y was soil moisture content of the pot calculated by VSV/C at 0.2,0.5, and 0.85 m

:'depths, and X was pot moisture content measured by weighing.

'r).

'll.

'a':

the soil moisture content using VSWC ar 0.2, 0.5
formula was used: {|(VSWC0.2*35) +

and 0.85 m deprhs the

{VSV/C0.5*32.5) +*32.5)l/1000)*V. where V was pot volume {lir)
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7 3 2 Nlorqhological measurements
::., 

,

.l',

7t,2.1 Leaf area

:'.,,,, At the iate (harvest 2) and the regrowth (harvest 3) harvests cultivar (P<0.01)

snd soil moisture (P<0.001) treatments and their interaction (P<0.01) were

gigni{icantly different (Table 7.1). However, at the early harvest (harvest l) no

fgatrnenr effects were significantly different. The LA of lucerne was higher than for

15e sainfoin cultivars, and the control plants had higher LA than the stressed plant.s

J U"ti, these harvests. At the late harvest water str€ss decreased the LA of lucerne

by 1455 cm2 relative to the control plants, whereas this difference was 245 and

19 ctt for Eski and G35, respectively (Table 7.1). The reduction in the LA of the

;tressed piants ai the regrowth harvest for luceme, Eski, and G35 was 68,41, and

3790, rcspectivelY (Table 7. 1).

Pooled analysis of data over early and late harvesls showed significant

differences in LA for cultivar {P<0.001), soil moisture levei {P<0.01), harvest

{P<0.001), and interactions of harvest by soil rnoisture (P<0.05), harvest by cultivar,

and harvest by soil rnoisrure by cultivx (P<0.05) (Table 7.1). The controi plants had

a higher LA than stressed plants (1435 vs i096 t 85 cmz; over the early and lare

harvests. Lucerne had a greater LA than the sainfoin cultivars t1623 vs 1i85 and 986

t 104 crll*r), and the late harvest showed a higher LA than the eariy harvest { 1930 vs

600 * S5). The effect of water stress on lucerne at the late harvest was greater than

& sainfoin cultivars. The reduction in LA due to water stress at the late harvest was

1435,245, and ?9 cm? for lucerne, Eski, and G35, respectively.

7JJ*2 Leaf dry weighr {LDW)

At the late and regrowth harvests LDW of the cultivars was significantly

different, with lucerne having a higher LDW than the sainfoin cultivars {Table 7 "2)
go'vever, 

LDW was not affectedby water stress or cultivar at the early harvest. Soil

uture treatment did not affect LDV/ of the late harvest, but was significantiy

-tet at the regrowth harvest. The interaction of cultivar by scil moisture was

ugnificantly different at the late and regrowth harvests {Tabrle 7.2).
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Pooled data analysis of LDw from the early and late harvests showed a
ificant effect on LDW for harvest, culrivar, and the interactions of harvest by

dvar, and soil moisture by cultivar by harvest. The LDw at the late harvest was

imately three times greater than at the earry harvest. At the eariv harvest the

DW of lucerne and sainfoin cultivars were similar but at the late harvest lucerne

frad atu}her LDW than the sainfoin culrivars and Eski had a higher LDV/ than G35.
,.1:.,,:::.

4t *e late harvest water stress had a relatively greater effect on the LDW of lucerne

tban on the LDW of the sainfoin cultivars (Table 7.2).
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7.1: Leaf area {cm'lpot} of Eski and Grasslands G35 sainfoin, and Grasslands

a lucerne, at the early harvest (45 days after pianring (DAP)) lare harvest (75

, and regrowth harvest (30 days regrowth, i05 DAP) ar two soil moisture

ls.

Treatment

Eski

Early harvest

(45 DAP)

Late harvest

(75 DAP)

Control
1974

1455

3278

Regrowth

(30 days)

830

995

?731

tG35

Lucerne

656

&4

641

Totalr

/.oJl

2753

6353

436

484

754

Stress

t7a3

1377

1822

509

582

891

1812

1726

2944

P>F Cu?

PpF W

PpF Cu*W

0.4500

0.4300

0.42W

0.0001

0.0018

0.w52

0.0001

0.0001

0.0020

0.0001

0.0001

0.0105

91.4

74.6

r29.4

ill.t

136. r

t92.4

I) t.3

112.1

194.13

286.1

233.5

404.6

Total= total leaf area of regrowth treatmenl Oily.
Cu*W= interaction of cultivar bv soilCu= cultivar, W= soil moisture levels, and

Dolsture levels.

:xlled ANovA of early and late harvest showed: PpF harvest* 0.0001, sEM* 84.8, PpF W= O.W79 and SEM W=84.8, PpF Cu=0.0005 and SEM=
.9, PpF Harvest*W4.042 and SEM Harvest*W= 12A, P>F Harvest*Cu= A.VJ7
sEM Harvest*cu= 147,Yr>F Harvest*Cu*w= 0-014 and sEM Harvest*cu*s/=
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7'2: r-eaf dry weight (g/por) of Eski and Grassrands G35 sainfoin and
orasslands oranga lucerne at early harvest {45 days after pianting, DAp) late harvesr

t75 
DAP) and regrowth harvest (30 days regrowrh and r05 DAp) ar rwo soir

iiioisture levels.

141

',tireatment

&ki
.::.

G35

'a'

Lucerne

Early Harvest

(45 DAP)

Late Harvest

(75 DAP)

Control
8.23

6.33

12.05

Regrowth

(30 days)

Totalr

? J'>

3.60

+.t5

{?o

l 1.28

l? Q<

i 3.81

25.79

1'l

a t-

5.t)

Stress

10.14

7.64

9.53

3.44

3.60

4.38

9.88

9.23

15.37

',,,sEtvt cu

,,SEM W

$EM Cu*rr7

PpF Cu2

"PDF 
W

4.65A4

0.8765

0,4973

0.0021

0.7458

4.u70

0.0007

0.0002

0.0068

0.0059

0.0175

0.386
PpF Cu*W

o.41

0.38

0.57

= total dry weight
cultivar, W= soil

H= harvest.

0.61

0.50

8.87

0.59

0.48

0.83

r.94

1.59

')'tA

of regrowth treatmenl onlv.
moisture levels, Cu*W= interaction of soil rnoisture bv

ed ANovA of earlv and late harvests showed: ppF H= 0.0001 SEM trarvesr=iirHTfj::iy:Ylit,iti iu=o oro sEM cu* 0 38, pr:F H*w= s r
X,T: ?1, 

pr>F H * c u = 0. 00 i 4 s EM l1;;, : J,!i: ;$ ii i i,; if: ;;T;J*;
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73.2.3 Stem dry weight (SDW)

1/:/,;, Water stress only affected the SDW of the pianr at the lare harvesr (p<0.05)

.,,(Table 7.3). Cultivar SDW was only significantly different at the regrowth harvest

I
(P<0.05). The interaction of soil moisture and cultivar was not significantly different

., for any harvests. At the regrowth harvest, lucerne had a higher SDW {6.1 g/pot) t}ran

fski (2.9 gipot) and G35 (3.0 g/pot).

.t.- Pooled analysis of SDW of the eariy and late harvests showed the only

significant effects on SDW were harvest and soil moisrure levels (Table 7.3i. The
::.ht

(Table 7.3). The

SDW of the plants at the late harvest was approximately twice the SDW of the plantsrrq vwrr wo dlrpr\J^rrrrd(gry IwIutr tIlE Jr_rvy oI tne I

at the early harvest, and stressed plants had a lower SDV/ than control planrs-':.... r-------
l'-,

,,132.4 Specific leaf area {cmtlg)

,:-:" Water stress affected the SLA of the plants over all three harvests {p<0.01),
end cultivars had significanrly differenr sLA (p<0.01) (Table ?.4). There were

significant interactions over all ha-rvests. Tbe SLA of the control rrearment t2ZB*3.2)
was higher than for srressed planrs (181.5-13.2), and lucerne sLA (235) was higher
lhan thar of Eski (185), and C35 (182).

. 1.": .

Separate analysis of each harvest showed a significant effecr of water stress

.,.ljoty the late harvest (P<0.001), and cultivar SLA was significantly different only
iltheearly harvest (P<0.01) iTable 7.4). Atrhe lare harvest SLA of conrrol piants
(24S t 9.63) was higher than for stressed planrs ( 184.5 * 9.63). At rhe early harvesr
hme had the highesr SLA {2J5.06 -r 11.8) (Table ?.4).

325 Stroot:Root ratio

ir,&, effects of soil rnoisrure (P<0.01), culrivar (p<0.05), and harvesr (p<0.01)
e.significant for S/R ratio over all three harvests. The S& ratio of the control

{4.54 * 0.17) was higher than for rhe stressed planrs t2.7 + Afi}.
?he lucerne s/R rario {4.45 x. 0.zl}was higher rhan for Eski {3. t9*0.2 I ). The

ratios of the plants at the early and the late harvests were the hiehest

.22) anO the lowesr {2.12 * A.ZZ), respectively.
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Separate ANOVA for each harvest showed a significant effect of soil moisture

?,'€<A.AD at each harvest" Cultivars had significantly different S/R ratio at rhe early

and regrowth harvests (Table 7.4). At all three harvests the S/R ratio of the control

' plants was higher than for stressed plants and lucerne had a higher S/R ratio than the

;_ sainfoin cultivars at the early and regrowth harvests (Table 7.4).

+

t 
^1l+J
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Ot: 7'3: Stem and petiole dry matrer (g/pot)of Eski, and Grasslands G35 sainfoin*' otitjjulo: o*n*a rucerne ar rhe eariy harvest (45 days afrer pranring), rare
,arvest (75 DAp) and rhe regrowth harvest (30 days regrowrh, r05 DAp) at rwo soil
moisture levels.

l,Treatment Early

(45 DAP)
Regrowth

(30 days)

Total'Late

i,LUCERNE

3.74

s.22

3.) /

(75 DAP)

Control
1) 1^

r0.84

14.64

3.45

4.62

7.62

I 1.10

11.69

2A36

ESKI

a,

:'G35

2.16

1/l

J. t6

Stress

1437

8.38

8.74

))q

301

A<1

9.77

8.94

14.96

PDF W

t;

P>F Cu2 4.1943

ii.0568

0.2418

0.3751

0.0153

0.3839

0.0038

0.2683

o.71A1

0.0455

0.0011

0.5218

LJ

1,0

1R

SEM Cu

Cu*W

IV

Cu*W

0.5

4.4

0.6

t.l

4.9

4.4

0.5

0.6

.oH= totul stem dry matter of regrowthh= cujrivar, W= ,oit moisture levels,
treatment Only.

Cu*W= interactions of soil moisture bylivars.
t;:

ANovA of earry and rare harvest showed: ppF Harvest= 0,000r and sEM
_j;:iffy;i T3 #^:?:/l*1,1; o?I g,=*o o+*d sEM cr:= 6 61,Harvest*w= 0.r I r and sEM ilarvrr,J#_ ;i ;;r"ffin:,:3[?#"*Harvest*Cu- 0.85, ppF Harvest*Cu*W= 0.i7 andSEM* 1.2



v)
L

o

0.)

.h

ta)s
U)

C)

ll
r)
J+

B

.=
.h=
O()
nll
orv
(.)
, gt)

=9€ (.)

=9
2 -o
0)A

o-
U)

oB

o\oco(}\lrtO
c.l ca \n
A-ii

-f-\nrn o c-)(\ cr) .t
vv

f- \O c.lOf-c.co co \n
vvv

f- f-' *qn9
OrS$c\ c.)

tn o\ f-c\t f- \O
Y\o
o\

C-l \n (\.t
O\ l'- \O
!J\o
o\

U
J+BdB

EI I! EI(n cn (n

co l.n
Ocrrlr)OOt--
AAA

r\oco
Ocq\oOOC\O o\ ir)
A vv

OO\\Oc?t O\

55;6
AJ vv

c\|o$O\ cOt'- \O @c\l ooAA-i

vo\Oceoo
O\o

vv

Of-O,
.<r

OVOO\

L)
ItFO>

rr lr frEnnnkr<LNAA E

O\ co O\qn-
ol N c-!

at)
U)I
u)6q o o\q-\

-Gl

(h
an

(,1) (-t r- \n
O\ c.l\oooo
H O.l

$\o\oolqn
co c.) v

(\l OO c-Jdoi+\nrnC)
c!

$-\n
Ot'-OI.- |.) c-)
-c\

c)
r'U in t);, (rr X

,:i zh -i
HVFJ

!tr co-qnv?
.f, cr} \O

Lr

f ) n O\ @
@

ii ca c?)

\O O\ Crt

.+r\o

(')qq
\o \o rnc-€rn
HHO.I

k

'9r- \o N\r oo 6 c.ic.l c\l r-(! c\l c-t

t+oi
oioidO\ t-- t

N

(D

tr

+?R Erii u5

lg
7ttvc)+!>
(u(d

(n
q)o>ehQct

Fg
.EHgt -c

E,
r"g
EE

6
c)(l)>

Eh-li

o>\ a,)F>eht{.E



lchaptt, 7 146

'3.2.6 Root length density

At the early harvest, cuitivars had a similar root length densiry at each of the

measurement depths. Root length was affected by soil moisture ievel at six of
seven depths (Appendix 7.4). Control plants had a greater roor lengrh density than

plants at 0-30 cm depth, while the stressed plants of the early harvesr had

greater root length density ar 40-100 cm (Fig. 7.4). The only significanr inreracrion

cultivar by soii moisrure was ar 60-80 crn deprh . Ar 60-100 cm depth the rario

sttessed to control root length was higher for sainfoin cultivars than lucerne

ix 7.4). The tatal roor length at the early harvesr was not significantly
ted by cultivar or soil moisture level. Nevertheless, the control plants had a

root length than the srressed planrs {p < 0.1) (Table 7.5).

, A, the late harvesl, the root length of the cultivars was significantly different
only 30-40 cm depth with rool length of lucerne being almosr twice the roor )ength

sainfoin {Appendix 7.5)' Soii moisture had significant effecrs on roor lengrh ar rhe

depths. Control plants had approximately twice the roor length of srressed

yts at 0-30 cm depth, but stressed plants had higher root length than control plants

yM cm depth- At 30-40 cm deprh the reduction of lucerne root iengrh of the
lbol plants relative to stressed plants was significant but that of the sainfoin

vars was similar (Appendix 7.5).

Total rool length at the late harvest was significantly different berween

with lucerne higher than sainfoin. There was no significant effect for
ion of soil moisture levels with cultivar, How€ver, the effecr of soii moisture

tctal root length of the plants of the late harvest was significant, with
plants having larger roots than conrrol plants (Table 7.5).

Root length density of the regrowth harvest strowed significant effects for roor

l,:9f 
the cultivars ar o-10, and 30-40 cm deprh {Appendix 7.6}. at {i-tr0 crn deprh
larger root length than Eski and rucerne, but at 30-40 cm depth lucerne root

pas larger than sainfoin cultivars (Appendix 7.6). Root length was affecred

-rnoisture levei at six of the seven depths (rhe exception being 30-40 cm
rne control plants had larger root length a{ 0-30 cm depth bur srnaller root



Root and shool re,sponses to water JIrarJ......
147

Iength density at 40-100 cm depth. The

not significant ar any depth {Appendix

The total root length density for

effects for soil moisture levels, cultivar

t:

interaction of cultivar by soil rnoisture was

7.6).

the regrowth harvest showed no significant
or their interaction with soil moisture.



Rod leogli dc0siry (n trttl"ld
oloT0ro{054&

Root leagth deasity (m/rn3;etgl
0i0m304A506a Rocr lengilr densiry 1n/nr)' 103

0102030405060

a?4.3

034,

o"{tl

;. ^-

l:.''ot Root lcngth density (m/m3;*103 of the Eski, Remont, and lucernedifferent deprhs for two soil moisture ,cvers. Bars show *sEM.
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'able7.5: Total root length densiry (m/m:;*l0r of Eski, crassiands G35, and lucerne

ds oranga) at two soil moisture levels and three harvests.

Treatment

1 ,,,

s.3s
'::r'l:

I-uceme

Early harvest

(45 DAP)

Late harvest

(75 DAP)

Control

15.3

Regrowth

(30 days)

1t.0'

9.0

7.1

1A 1

11. t

a1L'

15.1

2A.A

23.7

/;,,

,,1/yu*-

8.5

8.6

7.3

Stress

)10

16.0

2U.6

r 8.5

10 ir/.1

C"t

h>n w

&>F cu*w

a.4at2

8.5582

8.7698

0.0055

4.a275

0.08557

0.1087

0.8845

0.8138

Cu

1V

_t.J 1.0

Cu*W

1.0

1.8

o.8

'Al.T

1.9

r.6

ao
/.6

mean of four replicates.

W* soil rnoisture levels, and W*Cu= interactions of soil rnoisture
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73.2.7 Root weight density {RWD)

The root weight of a]l three cultivars at the early harvest was similar at all

.1,;, seven depths, but was significantly different for soil moisture levels at 30-100 cm

depth (Appendix 7 .7). The interaction of cultivar by soil moisture was generally not

, significant (Appendix -/ .7). The stressed plants had a higher root dry weight than the

control plants at 30-100 cm depth. At the early harvest there was no significant effect

of cultivar, soil moisfi.rre, or their interaction (Appendix 7.7).

,. At the late harvest, the root dry weight densiry of the cullivars was
. ,,i.:t ,,

',,-,':;', signtftcantly different at four of the seven depths. In the shallow depths lucerne had

'.'i rnore root dry weight than :he sainfoin cultivars, but at the 40-100 cm depth sainfoin
t,':':'.1 root dry weight was higher than for lucerne (Appendix ?.8). Soil moisrure effecrs
..:

'1". 
were significant at 30-100 cm depth with a higher root dry weight for the stressed

, plants than the control plants (Fig 7.5). The interaction of cultivar and soil moisture

was only significant at the 80-100 cm depth, with G35 having highest root dry

, weight in the control treatment and Eski having higher RWD in the stressed

r':, treatment (Fig. 7.5).

:."' The total rool dry weiglrts of culrivars in late harvest were significantly

,,,', diffcrent, with G35 being lower tban Eski and lucerne (Table 7.6). The toral dry

"',weight of stressed plants was significantly higher than thar of control plants {Tabte

7.6\.

:t.a, At the regrowth harvest, aithough cultivars had sirnilar root dry weight, soil

';,;'.taoisture leveis trad a significant effect at the 40-100 cm deprh and the inreracrion of
cultivar and soil moisture was significant at the shallowest and deepest depths. At

.lVzA and 80-100 cm depttr the RWD of the control plants of G35 were rhe highest

aod lowest root dry weight, respectively, whereas stressed plants of C35 were lowest

and highest at these depths, respectively. In contrasl to the root dry weight of the

,.plants, at the lare harvest there were no significant differences in root rtry weight for

150

llvars, soil moisture levels, or their interaction ffable 7.6).
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rabre 7'6: Totar root dry weighr densiry (g/mr) of Eski, Grassrands G35, and rucerne
l'rasstands 

oranga) ar two different soir moisture ievers for three hzu.,ests.
Treatment Early harvesl

(4s DAP)

Late harvest

(75 DAP)

Regrowth

(30 days)

t0g.2I

104.2

48.7

Control

3&.1

314.3

441.1

3)< 1

A A1 --|.+J.J

409.1

c3s

105.7

l1'7 A

9A.1

Stress

609. l

464.9

587.y

597.7

508.4

555.3
'Cuz

lV

CusW

0.1109

4.2633

0.6110

0.0928

0.0002

0.6373

4.9t44

0.0516

0.5484

34.9

,/X \

49.4

66. l

5?0

93.4
21.8

are means of four replicates.
tivar, W= soil moisture, Cu*W= Interacrion of .soi.l moisture anci cultivar-
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Physiological rneasu rements

33.1 Relatite rt'ater conlent (R\VC)

Reiative water content of tlre plants u'as

three harvests {Tabie 7.7). Stressed plants

RWC of the cultivars \\'as similer (Fi-e.

r53

affected by soil moisture (P< 0.0t)

had a lower RWC than the controls.

7.6a) There wcre no .significant

ions between soil moisrure and cultivar.

Pooled anaiysis over harvests shou'ed significant effects of soil moisture,

iibsts, and their interaction on RWC. Greater RWC was fciund for control plants

harvests. Regrowth plants had a lower RWC than early and iale harvested

its. The RWC of stressed and ccntrol regrowth plants was lower than that of the
tr: '

nrly and late harvested plants.

t

?J3.2 Transpiration rate

;'Transpiration rate at the late harvest. rneasltred by weighing pots, shor','ed

t effects (P<0.01) onl)'for soil noisture treatments. The transpiration rate

'eontrol 
plants (329.8 * 21.4 rn1/pot/da;-') n'as higher than for the stressed plants

:*21.4 rnl/pot/day).
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Iiible 7.7: Relative water content {vo) af rwo sainfoin culrivars and lucerne at the
'13tv t+s days after pianting, DAp) late, (75 DAp) and regrowrh (30 days after
cutting, 105 DAP) harvests at two soil moisture levels.

Early harvest Late harvest Regrowth

Conrrol
gski

G35

Luucerne

86.0'

87.3

88.0

88.4

86.4

90.0

86.3

88.1

g',t.9

S tress

i PDFW

PDF Cu*W
K
SEM Cu

$EM cu*w
,t

79.0

83.2

84.2

a.77AA

0"0100

0.7400

| .J I

r.28

naa

81.1

81.9

82.0

0.477A

0.0001

0.3610

4.97

0.79

1.37

74.8

73"5

77.4

8.6572

0.0001

0.6608

1.56

1.27

z.z I

are the mean of four replicates.

cuJtivar, W* soil rnoisture levels, Cu*W= interaction of W and Cu.

ANOVA over all harvests shrowed p>F W=0.t)00i, SEM W=0 .72, p{>Ft_?:lY:u=0.81: PrF Harvest rry= o.ooa2 sEM H* 0.88, p>F w*cu*SEIrI W*Cu= 1.25, p>F W*H= A.|A:Z SEM W*H= o.il, ;; ;;X=sEM cuiH= 1.53r -wP



33.3 Stomatal resistance (Rs)

Pooled analysis over three harvests showed that leaf stomatal resistance was

tly affected by soil moisture level. stressed plants had a higher stomalal

{2-33 *.0.11 s/cm) than conrror pranrs (1.g6 + 0.11 vcm) (Table 7.ga)

7.6b).

Pooled over all three harvests, Rs of the adaxial leaf surface showed

t effects for soil moisfure level (p< 0.01) and cultivar (p< 0.05). The Rs of
tme {2.46 + a.a99 s/cm) was higher rhan for Eski (1.66 * 0.099 s/crn) and c35

'10 + 0.099) {fig. 7.6b)
';
''t{,;, Separate analysis of Rs for each harvest showed significant differences in the
'due to soil moisrure level at only the iate and regrowth trarvests (rable 7.ga).

. .r{nalysis of the Rs of the abaxial and adaxia} leaf surfaces at each harvest showed

rcil moisture level affected adaxial Rs ar the late and regrowth harvests whereas !r
tl,f&ectea the abaxial Rs at the regrowrh harvesr {Table 7.gb). The Rs of rhe adariaj,:2,-
.-.pf------------- 

surface was also significantly different (P< 0.05) berween culrivars ar rhe
ngrcwth harvest, wilh luceme having a higher adaxial Rs (2.53 s/cm) than €ski cr
G35 (mean=t.63 s/cm) (Fig. 7 .7 a.b).

7p.,1,'rx" interaction of soil moistnre by cultivar was significanr only at the
harvest for the adaxial leaf surface. The difference between the adaxial Rs
I vs stressed lucerne (1.8 s/cm) was higher rhan for G35 (0.05 slcm) and

'r{&.M s/cm) (Tabte 7.8b)

l
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Table 7.8 (a): Total stomatai resistance (s/cm) of sainfoin cultivars and lucerne

i at two soil moisture levels for early (45 days after planting), late (75 days after

planting), and regrowth (30 days after cutting) harvesrs.

Earty harvest Late harvest Regrowth

trSKI

G35

Lucerne

l.ggr

1.90

r.80

Control
1.82

1.58

1.54

- atL.J I

2.18

1.72

2.10

1.95

7.15

Stress
141

2.24

2.23

2.45

.,, 12

3.62

ti. n >F w2

,:;it,," >F cu

,,i:,,,b >F W*Cu

4.1621

0.9480

CI.6179

0.0230

0.5501

0.9936

0.0411

0.2402

0.0113
3sEu w
SEM Cu

SEM W*Cu

0.091

a.1n

0.r58

0.184

a^22s

0.318

0.1 88

8.231

0.326

Data are rnean of four replicates.

fS= soif moisture levels, Cu= Cultivar, and W*Cu * Interaction of soil moisture
by cultivar.

#EOt= Standard error of rhe mean"

f:ry analysis of data over rhree harvesrs showed pr>F w= 0.0029, sEMp.108?, PpF Cu= 0.6610, SEM Cu=0.1332, ppF Cu*W= 0.0755,
[vl Cu*W=0.1883, ppF Harvesr (H)=0.0g12, SEM H* 0.1332, p>F

:0.4099, SEM H*W*$.18883, PpF H*Cu= O.5339, SEM H*Cu= 0.29O6,
H*w*cu* 0.1414, SEM HxW*Cu= 0.3262.
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Table 7.8 {b): Stomatal resistance (s/cm) of abaxial and adarial surfaces of leaves

of sainfoin cultivars and lucerne in two soil moisture levels at early harvest {45

days after planting), late harvest (75 days afrer pianting), and regrowth.

Eariy harvest Late harvest Regrowth

Abaxial Adaxial Abaxial Adaxial Abaxial Adaxial

158

Controi
Eski

G35

Lucerne

1't,ll

2.13

1.89

1.65

1.72

1.72

)..LJ

1.92

i.6 t

1.39

I A1r..tl

1.48

J.JJ

7.54

L78

1.59

1.41

t.65

Eski

G35

Lucerne

2.52

2.35

2.33

1.76

1.67

2.41

1.96

2.07

2.49

).+z

A .,,1

?o?

1.63

1.91

3.39

Stress
A 1AT, I T

a /1/ 4l

1AA4.fr

Pr >F W?

Pr >F Cu

Pr >F W*Cu

0.i 103

o.4993

0.8875

0.3500

0.47W

0.526s

0.3495

0.1 817

0.9^/ 13

0.0016

0.8616

0.9681

0.0051

0.4895

0.1 350

0.0028

0.0045

0.0145

SEM CuJ

SEM W

SEM Cu*W

4.129

0.1 59

4.2?5

0.087

0" 107

0.l5t

4.543

0.665

4.941

0.1 i3

0.1 39

0.1 96

0.289

4354

0.499

a.w9

0.1 84

4.2s9

..,,,", 

,t 
bata are the rnean of four replicates.

tit;,: C.- Cultivar, W= soil moisrure level, and CusW- Interaction of soil moisture
by cultivar.
I SEM= Standard error of the mean
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7,3.3.4 Leaf water potential (Y) by pressure bomtr

Leaf water potential was significantiy different between harvests, cultivars,

soil moisture levels (P<0.01), and all their first order interactions except the

interaction between water and cuitivar (Appendix 7.10).

The time of rneasurement (dawn or midday) significantly affected v
{P<0.001). There were significanr inreracrions of time by harvest (p<0.00i), time

by soil moisture (P<0.01), and time by soil moisrure by harvesr (p< 0.01)

|1 {Appendix 7'11). The Y at &e early harvest was higher (less negarive) (-0.56 Mpa)

than at the late (-0.79 MPa), and regrowrh harvesrs {-0.g4 Mpa) {Tabie 7.9). The

difference between Y at dawn and midday at the early harvest was smaller (0.27

MPa) than for late {a.42 Mpa) and regrowrh {0.30 Mpa) harvesrs.
t .:.:.tll' .

,.:., Control plants had significantly higher Y (-0.55 MPa) rhan srressed plants
(-0'91 MPa) (Table 7.9). Water stress affected the Y of plants at midday more rhan

2',u, dawn, with the Y of stressed plants-al dawn being g.27 Mpa lower {more
negative) than for control plants, whereas this difference at midday was 0.45 Mpa

$sruarc t.s1.

Lucerne had lower {more negarive) y {-0.S9 Mpa) than Esk {_0.61 Mpa)

,.,,,..yd G35 (-0-70 MPa). Furthermore, tle difference between dawn and rnidrtrw w-.- Y'rr uru rluuuo] I

:. 
o* grearer for lucerne {0.415 Mpa) r}ran Eski $.26s Mpa) and G35 t}"zgs Mpa).

'i All three cultivars had their highest Y at the early harvest and lucerne y decreased
nnore than for sainfoin cultivars ai subsequent harvests.

There was a significant interaction between soi] moisture and harvest wilh
difference between the Y of stressed and control plants at the early harvest

smaller {a.n6 MPa) rhan al the rare ta.4?3 Mpa) and regrowrh {0.4g3 Mpa)
(P<0.0001).

The difference between y of contror and stressed plants varied between

' This difference was smaller for the early harvesr (0.265 Mpa) than the

7{8.42 MPa) or regrowrh harvests (0.42 Mpa) {Table 7.9).
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Table 7.9: Total leaf water potential (MPa) by pressure bomb of early (45 days

after planting, DAP) late (15 DAP) and regrowrh (30 days after cuning, 105 DAp)

harvests of two sainfoin cultivars and lucerne at two levels of soil moisture. ar

dawn and midday.

Dawn Midday

tot
a

Farly

harves(

Late

harvest

Late

harvest

RegrowthRegrowth Early

harvest

Eski

G35

Lucerne

-0.34

-0.38

-0.r13

-0.38

-0.45

-0.52

-439

-0.44

-0.55

Control

-0.44

-0.51

-0.76

-0.54

-0.78

-0."r6

-0.55

-8.62

- 1.00

Eski

G35

Lucerne

-0.36

-0.51

-0.58

-0.55

-4.72

-0.84

- i.20

-1.26

-t.46

- 1.00

-1.15

-1.57

.Sress
-4.77 -8.67

*0.80 -a.77

-1.16 -1.02

Pr>F CuZ

PDF W

0.0085 a.A347

a.at44 0.0008

4.w52

0.000r

4.1926

0.0035

0.0028

0.9759

4.t732 0.0001

0.0001 0.000i

a.$25 0.9805P>P gx*y7 A3082 0.6036

SEM Cu

SEM W

SEM CuxW

0.031

0.025

4"444

0.053

0.043

0.075

0.054

4.444

0.076

0.061

0.049

0.087

0.086

4"07

a.n2

4.052

0.043

0.075

I r.rvreans are mean of four replicates.

soil rnoisture level, cu*w= Interaction of soil rnoisture by
Cu:syltyar, S/=
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i 7.3.3.5 Leaf water potential (Y) by Wescor

,, Over three harvests, totai Y showed significant effects for harvest

I,rP<0.001), cultivar (P<0.001), soil moisture ievel (P<0.001), interactions of cultivar

,,by harvest (P<0.01), soil moisture by harvest and soil moisture by cultivar

(P<0.001) (Appendix ?.10) and time of the measuremenr (dawn vs midday)

(P<0.001) (Appendix 7.11). There were also signifcant interactions for time by

::barvest, time by soil moisture, and time by soil moisture by harvests (Appendix

7.11). The Y of the plants at the early harvest (-0.78 MPa) was higher than for the

late (-1.03 MPa) and regrowth harvests (-1.11 MPa).
t'' Midday Y was lower rhan rhe dawn Y for all three harvests, but at rhe

early harvest the difference (0.003 MPa) was smalier than late (0.48 Mpa) and

regrowth {0.35 MPa) harvests (Tabie 7.10}.

Luceme had a lower Y (-1.05 MPa) rhan forEski (-0.97 Mpa) and G35

;, (-O.89 MPa) (Table 7.10). Over all three harvests the Y of the stressed planrs was
,t

.,..',-...1o*", 
than that of ttre control plants t4.AZ vs -0.82 MPa). A significanr rime

:.. interaction with soil moisture showed ihat the difference between Y of conrrol

glanx at dawn and rnidday (0.17 MPa) was srnaiier than that cf rhe stressed pianrs

{0.39 MPa) (Table 7.tA}, Lucerne had a lower (more negative) V rhan rhat of rhe

infoin cultivals at lhe late and regrowth harvests {Table ?.10). The Y of srressed

at the regrowth harvest (-1.38 MPa) was lower than thar of the early
'f.n, MPa) and late harvest (-1.05 MPa) (Tabte 7.10).

tot
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Table 7.10 : Total leaf waier porenriar by wescor (Mpa) of earry (45 days after

r63

Dawn Midday

Late

harvesl

Reg:owth

harvest

Early

harvesl

Lale

haryest

Regrowth

harvest

.:,, lPt***

I t1

-0.68

-0.63

-0.68

-0.66

-0.17

Control

-4.71 -0.71

-4.67 -a.51

-0.65 -0.70

-1.24 -0.99

-0.96 -0.88

-r.01 -1.10

'', Eski
t' 

:.

.,.2tfi35
tirrrrr*,

-0.81

-4.84

-0.83

0.9479

4.4239

43784

0.1 33

0.1 63

0.na

-0.65

-0.69

-0.93

$.2239

0.00s7

0.2189

0.030

0.040

0.050

-1.01

- 1.18

-1.39

S{ress

-0.98

-0.99

-1.07

-1 )4.

-1.19

"1.64

0.0018

0.0509

0.0132

1 4',1- l, -+,/-

1 A'l-1.+r

- 1.89

LOA82

0.0617

4.4607

Cu

0.0001

0.3180

4.1325

0.059

4.473

0.104

0.0005

0.5915

4.7433
k>F lv*cu

SEtvt W

Cu

w*cu

0.057

0.070

0.099

0.050 0.083

0"070 0.101

0.093 0.144

are means of four replicates.

soil rnoisture level, Cu=cultivar, CuxW= interaction r:f soil moisture by
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0smotic potential (n)

, Osmoric potential was significantly different between cultivars (P<0'01), soil

moisiure ievels (P<0.001), and the interaction of soil moisture by harvest (P<0.01)

and soil moisture by cultivar {P<0.01)
:

, Dawn and midday n was significantly different over all harvests (P<0.001)-

The interactions of time with harvest iP<0.001), culrivars (P<0.05), and soil moisture

by harvest (P<0.05) were also significant (Appendix "l.ll)'
I

Mpa) (Table ?.11). The r of stressed lucerne plants (-1.60 MPa) was lower than that

of rhe conlrol planrs (-1.143 MPa)" This difference (0.46 MPa) was groaler than for

F.ski {0.12 MPa) and G35 (0.33 MPa) (Table 7.ll).

Eski had a higher 11 at dawn (-1.06 MPa) than G35 (-l.tZ MPa) and lucerne

{-1.23 MPa) but ar midday G35 had a higher x,t-1.29 MPa) than Eski (-1.35 MPa)

and luceme (-1.51 MPa) (Table 1.11).

Over ali harvests and tirnes-n of itre stressed plants {-1.40 MPa) was lower

&an for controlpiants (-1.10 MPa). The differen"" b"t*""n r of stressed and control

plants at rhe regrowlh harvest was lower {0.47 MPa) than that of the early (0.30

MPa) and laie (0.14 MPa) harvests (Tabtre 1.11). The difference tretween z of the

plants at dawn and midday varied between harvesls, and was lcwer for the early

lurvest (0.04 MPa) &an for the late {0.285 MPa) and regrowth (0.379 MPa) harvests.
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Table 7.11: Osmotic potential by Wescor (MPa) of early (45 days after planting,

DAP) late (75 DAP) and regrowth (30 days after cutting, 105 DAP) harvests of two

sainfoin cultivars and lucerne, at two levels of soil moisture, at dawn and midday.

Dawn Midday

Early

harvest

[ate

harvest

Regrowth Early

harvest harvest

Late Regrowth

harvest harvest

Eski

G35

Lucerne

- 1.15

-1.10

-1.10

-r.03

-1.04

-1.30

-t.46

- l.l8

-t.44

-r.22

-1. l6

-t.25

Control

-0.84 - l.16

-0.82 -0.84

-0.68 - l.l I

Eski

G35

Lucerne

-l.l I

- 1.45

-1.30

-1.04

-I.t?

- 1.50

-1.40

-1.42

-r.82

-1.50

-1.48

- 1.90

Stress

-r.20 -1.34

"-t.20 -1.42

- 1.53 - 1.56

PDF W2

P>F Cu

P>F W*Cu

0.0305

0.2945

0.1233

0.3290

0.0t41

0.7233

0.0001

0.7017

0.1200

0.0001

0.1 1 86

0.1 l9l

0.0169

0.0048

0.0555

0.0004

0.0817

0.2381

0.053

0.064

0.068

0.083

0.072

0.088

0.053

0.065

0.049 0.066

0.060 0.080

lr.
iuYU are means of four replicates.

= soil moisture level, Cu=cultivar, Cu*W= interaction of soil moisture by cultivar
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7.3.3.7 Turgor potential of the leaf
t 

t;,:

'::'|":
The rurgor porentiar of the prants was significantly differenr

however neither curtivar, soii moisture reveis nor any interaction

4 1r.a.os) {Appendix 7 .1 1}.

at each harvest,

were significant

had higher P (0.38 Mpa) than ar rhe late {0.33 Mpa) and regrowth (0.12 Mpa)
harvests (Table 7'12). The differences between dawn and midday p of the plants at

u,ilf,e late harvest plants was higher than for the other two harvesn.
''ltl' To examine cell eiasticity, the turgor potenrial data was plorted gainst Rwc
';''*f the leaf at late and regrowth hawests (Fig.7.s). A strong relationship was found
:':,:.,*ween P and Rwc of the reaves for Eski, G35, and lucerne. comparison of the
',,$opes did not show any significant differe nce be rween iucerne and any of the
, .painfoin cultivars-

:,, 3t
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Eski
G3s
Lucerne

80 85

Relative water couent7o

'8: Relationship between turgor potential and relarive water concnt ofa\trasslands G35, and lucerne. points are rnean of fbur replicates. Respecrive
equations and srandard jrror of slope (SE) are y= -c.gg+{.0lk, R2-
0016, Y--o"9+0.01X R2-922a, sE* 0.a02g, y=-0.79+0.ar2x f=g9vo.

I
a
a x)r

i
It,'
l/
l/

v)9A

0.1148.
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Table 7.12: Turgor porenriar (Mpa) of earry (45 days afrer pranting, DAp)
DAP) and regrowth (30 days after cu*ing, 105 DAp) harvesrs of rwo
cultivars and lucerne, at two levers of soil moisaure, at dawn and midday.

Dawn Midday

168

late (75

sainfoin

Early

harvest

Late

harvest

Regrowrh

harvest

Early

harvest

Late Reg:owth

harvest harvest

,,.

. Eski

r- G35

Lucerne

0-07

0.41

0.46

0.35

0.38

0.53

0.13

0.15

0.03

0.22

0.22

4.43

4.23

4.28

0.15

Control

4.45

0.27

0.4.1

Lr.,ut*
7:; ott

..

o?q

0.61

4.47

0.38

0.43

0.55

ou:

4.43

0.48

0.16

0.22

0.18

0.08

0.06

0.01

Stress

0.19

0.a2

0.i3

4.4024

0.3028

0.6211

4.1705

0.745A

4.2947

4.4641

4.2859

0.a9n 0.0222

4.2s73 8.s022

4.8rcz 4.9962 4.u44 0.4632 4.22A9 0.8s8s

SEM Cu

StM W*Cu

0.1 56

0.191

4.270

0.056

4.a96

4.497

0.03 t

0.038

0.054

4.444

0.054

4.476

0.040

o.069

0.069

0.046

0.057

0.080

are m€an of four replicates.

Soil moisture levels, Cu=Cultivar. Cu*W=

mean.

;'

, and SEM= Standard error of the

lnleraction of moisture by



', Root and shoot responses to woler slress......
169

';7.3.3,8 Osmotic potential at full turgor 1n,*)

'/;,, over all three harvests, the 7!100 was significantly different for soil moisrure
levels (P<0'05)' however neither cultivar. harvest nor their interaction with soil

l,.moisture were significantly different (Appendix 7.10). The time of measuremenr

.i:ro*" 
and midday) significantly interacted wirh soil moisture ievel, and cultivar by

,: soil moisrure ievel (Appendix 7.11).

::: negative n,* ihan the sainfoin cuitivars. In the other words, the difference between

',,..,,n_t* 
of the stressed and contror planrs at midday was higher (0.41 Mpa) for rucerne

than for the sarnfoin culrivars (0.0g Mpa) (Table j.13\.
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Table 7.13: The full turgor osmoric porential (Mpa) using the Decagon of Eski,

Grasslands G35 and luceme (Grasslands oranga) at dawn and midday at early

harvest {45 days after planting, DAP), late (75 DAp), and regrowrh (30 days after

cutting, 104 DAP) harvesis at two levels of soil moisture.

Treatment Dawn Midday

Early
harvest

Late
harvest

Regrowth
harvest

Early
harvest

Late Regrowrb
harvesl harvest

Eski

c35

Lucerne

-0.860

-0.745

-0.930

-4.892

-4.949

-1.499

-1.463

-r.477

-1.090

-0.978

-0.870

-0.745

Control

- r.078 - 1.030

-0.995 -0.908

-0.963 -0.943

Eski

G35

Lucerne

-0.890

- 1.080

-0.875

-1.045

-0.882

-1.154

- 1.083

-1.?43

- i.390

-4.978

-1.117

- 1.303

Stress

- 1.038 -A.94A

- 1.085 - 1.090

-1"023 -1.320

P>F W2 0.241A

Pr>F Cu A.9282

P>F W*Cu 0.1813

4.6293

0.1599

0.5231

0.6080

4.7395

0.1343

0.1994 0.0106

0.54i9 0.0483

4.2892 0.0980

0.0047

0.8946

0.0411

sgM W

r SEM Cu

SEM W*Cu

0.0603

0.0739

0.1044

0.1225

0.1501

o.2t23

0.0336

0.0411

0.0581

0.0001

0.0700

0.0990

0.0857 0.0001

0.0606 0.1011

0.0857 0.1429

i Meails are mean of four replicates.
2 trtw= sorl moisture ievels, Cu=cultivar, Cu*W= interaction of soil moisture

mean.

by

lYal, and SEM= standard error of the
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7.3.3.9 Total, osmotic, and turgor potential of roots

Total, osmotic, and turgor potentiai of roots over air harvests was

significantly affected by soil moisrure (p<0.05) (Appendix 7.r2). Roots y of
control plants was higher than that of stressed plants (-0.63 vs - L 19 + 0.419 Mpa)
(Table 1-14). Similarly, the root r of controls was higher than that of stressed

plants (-0.78 vs -1.22 MPa + A.442) (Table 7.15). Water srress affecred p with
controls being grearer lhan srressed roots(0.1469 vs 0.0251 Mpa).

over ali harvesls, the only significant interaction was between cultjvar and
harvests for roor Y (p<0.05) (Appendix 7.1?). Lucerne roots had a lower y
(-l'03 MPa) than Eski {-0.s6 MPa) and G35 (-0.9s Mpa). For roor 6 over all rhree
harvests there was significant inieractions for cultivar and soil moisture and,
harvest and soil moisture (Appendix 7.12). The roots of the control plants of
lucerne had a higher n (-0.65 Mpa) than thar of Eski (-0.gg4 Mpa) and G35 {_
0.793 M?a), but rhe stressed plants of rucerne had a rower n (- 1.3 r Mpa) than that
of the Eski (-1.17 Mpa) and G35 (-1.167 Mpa). rn srressed pranis roors ar the
early harvest there was a higher x {-1.M MPa) than roors at the late or resrowth
harvest (-1.31 Mpa) (Tabte 7.15).

separate analysis of each harvest for y, fi, and p of the roots showed a
significant effect of soil moisture on roor water potential at all three harvesrs

.irable 7 '14) wt'tereas root tt was only significantly affected at the late and
regrowth harvests {Table ^7.15). There was an inleraction iretween cultivar and
Iocation {deprh) ar rhe regrowrh harvest for p of rhe roots (Table 1.16).A1 50_75
crn depth Eski and c35 had a higher root p than at 2a4a cm depth, whereas the
P of lucerne roots at 5o-7s cm depth was iower than that at za4ocrn depth.

171
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Table 7'14: The total potential (MPa) of roots of sainfoin cultivars and lucerne at

two depths, and rwo soir moisture levers at earry (45 days after planting, DAp),
:, late (75 DAP), and regrowth (30 days after curring, r05 DAp) harvesrs

Eariy harvest Late harvest Regrowth

Depth (cm) 20-30 5A-75 2A4A 50-75 2440 5A-75

.USKI'

c3s

Lucerne

-0.531 -0.525

-4.849 -A.791

-0.384 -0.492

Control
-0.v20 -0.521

-0.603 -0.539

-0.682 -0.505

-0.813

-0.157

-0.640

-0.609

-0.587

-0.659

Eski

G3s

Lucerne

- 1.087

I -1-

-0.979

-1.049

- 1.068

-0.879

-1.213

- 1.057

- 1 .558

Stress

- 1.541

-1.188

-".397

-1.015

-1 1)O

- l.4l 1

-t.009
1 t ---t | / I

- I .385
K >F CU2

Pr>FW

Pr >F W*CU

Pr>FD

Pr >F W*D

0.0391

0"0001

0.6150

0.515 I

8.4061

0.7944

0.8588

0.0618

0.a751

0.1070

4.a476

4.0674

0.0825

8.1167

CI.4238

0.0001

06Y
0.73s6

4.0799

4J245

0.3829

43118

0.0001

4.1324

0.1701

4.5243

0.6182

0.6890

0.0599

4.CI734

0.1038

0.44a2

0.0568

0,0696

0.98s

. Pr >F CU*D

.k >r' C*w*D

,1sru cu
SIM V/

STM W*CU

SEU N

w*D

CU*D
.W*CU*D

0.0938

0.1149

0.1625

0.0363

0.0513

0.0628

0.0888

are means of four replicates.
= Cultivar, W= soil moisture level, and

= Standard error of the mean
D= Depth"
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-"-.tt*smotic potential (MPa) of roots of sainfoin cultivars and lucerne

at two soil moisture levels al early (45 days after planting, DAP), late {75 DAP),

and regrowth (30 days after cutting, 105 DAP) harvests '

Early harvest Late harvest Regrowth

tt)

Depth (cm) 2A-30 50-75 20-30 5A-75 20-30 50-75

Eski

&35

Luceme

-1.294t -0.687

-0.883 -0.820

-a.482 -0.637

Control
-0.821 -0.825

-0.783 0.&r

-0.751 -a.671

-0.880

-0.850

-0.719

-4.794

-4.782

-4.571

Stress

Eski

G35

Lucerne

- r.088

-1.207

-a.919

- 1.096

-r.o27

-4.827

- 1.066

-1.i93

-1.591

-1.392

- 1.181

-1.423

-1.242

- 1.19 1

- 1.591

-1.201

-1.244

-1.47 |

Pr >F CU2

Pr>FW

Pr >F W*CU

Pr>FD

Pr >F WxD

Pr >F CU*D

Pr >F C*W*D

9.2t57

4.1755

0.7943

0.3006

0.8121

0.&88

0.3388

43121

0.0001

0"1546

0.8219

0"3121

a.L1t2

43527

0.7031

0.0001

4.1201

U.IOJJ

a.5428

0.6784

0.9999

3sEM cu
SEM W

I SEU WXCU

,SEM D

SEM W*D

$EM cu*n
SEM IV*CU*D

4.rc32

0.1264

4.t783

0.0927

0. 131 1

0.1605

0.2274

0.0588

o"0724

0.1019

0.0405

0.0573

a.0702

0.0992

0.a172

0.0383

0.1 250

a.a4-/2

0.0668

0.0818

0.1 1 56

Data are means of four replicates.

Cultivar, W= soil moisture levels, and D= Depth.

,SEM= Standard errcr of the rnean
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Table 7.16: The turgor potential (MPa) of roots of sainfoin cultivars and lucerne

at different depths at two soil moisture ievels at early (45 days after planting,

DAP), late (75 DAP), and regrowrh (30 days after cuning, 105 DAP) harvesrs.

Early harvest Late harvest Regrowth

114

i Depth (cm) 20-30 50-75 2A-30 5A-15 20-30 5A-75

Eski'

G35

Luceme

0.7s65 0.1620

0.434 a.0298

0.4973 0.1450

Control
0.10r0 0.7045

4.fl98 0.1008

0.0698 0.1665

0.0678

4.4920

0.1395

0.1 845

0.1950

-0.0815

Eski

G35

Luceme

0.0003

-0.4293

0.0005

0.0465

-0.0413

0,052a

Stress

-4.2467 -0.1485

0.1363 -0.0070

0.0388 0.0313

0.1873 0.1913

-0.0380 a.0713

0.1795 0.0860

Pr >F CUZ

Pr>FW

Pr >F W*CU

lr,'Pr >F D
'rtPr >F W*D

Pr >F CU*D

:Pr >F C*V/*D

0.2895

0.1 105

0.4810

0.4101

4.44A2

0.5418

0.3631

a.$M

0.1275

0.5187

0.8933

4.2829

0.0580

0.9299

0.2945

0.7544

0.1147

0.9138

0.9050

0.4247

CI.4359

'3sEM cu
l3rna w

lsEM w*cu
SEM D

SEM W*D

SEM CU*D

$EM wxcu*n

0.0875

a.a7w

0.1238

0.8728

0.CI322

0.0394

0"0557

0.1 106

0.0903

0.1564

0.0796

0"1125

0.r378

4.1949

0.0313

0.0383

0.0542

0.0263

0.0696

0.0456

0.4644

are means of four replicates.

Cultivar" W= soil moisture level,

= Standard error of the rnean.

;ind D= Depth.
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7.3.3.10 Root osmotic potential at full turgor

. Over all three harvests there were significant effects for soil moisture level,
, cultivar, and harvest (AppendixT.lz). Root n,, for the stressed plants was lower

: G0.9e MPa) than for the control plants (-0.840 Mpa). The n,* of lucerne was

higher (-0.813 MPa) than for the sainfoin cultivars ( -0.947 MPa). The late harvest

; had a lower trrm (-1.034 MPa) than that of the early (-0.g93 Mpa), or regrowth (-

:0.783 MPa) harvests (Table 7.16).

Separate analysis of data for each harvest showed root rrr00 was affected by

,soil moisture levels at the early and late harvests, and was lower (more negative)

for stressed than control plants. Cultivars had different root rroo at only the late

,larvest, with lucerne and Eski having the highest and lowest (more negative) root
ttrrm respectively (Table 7.17).

The root 7t,* for different depths was sirnilar. No interaction effect was

found at the early and late harvests, hoivever, at the regrowth harvest the
interactions of cultivar by depth, and cultivar by depth by soil moisture level were

,gignificant (Table 7 .17). Sainfoin cultivars and lucerne had lower (more negative)

,rcot tlr00 at the deep and shallow depths respectively. Stressed plants of lucerne and

had the lowest (most negative) and highest root nr00 at the shallow and

depths, respectively, whereas for control plants this effect was reversed.
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Table 7.17: The root osmotic potential at full turgor (Mpa) of two sainfoin
cultivars and lucerne at two depths and two soil moisture levels at early (45 DAp),
late (75 DAP), and regrowth (30 days after cutting, 105 DAp) harvests.

Early harvest Late harvest Regrowth

i Depth (cm) 2O-3O 50-75 20-30 50-75 20-30 50-75

Eskil

'G35
n'Lucerne

-0.820

-0.948

-o.775

-0.820

-0.817

-0.745

-0.715

-0.863

-0.718

-0.820

-0.813

-0.7t5

Control
-0.998 -t.ag
-0.933 -0.983

-0.770 -0.863

'; Eski

G35

i Lucerne

-1.060 -0.982

-o.907 -1.010

-0.883 -0.945

Stress

-r.213 -1.227

-t.268 -t.235

-0.843 -t.023

-0.855

-0.665

-0.795

-0.923

-0.843

-0.673
Pr >F CU2

i Pr>FW

r Pr >F W*CU

ih>FD
Pr >F W*D

:r Pr >F CU*D

0.4620

0.0350

0.7108

0.79s9

0.4025

0.8908

0.4240

0.u96

0.0262

.0.6924

0.092t .

0.9030

0.27t2

0.5594

0.5515

0.8159

0.s692

0.1960

0.5977

0.0253

0.01l2
,1'Pr >F c*w*D

SEM W

SEM W*CU

SEM D

SEM W*D

SEM CU*D

SEM W*CU*D

0.0s38

0.0439

0.0760

0.0337

0.0476

0.0583

0.0824

0.0714

0.0s83

0.1009

0.0238

0.0337

0.0413

0.0584

0.0547

0.0669

0.0947

0.0154

0.0217

o.0266

0.0376

iData are means of four replicates.

C[J= Q11l1jyar, W= soil moisture level, and

SEM= Standard error of the mean.

D= Depth.
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7.3.3,ll comparison of totat, osmotic and turgor potential of root and leaf

7 .3.3.11.1 Total potential of leaf'root

Analysis of root and leaf waier potential at midday over harvests showed

: a significant effect of sc,il moisture level, harvest, location of sample [midday leaf

oiloot (average of two depths)] on plant water potential' There were also

,,interactions between soil moisture level and cultivar, cultivar and location of

,tru*p1", and harvest and locarion of sample (Appendix 7.13). The total potential

':,of 
,o"rr"d plants was lower t-1.26 MPa) than that of the control plants {-0'71

,MPa) (Table 7.1S). The plants at the early harvest had a higher (-0'83 MPa) water

potential than the plants at the late (- 1 . l0 MPa) or regrowth (- 1 ' 1 1 MPa) harvests'

The leaf water potential (-1.11 MPa) was lower than root water potential

:q-0.91 MFa) (Table 7.1S). The difference between leaf water potential and root
:..:water potential of control plants was greater (0"28 MPa) than that of the stressed

,,iplants (0.12 MPa) (Tabie 7.1S). The differences between leaf and root waler

potential at the late {0.23 MPa) and regrowth (0.36 MPa) halvests were greater

::tt* that at the early harvest (O.tit ntpa).

At the early harvest the leaf and root water potentiai interacted with

cultivar. The diff-erence between leaf and root water potential of lucerne (0'243

tidPu) was greater than for the sainfoin cuitivars (0'07 MPa) (Tabie 7'18)' At the

la:e harvest. the interaction of leaf and root waler potential with soii moislure was

lignin"unt. The difference between leaf and root water potential of stressed plants

{4.A2 MPa) was less than that of the control plants (-0.5 Ir4Pa) (Table 7 '17)'
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7.9{b): Relationship between leaf and root osmotic porcnrial at full turgor for
equahons are
Pt2=337o.

eme, Eski, and Crasslands G35. Respective regression
.5 6+0 .23X k2 =427o, Y =2.4+3 .3X k2 =87 Vo, Y=0. I 1 *0. 99X
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Table 7.18 : The total

cultivars and lucerne at

days after planting), late

water potential (Mpa) of roots and .reaves of sainfoin
different depths for two soil moisture levels at early (45
(75 days after planting), and regrowth harvests.

Early harvest Late harvest Regrowth
Depth (cm) Leaf Root Leaf Root Leaf Root

Eski'

G35

lucerne

-4.7 t1

-0.572

-0.698

-0.531

-0.819

-4.$9 -0.6i 9

-0.994

-0.811

- 1.103

"0.711

-0.673

-0.649

Control
-1.240 -0.670

-4.961 -A.571

-1.011

Eski

G35

Iuceme

-0.983

-4.996

-|.075

-1.069

-1.152

-0.929

t laa

-1.413

- 1.888

- 1.013

-1.178

-1.398

Stress

-1.240 _1.4A7

- r. 196 -1.123

-1.639 -1.475

Pr >F CUz

:Pr>FW

Pr >F W*CU

Pr>FL

' Pr >F W*L
lP, >F cu*L
ih >F C*W+L

0.5293

0.000r

0.9510

0.1a99

4.2693

0.0035

0.2472

0.1382

0.0001

0.2035

a.w7?

0.0139

0.1234

0.385s

0.0908

0.000r

4.21?2

0.0001

0.5008

0.1172

0.8968

',S€M CU

SEM W

0.0618

0.0504

0.08/4

0.4297

0.0419

0.0514

4.4727

4.0184

0.0639

0.1108

0.0554

0.0784

0.0959

4.n51

0.0772

4.0$a

0.1091

0.0331

0.0468

0.0573

0.081 I

tsrM w*cu

SEM W*L

SEM CU*L

SEM WXCU*L
t/,1

,.furnbers in cultivars rolr/s are rnean of four replicates.
cu=cultivar, w= soil rnoisture revers, and L= Loca:ion of sampre (Leaf cr Root)
$EM= Standard error of the means.



7.3.3.11.2 Osmotic potential of leaf-root

Analysis of leaf and root data over all three harvests for osmotic potential

showed significant effects for harvest (P< 0.01), soil rnoisture level (P< 0.0001),

cultivar (P< 0.05) and location of sample (leaf or root) (P< 0.0001). AIso ttre

interactions of cultivar by soil moisture level (P< 0.01), cultivar by location of

sample (P < 0.01), and cultivar by harvest by location of sample (P< 0.01) were

significant (Table 7.18) (Appendix 7.13).

, The osmotic potential of stressed plants {-1.37 MPa) was lower than that

of control plants (-0.99 MPa). The osrnotic potential of Grassland G35 was higher

'(-t.t Vtpa) than that of Eski (-1.19 MPa) and lucerne {-1.25 MPa). The early

.:harvest (-1.07 MPa) had a higher c than the late t-1.24 MPa) and regrowth

t-1.23 MPa) harvests. Lucerne ru of stressed plants was lower (-1.54 MPa) than

that of the sainfoin cultivars {-1.28 MPa). Leaf x (-0.39 MPa) was greater rhan

:;.- root tl (-0.98 MPa). The difference between n af leaves and roots of lucerne (0.53
tt.

.:,,. MPa) was greater than that for the sainfoin cultivars (0.31 MPa). The differences

.r'..,befween n of leaves and roots for lucerne at fhe early harvest (0.6 MPa) was
::..:.,

;. greater than that for the late (0.52 MPa) and regrowth (0.46 lv{Pa) harvests.

Sirnilarly, the difference between leaf and root c for Grasslands G35 (-0.91 MPa)

at ttre early harvest was greater than for the late and regrowth harvests (-0.36 and -

,,, 0.31 MPa), respectively {Table 7.19).

': Separate analysis at each harvest of leaf and root a found significant effects

' for soil moisture levels at the late and regrowth harvests with a more negative n

' for stressed than control plants (Table 7.lg). Also, leaf and root n were

' significantly different at all three harvests, with rnore negative rr for leaves than

,,,t*n. The only interaction found was between soil moisture and location of
sample, at the late harvest. The difference between n af the leaf and the root of tire

control plants (0.61 MPa) was greater than that for the stressed plants t0.23 MPaj
(Table j.tg).



';lg: |ne osmotic potential (MPa) of the roots and leaves of sainfoin

1 3n6 lucerne at two soil moisture levels at the early {45 days after

late (75 days after planting), and regrowth harvests.

Late harvest RegrowthEarly harvest

Leaf Rootcm) Tx,af Root Leaf Root

-1.151

-0.842

-1.107

-1.339

1 All

-1.559

-0.991

-0.851

-0.559

-1.492

-a.967

-0.904

0.4763

0.0048

4.4822

0.000s

0.1025

0. r036

4.5673

0.0775

0.0633

0.1096

0.0568

0.0803

4.4984

0.139 I

Control
-1.459 -0.823

- 1.183 -0.7l2

-1.439 -0.71 I

Stress

-1.400 -1.229

-1.415 -1.187

-1.821 -1.511

-1.223 -0.837

-r.r57 -0.8 16

-1.252 -0.578

-i.503 -1.202

-1.474 -1.t97

-1.900 -1.531

'w*L

CU*L

.FF,C*w*L

CU

CU2

w

:>F W*CU

I>FL

w
W*CU

It-

w*L

0.0200

0.0001

o.0501

0.0001

0.0005

0.3043

0.57 15

0.0545

0.0445

0.0771

0.03 i 3

4.8443

0.0543

a.0767

0.2577

0.0001

0.1329

0.0001

0.1468

4.2249

0."7315

CU*L

W*CU*L

0.0786

4.4642

0.1 1 13

0.{}214

0.0387

0.0475

a.a672

in cultivars rows are mean of four replicates,

Cultivar, W= soil moisture levels, ancl L= Localion

: Standard error of the mean.

of sample {Leaf or
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733.11.3 osmolic potential of leaf and root at full turgor (n,*)

significant effects were found for n,* of leaves and roots for soil moisture

f.level (P< 0.0001), harvesr (p< 0.0001), and locarion of sample (p< 0.05) (Table

..7.20). AIso, ihere was an interaction between cultivar and sample location

.,(APPendix 1.13). The n,* of stressed plants (-1.05 MPa) was lower than that of

't.

the control plants (-0.89 Mpa ) (Table 7.20). Ar the regrowth, harvest 7rr00 was

higher (4.892 MPa) rhan thar at the early (-0.96 Mpa) and late (-1.06 Mpa)

,,1*r,,,.h*"tt 
(Table 7"2q. over ail three harvests leaf the n,* (a.gg Mpa) was 1owerI

*-fn* for roots (-o-s32 MPa). The difference between full turgor n of lucerne was..
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Table 7.24: The osmotic potential (MPa) of roots and leaves of sainfoin cultivars

and lucerne at fuil turgor at different depths at two soil moisture levels ar the early

{45 days after planting), lare (75 days after planring), and regrowth harvests.

Early harvest Late harvest Regrowth

'Depth (cm) Leaf Root LeaJ Root Leaf Root

Control
tsK]'

G35

luceme

- 1.030

-0.908

-4.943

-0.823

-0.780

-4.763

-1.028

- 1.010

-1.050

-1.020

-0.955

-0.818

-4.978

-0.870

-4.745

-0.t74

-0.843

-0.715

Eski

G35

lucerne

-0.940

-1.090

-t.320

- 1.020

-0.955

-0.915

-4.978

-1.i 18

- 1.303

-0.890

-4.755

-4.T5

Stress

- r.105 -t.22A

-t.417 -t.253

-L293 -0.935

Pr >F CU2

Pr>FW

, Pr >F W*CU

,Pr>FL

Pr >F WxL

, Pr >F CU*L

'Pr >F C*W*L

0.6554

0,0025

0.2006

0.0s85

0.9105

0"5041

0.4430

0.5032

0.0030

4.9247

43612

U.JJ / /

a.a$6

0.5639

0.8335

0.0033

0.0709

0.0036

0.0651

o.a621A

4.1271
i 3SEM CU
,SEM W

SEM W*CU
lSEM L
.SEM W*L

SEM CU*L

SEM W*CU*L

0.0396

0.0001

0.5511

0.0568

0.0804

0.0985

{}.1393

0.0405

0.000r

0.a574

0.0468

CI.4663

0.081 I

0,1 t48

0.0356

4.029a

0.5030

0.0451

0.0638

4.4782

0.r 106

.' Numbers in cultivars rows are mean of four

i,CU=gp16var, W= soil moisture levels, and L=

replicates.

Location of sample (Leaf or Root)
?-- SEM= Standard crror of thc mean.
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i 7.5. Discussion

7.5.1 Soil moisture

, Measurement of soil moisture level by different methods gave similar
results' A positive relationship (R2= 857o) berween VSWC and GSWC showed that

,.. DR was a useful method for measuring pot soil moisture (Fig 7.2). Tl"te slope of
. rhis relationship ( 1 .4) was similar ro acrual soil bulk densiry {1 .5g/cm3) {Fig. 7 .z).
r. since the VSWC in this comparison was from three depths through the profile it
'suggests a homogeneous soil bulk density. The accuracy of TDR measurements

,., was also supported by the high correlation with total water content of the pots,

measured directly by weighing {R=94Vo).

The non-signiflcant interaction of soil moisture treatments with soil deoth
during the regrowth harvest indicated soil moisture at the rhree different deprhs
showed a similar pattern down ihe profile for the stressed and conrroJ pots,
although the water contenl of the stressed pots was almost half that of the control
pols' Pennypacker et al- (1990) developed a container using two tensiomerer
placed at depths of 30 and 67 cm, in which rhey watered the stressed pots when

t,;;, e" lower tensiometer read -0.08 MPa. The disadvantage of their technique was
that when they irrigated the stressed pots from the top sorne parts of the pot weti€d
to levels equal tr: the control pots, but other parts rernained dry (Shanrz 1925,

.,..,,,., 
k*.r 1980). similar probrems occurred for carter et ar. t1gg2),Jodari-Karjrni
et al. (1983), Blum er al. (lgg0, lgg3).

Irrigation at seven depths during the regrowth periocl maintained a constant
r64lrLtrI ar scvsli {"lepms ounng tne regrou/th period maintained a constant

soil moisture through out the stressed pots. The constant root water potenfial and

l,o$motic potential at different depths also demonstrated the soil moisture conrent
itluough the pot was unchanged.

TS.zMorphology

;: water stress decreased ]eaf area, reaf dry weighf, and stem dry weight of
Iucerne proportionally more than sainfoin. The total reduction by water stress over

184

all three harvests of lucerne dry weight was 347o whereas for Eski and C35 it was
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12 and 13Vo respectively. Cowett and Spragu e {1962) found a 67Vo reducrjon in rhe

yield of stressed (soil rnoisture potential- I MPa) lucerne plants. Relative to non-

stressed plants, Peterson et al. (1992) found reduced yield of stressed piants

(irrigation occurred when 75Vo of extractable soil moisture depleted) for lucerne,

birdsfoot trefoil {I'otus corniculatu.r L.), cicer milkvetch (Astragalus cicerL.), and

red clover {Trifolium pratense L.), 43.2, s4.3, 23.s, and 68.5 vo, respectively.

Over three harvests water stress decreased the LA of lucerne 48Zo whereas

the decrease for Eski and G35 was only 24, andZl%a respectively. Acosta-Gallegos

and Adams (1991) imposed water slress 40 to 57 days after emergence in bean

{Phaseolus vulgaris) and found a 327o reduction in the LA of the stressed

treatment' In this study water stress decreased LA and LDW of lucerne 48 and

34 Vo, respectively but only 22 and 2.5 Vo for the sainfoin cultivars respectively

(Tables 7.1,7.2).

Although water stress greatly clecreased the herbage rna.ss of rhe lucernc,

' : the tofal dry weight of luceme was still higher than that for sainfoin. Over all three

'',' hawests the control and water stressed'treatments of lucerne had more herbase

,:: mass than those of sainfoin. Peterson et al. ttggz) found the average yieid of
stressed and non-stressed luceme was 2.1 and 3.g * 103 ke DW/ha whereas for

;;birdstoot trefoil ir was 1.1, and 2"s*103 kg DW&a. The regrowrh of lucerne lvas

alsc highci than fcr sainfoin in agreement wiih l"{ir*Hcsseini-Dehabad i et a!"

(1993a) (chapter 3) who found lucerne responded to water stress earlier than
'17''xainfoin.
..:":

Overall. the SLA of luceme was greater than for the sainfoin cuitivars. This
was in agreement with Mir-Hosseini-Deh abadi et al. {lg93a) (Chapter 3) and

. Sheehy and poppte ( I93 l).
.'

'. " The greater effect of water stress on LA than on LDW resulted in a lower
Qfrn

ilLA for the stressed plants than for the control plants of both sainfoin and lucerne.

- 
The decrease in SLA due to water stress probably resulted from waler stress
6Ca:^ , 'qr_rectlri$ cel.l expansion more than cell division. Kriedeman {1956) pointed out thal

-.**o 
stress aff'ected cell enlargement earlier and to a greater extent than cell

division. However, as leaf growth diminishes, photo-assimilates accumulate and

Root
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osmotic adjustment ensues. Plants adapted to water sress bl decreasing SLA.

decreasing the transpiration surface and increasing the photoslnrhesis efficiency.

7.5.2.1. Root growth

Initially (early harvest) roots were concentrared at rhe rop of rhe soil profiie,

but as moisture stress developed at the top of the soil prr:frle , roois grew ro greater

depth {Fig. 7.4, 7.5)' Similar results were observed for luceme in rhe field by

Bennett and Doss (1960) and by Blum er al. (1991) in pos. bur, in conrrasr,

Carter et al. t1982) found no significant difference for roor length and weight
density distribution within the soil profile ar differenr soii moisrure regimes. The
soil moisture regime and the duration of their experiment mighr have caused this
contrast' Carter et al. {1952) irrigated the pors accord.ing ro rhe average soil
moisture at 45 cm and 90 cm deprh. Since soil moisture ar Ji cm depth was much
higher than soil rnoisture at 90 cm depth the adjusrmenr. ht'rrl'el,rr. might have been
influenced by the soil moisture of 45 cmdepth, rarher rhan lr 90 cm deprh therebv
resulting in a similar pattern of soil moisture as in the conrrol rearnrents rhrough
the depths (0.04 Mpa).

, tn dry conditions the surface layers of rhe sr:il often dn rapidly. As a

. resuh, a desiratrle plant needs lhe ability to quickiy develop r roor svstem to depth

'in order to ensure a continuing water suppiy for transpiration lHurri r96g, Gregory
, 1989)' Although the root length and mass of sainfoin and lucerne *,ere simiiar at
rne early growth stages, sainfoin root length below 60 cm deprh *'as significantty

lgreater than for lucerne. At the early harvest sainfoin sho*,eil irs adaptation to dry
:rconditions by having a similar total root mass, stem dry weighr an,J leaf dry weight

;,to trucerne, but less leaf area and deeper roots relarive to iucerne. Lucerne had a

,,,,feater root length than sainfoin at rhe lare harvest but this mostiv was due to
Sreater root mass at depths less than 40 cm. This suggesrs lucerne has a higher
Potential for the extraction of soil moisture during non-linriring soil water
'conditions.

G35 root distribution was
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less suited to dry condilions rhan Eski, since

root mass at 10-10 cnt depth and a lower root

1."i4

yater skessed G35 had a higtrer
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mass at 80-100 cm depth than Eski. However, Mir-Hosseini-Dehabadi et al.

(1993a) (Chapter 3) found a higher root mass for G35 rhan fbr luceme one monrh

after imposing water stress at the flowering stage. This result possibly reflects the

breeding of G35 for a temperate ciimate, whereas Eski originated under dry
conditions (Turkey) and has outyielded lucerne under dryland conditions (Eslick

:er al. 1961).
.:: '

i:' The total root mass of the control plants of sainfoin and lucerne was less

than that of the stressed plants at the .late harvest. Bennett and Doss fi960) and

Jordari-Karimi et al- {1983) also found a greater root mass for stressed than fbr
:control luceme. The greater shoot:root ratio of lucerne (4.5) comoared wilh
sainfoin (3.2) irnplied a greater allocation of carbohydrate to the roots than the

Tshoots of sainfoin relative to lucerne. Similarly, other investigators found that
,.t'.

i;water stress decreased the shoot:root ratio of iucerne (Jodari-Karimt et al. 19g3,

and h{ir-Hosseini-Dehabadi et al. 1993b (Chapter 4). The lower shoor:roor ratio

:t.

is a useful character under dry conditions since plant adjust the water demand (by

leaf) and warer supply (by roors).

7*53 Physiology

iV5s.t Relative water contenl

ter srress decreased Rwc at ail harvests without any significant

fffferences 
between species or cultivars {Fig 7.6a}. Stressed plants at the regrowrh

harvest had a lower RWC rhan ar the other harvests. The lower RWC of stressed
plants at the regrowth harvest compared wirh prior harvests could have been due
o higher soii moisture of the stressed treatment below 50 cm soil depth at the
arly harvest (Fig. 7 .3)- Th* soil moisture of the stressed treatment of the last two

was similar (Fig. 7.3).

Tl:e greater response of RWC to warer stress than Rs at all three harvests,

that RWC might be a bener indicator of leaf water status than Rs. This
in agreement with Sinclair and Ludlow (1985) who noted thar relative rvater

tent might provide an integrated response to the balance of water supply and

181

lrahon.



Stomatal resistance'

Smmatal resistance was insensitive to initial ctranges in soil moisture. This

t to results of other studies that found Rs responded to water stress

of water status of the leaves (Bares and Hall lgg l; Black et al. l9g5:

rt985; Jensen et al. 1989). In the presenr study, Rs was affected by soii

only at the late and regrowth harvests, i.e. during severe waler sress.

ion was supported by other investigators who found Rs increased only

Y or P was attained (Hsiao and Acevedo 1974; Turner 1974;

and coben 1975: Jordan et al. lg75: Brown and Jordan 1976: Radin and

l98l:Tearc et al. 1982; Bennett et al. 19g4; Baldacchi er al. 19g5:

1985).

The adaxial and abaxial stomatal resistance of the leaves were different

sainfoin and lucerne (Fig. 7 .7), Carter et al. ( 19g2) and

ini*Dehabadi (1993b) (Chapter 4) have nored the equal sromaral

of the abaxial and the adaxial reaf surfaces of lucerne. In sainfoin.
to Rs of adaxial surface the Rs of the abaxial surface of the leaves was

Dy water stress. The adarial Rs of sainfoin leaves was affected by soil
at the late and regrowlh harvest whereas abaxial Rs was only affected at

th harvest. A lesser response to water sress of the abaxral stornata of
to cnvironrnental conditions has been reported by pallardy and Kozlowski

l,rTo" 
higher sensitivity of the adaxial Rs of sainfoin ieaves than of iuceme.

that relative to lucerne total Rs of sainfoin was influenced by adaxial Rs
abaxial Rs, and suggested at extreme stress conditions sainlbin *,ould

.to control transpiration better than luceme.

Leaf water potential

Lucerne had lower (more negative) y than sainfoin, and the diff'erence in
ecn midday and dar,vn was greater for lucerne than for sainfoin (Tabre 2.9

lE" castongvay and Markhart {lggz) found rhat rhe leaf water porenrial of
trean (P. acutifulius) was 10.35 Mpa lower than rhe conrrols. T-he v
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of water stressed lucerne, Eski, and G35 ar the late harvest was about a.l, a.66,
and 0'48 MPa lower than the control, respecrively (Table 7.9). The v/ater stressed

bean piants of Castongvay and Markhart {tgg} had a soil water potential of -0.5
MPa compared wirh -0.4 Mpa in this experimenr.

Higher (less negative) y would conrribute to higher p at a given x and
moderate the effects of water stress. The greater difference between tire y of the
control and the water stressed lucerne than for sainfoin might have been caused by
the higher leaf atea of lucsrne and higher transpiration demand. The root length
differences of sainfoin and lucerne were not as great as for fhe LA which wculd
have contributed to ths higher water loss by lucerne relative to its water uptake
compare to sainfoin' The difference between leaf Y and root y of luceme was
higher than for sainfoin fig. 7.8). since roor Y of bcth species was sirnilar, this
difference was the resurr of higher reaf y of ruceme {Fig. 7.ga). Since rhe Rs of
sainfoin and lucerne was similar, (Table 7.8a) the iower leaf y of lucerne indicated
a greater flow rate of wafer to the air.

The midday reaf water potentiir of sainfoin and lucerne was rower {more

'"'' negattve) than at dawn. Brown and Tanner (i981) found that the midday leaf water
potentiai of lucerne was lower than ar dawn in non-stress conditions. The
difference rn the Y L'etween dawn and rnidday ar the early harvesi was less than

. 
for the iate and regrowth harvests, indicating the lesser abiiity of stressed plants
to buffer diumal changes in water supply.

A positive linear relationship was found between y rneasured by pressure
bomb and wescor {R?=84vo}- The wescor measurement over-estimated y relative
!o the Pressure bomb. similar results were found in lucerne by Brown and ranner
(1981), ancl in cowpea by perrie and Hall tlgg|).
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75J.4 Osmotic porential {n)
The osmotic potential of lucerne was usually lower than for sainfoin. water

iucerne n at midday was 0.5 Mpa rower (more negative) than for the
control plants (Table 7.11), whereas this difference in sainfoin was 0.2 Mpa

able 7'11)' These iJifferences between species could tre attributed to dehydration

',,:-

t: '
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of the leaves or to accumulation of solute in the cells (Tumer and Jones l9S0).

The simiiar RWC of the species suggested that the contribution of cell dehydration

to this effect was minor, rather, solute accumulation was probably the cause of the

more negative lucerne n (Table 7.7). This was confirmed by rr0o measured by

Decagon (Table 7.13). Over ttuee harvests ir,* of the leaves of stressed lucerne at

midday was 0.41 MPa whereas for sainfoin it was 0.099 Mpa (Tabl e '/.13).

Pennypacker et al. {1990) found osmotic adjustment of 0.12 Mpa for

lucerne leaves. The smaller osmotic adjustment of lucerne in the study of
Pennypacker et al. (1990) may have been due to a higher soil moisture in their

water stress treatment. They inigated the stressed pots after f,our weeks of growth

at soil waler potential of -0.08 Mpa, and 30 cm deprh while in this study the

stressed pots had a soil water potential of about -0.4 MPa throughour the soil

profitre. The higher osmotic adjustment enabled the plant ro increase p at a given

V, and ttrereby rnaintain the growth and developrnent of the plants (Tumer and

Burch l9S3). Plants with a higher osmotic adjustment are more tikely ro tolerate

the effects of warer stress (Turner and Burch l9S3).

Sainfoin, and lucerne P wa3 sirnilar, and although luceme had a lower leaf
Y than sainfoin, its greater osmotic adjustment maderated the effect of water suess

to result in similar P.

. Sainfcin had a higher treaf water potential and osrnotic poiential at the same

RIVC as lucerne. A higher elasticiry of ceil walls in sainfain, than lucerne, might
have caused this higher ieaf water potential and osmotic potential ar the same

RWC {Fig-7'8). Warer stressed lupin leaves showed no change in leaf e}asriciry
:,;Uut]oer et al. l9S?), but Barker et al. {1gg3) found thar the more elasric cell wall
':' 

.

(low modulus of cell wall elasricity) of C3 grasses rnaintained turgor, despite loss
of warer qyig. 7.6 a, b, and 7.g).
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7.5.3.5 Root water status

Water stress had a greater effect on reducing lucerne root Y than sainfoin,

the root water status of watered plants was similar. Root water potential followed

the Y as it was lower for stressed than for control plants and also was lower for
luceme than sainfoin.

Solute accumulation of lucerne roots over all three harvests was less than

for sainfoin, and did not follow the leaf solute accumularion {Fig 7.9 b). The

osmolic potential at full turgor of sainfoin roots induced an osmotic potenrial of
0.136 MPa lower than that for lucerne. The lower n of sainfoin roots than lucerne

enabled the water stressed sainfoin plants to maintain relatively higher root p at

a given root water potential than iucerne, and induced root deveiopment (Green

1968).

At the regrowth harvest, lucerne and sainfoin had different root solure

accumulation with depth. Lucerne and sainfoin roots accumulated more soiute ar

higher and lower depths, respectively.^The higher solure accumulation of sainfoin
at depth could help the plant to uptake water dncl maintain the growrh of roots ar

greater depth than lucerne.

Although root waler potential was not affected by the water stress treatment
at the early harvest, the leaf water potentiai of water stressed and contrcl plants

was different, suggesting the leaves were more responsive to wat€r stress than the
Joots. The higher sensitivity of leaves than roots to water srress could have been

due to environmental conditions they encountered. At rnidday, the air {above
ground) was drier and warrner than the air around the roors.

The effect of water stress on root osmotic potential at full turgor ar the

t9adV 
and the late harvests but not at regro\r/th harvesr, rnight be related to higher

-structural carbohydrate storage in the roots at the first two harvests relative to
regrowth harvesr (Thomas lggl). smith {1962) found rhar lucerne and red

;tover atlained high levels of total available carbohydrate reserves in roots at

rity (include non-structural carbohydrate). This accumulation reachecl a oeak
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at flowering (Reynoids et al. 1962; Smith 1962). Cooper and Watson (1968)

found a similar increase in total available carbohydrate of lucerne roots up to i07o

bloom, and then a decline with new growth. However, they found a different

pattern in sainfoin, where total available carbohydrate in the roots increased unlil

the seed had matured. This evidence shows that the higher non-structural

carbohydrate of the roots at late harvest than at the regrowth harvests, and supports

&e lack of osmotic response to water stress on regrowth compared to early and

late harvests.

The leaves had a lower (rnore negative) total water and osmolic potential

and grealer soiute accumulation thal roots (Fig. 7.9 a,b). This creates a water

gradient in the plant along which li/ater can flow.

, In considering the whole plant water status of bottr species over all three

harvests it was found that the differences in total water and osmotic potential of

the shoot and root were greater for lucerne lhan sainfoin..This suppcrts a greater

water gradient in lucerne and possibly greater water use.

r97
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7.5. Conclusion

A similar distribution of soil moisture through depth for the wat€r stressed and

control treatments was achieved by application of water at seven depths, in a long

tube based on TDR measurements at three depths. The suitabllity of TDR for

measurement of volumetric soil water content was confirmed by gravimetric soil

':,water content, and pot weight.

The total root mass and density of the water stressed sainfoin and lucerne were

:higher than the controls at 75 days after imposing water slress. Water stress

,stimulated the root growth of sainfoin and lucerne at depths beiow 0.6 m.

;Althougtr root mass and length of both species were sirnilar, sainfoin developed

roots below 0.6 m earlier than did lucerne, although Lucerne had higher rool mass

0-0.4 m than sainfoin suggesting lucerne roots are less suited to water deficits

Lthan sainfoin.

was affected by soii moisture more than sainfoin. Osmotic adiustment

rred in both species. Lucerne had greater osmotic adjustrnent than sainfoin in

leaves. but in the roots sainfoin had the sreater osmotic adiustment.

foin showed a lower S/l{ ratio and specific leaf area than lucerne, and lhe

resistance of the adaxial and abaxial leaf surfaces was different in sainfoin

similar in luceme.
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'l:':Water relationships of lucerne and sainfoin

cultiyars in the field.
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8. Water relationships of lucerne and sainfoin cultivars in the 

field. 

8.1 Abstract 

The physiological and morphological characteristics of the sainfoin cultivars 

Eski, and Remont, and lucerne were examined in the field under progressive drought 
' 

A rain-out shelter was used to impose water stress for four months. Relative 

. water content (RWC), leaf water potential ('!'), osmotic potential (1t), and osmotic 

�tential at full turgor (7t100) were measured at pre-dawn and midday. Stomatal 

resistance and photosynthetic rate were measured only at midday . 

Water stress decreased leaf dry weight (LDW), stem dry weight, and leaf area 

(LA), but increased specific leaf area (SLA) relative to the control. Relative to 

·control plants the yields of water stressed sainfoin and lucerne were decreased 50, 
� . . 

and 42% respectively. Lucerne out yielded sainfoih in both water stressed and non­

stressed conditions, through higher LA, ste!,Il dry weight, and stem density. 

Eski and Remont had different growth patterp.s during the season. Eski grew 

than Remont early in the season, but the total yield of both cultivars over the 

season was similar. Lucerne showed lower (more negative) 'I' and 1t than sainfoin at 

pre-dawn and midday. By the end of the experiment, lucerne 'I', 1t, RWC reached ­

-2.78 MPa, and 66.3% respectively. 

Stomatal resistance and photosynthetic rate were equal for sainfoin and 

Water stress increased the stomatal resistance of both species. The abaxial 

surface of sainfoin had a higher stomatal resistance than the adaxial surface in 

, but the two surfaces were similar for lucerne. This difference was partly 

to differences in the stomatal density of the two species. 

Over three harvests, sainfoin showed an adaptation to water stress by 

c,-....... ,, .... 1<. high '!', osmotic adjustment, overnight recovery of 'I' producing a high 

of its yield early in the season, and was thus affected by water stress less 



IO(

8.2 Introduction

In the previous experiments rhe responses of sainfoin cultjvars and lucerne
studied in controlled environments and showed the physiorogical and

ogical adaptation of sainf<lin to water stress. The ability of sainfoin cultivars
adaptation to water deficit was nol similar. Since the variability of temperature,

ive humidity' and light intensity was less in the controlled environmenr than

, plants might respond to water stress differently in the outdoors
t. Therefore, a fierd experiment was carried out to investigate lhe

of two sainfoin fypes (one'cut, and two-cut) to water stress in a more
environrnent.

]t

sainfoin is a forage regume adapted to dry conditions. It is being used for
production under the dry conrjirions of the wcstern united States (Bolger
and Iran' sainfoin provides earlier spring grazing or hay production rhan
(Melton, 1973). Cooper and Roarh $965) and M'rray and slinkard {196g)

,*.t*"

that sainfoin consistently out yielded lucerne in areas where production was
ited to one harvest- Two differEnt grorvrh types have been found in sainfoin. Fski
ick et al. 1967) is a one-cut type and produces most of its yield in a single

Remont (carteton and Delane y rgTz) is a two-cut ryp€ and has a more
yield distribution, and it r€covers more rapidry following deforiation ttlan

i {Krall et a/' 19}1). Cooper (1g72b} found Remonr yieid was significanrly trigher
for Eski in late spring (May 12), but, because cf a greater rerative growth rare

dwk), Eski surpassed Remont yierd in early surnmer (June zi).
Despite numerous studies on water relationships of lucerne, very little

on the water relationships of sainfoin is availabre. Koch et at. trgTz)
wed that water use efficiency (wuE) of sainfoin was high at rhe firsr cutting, br:r
for the second cutting due to the slow regrowth, and Bolger et at. e99a) found
sainfoin had maximum wLrE and yieid at trre first two harvesrs.

The main objective of this srudy was to. compare fhe response of sainfoin and
to progressive development of water stress in the field during the growing

' The morphological and physiological responses ro wa:er stress of the two
ies were regularly rnonitored.
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8.3 Materials and Methods
I Site and treatments

Two sainfoin curtivars (Remont and Eski) and lucerne (Grassrands oranga)
established on 3 April 1992 at the Massey university pasture and crop unit
inie) {175 37" longitude, 40 21" latitude, and 30 m altitude). The soil was

silt loam classified as an aeic fragiaquarf (greyed yelrow-grey earrh)
1978, scotter et al r979a) a'd has been characrerised in deta' by poilock

975)' Moisture characteristics of the soil are presented in Appendix g.1. Seed was
Iated with the appropriate rhizobium (NZDS454) and sown in four I m rows

cm apart at seeding rates adjusted to achieve one viable seed per cm of row (40
pure live seed for sainfoin and 3 kgaa pure live seed for lucerne).
Two experiments rvere conducted, one under (stressed) and one out side {non_

tressed) a rain-out shelter (Plates 8.2). The treatments were three cultivargspecies
and three harvests {at monthly intervars). The area of each pror was 2 m2
'$'?5m x 1'5 m)' water sttess was imposed using a fully autornatic rain-out shelter

*moved over the stressed experirnent'within 30 s of the onset of rain (plate g.l,z).
ic sheet was buried tc I m which prevented Iateral flow of soil moisture into the

experiment. soil moisfure in the non*stfessed experimenr was mainiained
:field capa:city (scotter et at. 1979b, scorter 1976) by natural rainfall (Appendix
wliich was supplernented by approximately 20 mm in-igation on each of eisht

assions- The experimental area was surrounded by pasture {ryegrass and white
) to rninimize variaiion in microclimate within the experimental area (plate

on 1 November 1992 plants were harvested to 3 cm lreight and the water stress
qnent was imposed. plots for the three main harvesrs were harvested after 1,2,
months growth, with the first barvest on l December 1992. plors of the first and
ndharvestwereagainharvestedafter35daysregrowth(plate8'3),

., The air ternperature and relative humidity $/as measured at the experimental
using a thermchydrograph, and monthly rainfall and soil temperature was
red at Ag-Research Grassrands (500 m from experimentar area) (Appendix g-2).
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8.3.2 Measurements

.:

8.3.2.1 Soil water content

, The volumetric soil

1985; Dasberg and Dalton

located at the centre of the

water content was measured by TDR (Topp and Davis
1985) to 0.15,0.30,0.50, and 0.70 m depth af rwo sires
plots within each replicate for both experiments.

;.83.2.2. Morphological measurement

7l''' 
The middle (1 m) of the two centre rows within each plot was harvested fcr

yield and yield components. The leaves of harvested plants were separated from the
stern, and leaf area (LA) measured by planimerer (Li-cor Inc. Model 3100). The srem

:density was determined from the harvested area. Srem and leaf dry weight (LDw)
were determined after 24 h at T0 "C.

; 83.2.3 Physiological measurements
,|t-t,

|7, The total leaf warer potenriar (v) was measured by psychromerer
:''{wescor HR33T Dew Point micro voltmeter) and pressure charnber (Model 3005 soil
Moisture Equ.ipment Cory) (Tr:mer 1981), osmotic po,tential (r), stomatal resisrance
Rs), relative water content (Rwc), and photosynthetic rate (pn) were measured as

icribed in Chapter 5. The leaf osmotic potential at fu]l turg0r (rrrixll was rneasured
Decagon as described in Chapter 7. Turgor polentiar was ca.rcurated fronr

nces between total potential and osmotic potential, and was not adiusted for
sible dilution by apoplastic water. Alt physiological measuremenrs were made ar
eldy intervals at dawn and midday during rhe monrh before harvesring for the

main harvests and at two 15 intervars prior to the regrowth harvests, with the
of Pn which were only measured at rnidday.

The stomatal frequency of the abaxiar and adaxiar surfaces of sainfoin and
leaves was esrimated using fuily expanded leaves at the top of the canopy.

was coaled by a cellulose acetate fikn which was then rernoved fir:m
surfaces (Professor R.G. Thomas pers comm)" A grid ( l0 x l0 rnm) was used
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i6 count the stomatal frequency per unit area (cmz)of the cellulose acetate peel using

i magnification of 400 times. A stage rnicrometer was used for calibration of the

!yid. The stomatal frequency of the adaxial and abaxial surfaces of nine leaflets from

iactt of Eski, Remont, and lucerne was deterrnined.

Statistical analysis

l. A randomised complete block design of lour replicates was used, each biock

prised a factorial arrang€rnent of three cultivar and species and three harvests for

ihe two separate experiments, inside (stressed), and outside (non-stressed) the shelter.

*: Pooled analysis of variance was done over {hrce harvests and two experiments

l.for morphological and physiological measurernents, at dawn and rnidday.

Additionai analyses of variance pooled over the two experiments were done
l

for each of the three harvests and two reerowth treatments. The General Linear

iir:Madels (GLM) proce<lure of SAS (SAS institute Inc. 1991) was used for anaiysis of
.a:,taa::.'

t.,.1:'.,::
,1], vanance.

Repeated m€asures anaiysis (Rowell and Waiters 1976) was used to coinpare

the first or second harvest with its related regrowth harvest.

Changes in soil rnoisture at four depths from both experiments were piotted
' against time, also the deplerion of soil moisrure ov€r time was drawn $r, linerr

a

.-_ regression. The soil rnoislure of the stressed and non-stressed experiment at each

" depth for all three harvests and the regrowth from the first and second harvest v/ero
' depth for all three harvests and the regrowth from the first and second harvest v/ero

compared by r-test (Steel and Ton'ie 198i).

8"4 Results

8,4.1 Soil rnoisture

The volumerric soil waier content {VSWC) of all depths decreased over lime

for the stressed experiment (Fig S.l a,b). The depletion was greatest at 0-0.15 nr
rti.

$pth {from 34.5 to 11.4To), and srnallest at 0.50-0.70 m depth (from 36.6 to 32.5Va)

741

{Appendix 8.3).
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l In the non-stressed experiment, iniriaily the high rainfall (Appendix g.2)

iaused higher vswc ar 0-15 cm depth than 50-70 cm deprh (Appenclix g.3). In
i:..,

i;eneral the vSWC of the non*stressed experiment was higher than 34vo at all
,,

$epths.
?t:,,

? At all harvesrs VSWC of 0-15 cm deprh was significanrly different (p<0.05)

between stressed and non-stressed experiments. Soil moisture of the other depths for

itressed 
and non-stressed experiments were not significantly different at rhe firsl

/..:a: .

'ha*est, except 50-70 cm depth while the other depths had different (p<0.05) soil
;-moisture for the rest of the experiment (Appendix 8.3). The average VSWC of 0-70

L.:t'

.''cm depth showed significantly <lifferent (P<0.05) soil moisture for stressed and non-
sfessed experiments at late and regrowth harvests (Table g.1).

::t..,:.

':.

,r,

,..
t:.1.

:l ..
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-..9.. ''o-

O-15 cm non-stressed

0-15 cm stressed

15-30 cm non-stressed
I 5-30 cm stressed
I

l*;J--t-*"r--ar

Days after imposing water suess

Fig 8.1a: The volumetric scil waler conrcnt of stressed and non-suesse d experirnents

at&15, and 15-30 cm depths during 140 days water stress- The regression equarions
'for 0-15 cm depth of non-stressed a-nd sressed *s\=47-0.1*X R:=307o, Y=39-
: 0.25*X R2=4OVo, Y=29.4-0.1+X R1=6'lVo respectiveiy. Markers are me:irrs of eighr

I
o
o
a-.\

0

replicates.

6Or

E ,,f-.- 30-50 crn non-stressed

3O-5O cm sressed
50-70 cm non-sressed
50-70 cm stressed

i-i---{

Days after imposing waler stress

!-ig 8.fb: VSWC of the sressed and non-stressed experiment at 30-50cm and 50-70
depth duri.ng 140 days water stress. Tbe regression equations for 30-50 and 50-70
depths for non-stressed and stressed experiment are Y=57-0.2*X,R7*637o,Y=52*

J-24*X Rr=855, y=34+0.03*X, R?=11"3Vo, Y=39-0.06*X Ftz=\CIVo. Markers are

I
\2
o
Ao

.Peans of eight replicares.
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ble 8,1: The average volumetric soil moisture (cm3/cm3 Vo) to 0-70 cm

ffie stressed and non-stressed experiments for three harvests, and regrowth

lbe second harvest.

Non-stressed Stressed Ppt

Mean SEMI Mean SEM

Harvest 1

depth for

following

Harvest 2

38.7

38.3

??c

36.0

0.6"7

0.99

1.45

1.36

35.8

33.0

28.8

22.1

0.84

1.52

1.64

0.81

0.0529

0.0435

0.0033

0.0009

Harvest 3
:R"gro*,h 

2

:SEM= Standard error of the meaa
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Morphological measurement

Leaf area

Over three growth harvests, leaf area was significantly affected by harvest and

moisture. The interaction of cultivar by harvest was also significant (Table 8-2).

sfessed plants had a lower LA than the non-stressed plants (Table 8'2)' Remont

a higher LA than Eski at the first and third harvests, but at the second harvest

LA of Eski was higher than for Remont (Table 8.2)' The lucerne LA was

imately twice that of Eski and Remont (Table 8.2). The second harvest (60

after stress imposed) trad a higher LA than the first and third harvest$'

Repeated measures analysis at the first and second harvests showed that their

-*A was significantly greater than for their respective fegrowth harvests' All

Lt"ractions were signifrcan: except for the interaction of harvest time by soil
:..1,,

..
moislure (Appendix 8.4). The difference between LA of growth and regrowth planls

'ior lu"erne was higher than for Eski and Rernont. The difference between the LA of

rne at the Growth 1 and Regrowth harvests was lower than the difference

berween the LA of the Growth 2 and Regrowth 2 han'ests'

Leaf dry weight {LDW)

,;,,' Over the three growth han'ests LDW was significanlly affected by harvest,

var, and soil moisture. None of the interactions were significant (Table 8.3)' The

and second harvests had the lowest and the highest LDW respectively, and

had a higher LDW than the sainfoin cultivars. Sainfoin cultivars had similar

. The LDW of the water stressed plants was lower ttran that of the non-stressed

(Table 8.3).

Repeated measures analysis showed LDW

the regrowth harvests (P<0'0001) (Appendix

was significant {F<0.01) (Appendix 8.4}'

growth and regrowth was higher than for

of the growth han'ests was less

8.4). The interaction of time bY

The difference in LDW belween

the sainfoin cultivars.
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8,2: Leaf area index {m7lmz) of Eski, Remont, and lucerne at five harvesls

non-stressed and stressed experiments.

,..

Lucerne
a

Growth I

(30 DSr)

0.4&5

0.7520

r.4723

Growth 2

(60 DS)

1.2243

i.0289

2.8047

Growth 3

(e0 DS)

Regrowth 1

(65 DS)

Regrowth 2

(95 DS)

Non-stressed
a.1942 0.8500

0.76A6 0.4422

1.9275 1.4472

1.0968

1.5591

1.8334

,.:1.:

Eski 439r7

0.6518

0.8930

4.9784

4.7975

2.4989

Stressed

a!l21 0"8639

0.4145 0.6187

0.8952 0.7576

0.0852

0.1730

0.s300

PDF Wz

PDF C3

t
l.:r,Yr>F W*C

SFM4 W

0.0169

0.001s

0.2317

0.08s 1

0.1051

0. r481

0.0231

0.0001

0.4498

0.0005

0"0006

0.0831

0.1777

0.0106

0.0966

0.1 107

0.1308

4.1822

0.0001

0.1007

{}.7 479

a.n84

0.1687

a.2118

0.1287 0.0963

aJ55"7 0.1155

a.2194 0. r&0

SEM C

SEM W*C

DS= Days after imposing soil moisture slress.

W= Soil moisture level.
l. C= cultiuar

fSEV= Standard error of the rnean

ed analysis over three harvests showed PpF H =0.0001, SEM H=0.0858, PpF
,$0.000t, sEM c =0.0858, Fr>F c*H=0,0120, sEM c*H=0-1484, PpF w=0.0001,
,$Etra w-o .ol 13.p>F w*H=0.3996, sEM w*H=0" 1218, PpF w*C=0.065 I, sEM
w*c=0. l2 18, ppF w*cxH=O .9602, sEM }v*c*H= a.2a95
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Table 8.3: Leaf dry weight tglmt) cf Eski, Remonr,
under non-stressed and stressed experiments (see text

and lucerne at five harvests
for details).

'::r't

Growth I

(30 DSl)
Growth 2
(50 DS)

Crowth 3

(e0 DS)
Regrowth I

(6s DS)
Regrowth 2
(e5 DS)

{r,*
f:Kemont

Lucerne

90.50

71.48

148"38

Non-stressed
15.53

9.82

9.82

65.86

106.05

111.74

29.63

43.54

76.46

42.85

7?.62

<A ''r'',

Eski
t:.

Remcnt

:Lucerne

23.55

36.11

48.42

73.1 I

58.67

95.55

Stressed
12.03

9.82

9.82

56.27

35.65

39"34

17.41

22.75

45.33

PPF w2

Pr>F C3

PpF W*C

0.0208

0.0025

4.2194

4.w23

0.0005

4.t202

0"0081

0.0030

0.53 15

4.9635

4.?fl4

u1271

0.0003

0.1 l 19

0.5578

SEM4 W

SEM C

SEM W*C

5.05

734

10.32

6.53

1.90

1t.147.4$

4.47

5.29

7.28

8.78

10.65

15.66

.l DS= Days after imposing soil moisture stress.
,i W= Soil moisture level.
.i C= C"1tiu".
I SfU= Standard error of the mean

t,

Pooled analysis over three harvests showed PpF H =0.0001. sEM H=4.g. ppF
F0.0001, sEM c =4.g5, ppF c*H=a3z3g, sEM c*H=g.30, p>F wd.0001,
sEM w=3.98, p.oF w*H=0.4g32, sEM w*H=636, pr>F w*c=0.10g1, sEM
Y**=u.ru, 

ppF wxC*H=0.90?7, SEM W*C*H=l1.77.
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Stem dry weight (Stem Dly)

The stem DW was significantiv affecred b'harvest, culrivar, and soil rnoisruie

bver the first three harvests (Table g.4). The inreraction of cultivar by hanes,

JP<0'0001), 
and soil moisture by harvest were also significant (Table g.4). Tire srem

was jowest and highest for the firsr and rhird han'ests, respectivery. Lucerue hac

a higher stem DW than the sainlbin cultivars. The srem DW of the sainfoin cukivai-,.

tras similar. Water stress decreased the srem DW of the sfessed plann to
:l

approximately half that of lhe non-slressed plants. The difference between rhe srera

fv of the stressed and non-sfessed plants u'as leasr at the first harvest and srearesr
": at the third harvest (Table 8.4).
:

oepeated measures anall'-sis shorved the stem DW of the regrowth plans *.1s" 
Iower than for the growth plants (Appendix E l)" The interacrion of tirne by ha*.esi

'11;wx also significant. At the first regrorvrh han'esr. Lhe sren-r DW of rhe planls *.35

;1i;':higner than that of rhe grorvrh plints. $herea-s ar rhe second harvest the stem D1tr,of

tt.

8.4.2.4 Stem densilr

'llrst harvest, luceme stem densilv increased b' abour i007c at rhe third han-esl
woereas Remont increased by onlv ig% tTable E.5). Soii moisture stress decreased

"Qe stem density of lucerne and Eski b)'up to 40vc. *'hile it decreased Remonr bv

. harvest, cuitivar, anci soil mr:isture trermlrnts. The inter*crions of cultivar by han"esr

-:**d soil moisture by cullivaf \\'eft also significanr {Tab1e g.5). The firsr and ihirdl-; narvests had the lowest an<i highesr srem densin,, respecrivei-v (Table g.5). Anions

.,.. 
.ur,tu*rspecies lucerne harl rhe high*sr and Eski &r lowest slem density. rhe

' 
stressed plants had a lorver slelll riensin" lhan rhe non-sressed planrs. Reladve to &e

gnly 7Vo .
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Table 8,4: Stern dry weighr {.g/m21 of Eski, Remont,

under stressed and non-stressed experiments (see text

and lucerne at five harvests

for details).

Eski

Rernont

Lucerne

Growth i

(30 DSr)

10.44

36.99

]5.92

Growth 2

(60 DS)

192.42

192.98

259.55

Growth 3

(e0 Ds)

Regrowth 1

(6s DS)

Regrowth 2

{e5 DS)

Non-stressed
254.7"7 57.24

165.4 32.77

M6.4 88.03

37.91

110.93

214.43

Eski

Remont

Lucerne

10.78

a1 1r
AI.JI

38.98

105.95

108. i 7

119.75

Stressed

90.04

118.37

?1r 4R

49.70

47.41

66.94

t.77

11.60

51.24

PpF WZ

FpF C3

PpF W*C

0.0227

0.0017

4.1361

0.0001

4.1213

0.3 i 30

0.0037

a.aa23

4.17A4

4"7972

0.0408

0.5282

0.0001

0.0002

0.013 i

sgM4'w

SEM C

SEM W*C

12.r9

14.71

20.78

'/./o

32.97

46.4"/

9.31

10.99

14.83

9.6r

1t.7?

L6.57

J.I Z

6.32

8.921

I DS= Days after imposing soil moisture stress
'W= Soil moisture level.
I C= cultivar
I SPU= Srandard error of the rnean

looled analysis over three harvests showed ppF H =0.0001, sHM H=12.4, pr>F
!=0.0001, sEM c =12.5, P>F cxH=0.0o05, SEM c*H=21.42, pr>F w=O.O{Jol,
SIM w*10.2g,pr>F WxH=0.0026, sEM wxH=I7.5g, ppF W*C=0.050g, SEM8C=17.58, P>F V/*C*H=0.3240. SEM W*C*H* 30.12
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Table 8'5: The stem density (stems/rn2) of Eski, Remont, and lucerne at five ha*,,esrs

under non-stressed and stressed experiments (see text for detaiis).

:

211

)

7t'

; Eski
*:

91

156

MO

r55

183

585

)7O

219

899

Growth 1

(30 DS')

Growth 2

(60 DS)

Growth 3

(e0 DS)

Non-stressed

Regro*rir 1

(65 DS)

Regro*'th 2

(95 DS)

Remont

I-ucerne

147

114

454

?7

135

516

Fski

Rernont

Lucerne

1nJJ

222

205

131

145

37A

Stressed

na

17CI

575

.t
T

1i

603

139

166

410

P*F W2

PpF C3

PDF W*C

0.1068

0.0003

0.0899

0-0016

0.0001

0.0087

0.0001

0.s001

0.0039

0.789E

0"0001

0.6i09

0"i865

0.0001

0.0190

SEM4 W

SEM C

SEM W*C

l+.o,/.

31.03

43.54

15. l8

16.06

29.18

20.1 I

.{.+-+

34.4A

29.]8

34.63

48.25

-I J.D

i6.9

li.9 r

I DS= Days after imposing soil moisture stress'W= Soil moisture level.t c= crltiua.
l SfU= Standard error of the mean

lo{eo analysis over rhree harvesls showed pDF H =0.0fi11. SE}.| H=16.3 , ppF
30.000t, sEM c *16.3, pr>F c*il=0.0001, sEM c*H =2g. &>F 1r'=g.9691, sEM
Y=t3.S, P.'F W*H=0.0500, SEM W*H=22.5, ppF \\-*C=0.0001 SEMW*c*22.5, pr>F w*c*H=O."7g67, sEM w*c*H=39.5
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:;i Repeated measures analysis showed no significant clifference in the stem

ity of the growth and regrowlh plants, but the interactions of time by harvest,

ine by cultivar, and time by soil moisrure were significant {Appendix 8.4). Ar the

regrowth harvest the stem density was higher than the growth harvest, while for
tt,

the second regrowth harvest the stem densiry was lower than the growth harvest.

Itivars

regrowth had a higher s{em density than the growth harvest, but sainfoin

had a lower stem densiry for the regrowth than growth harvests. Regrowth

bad a lower stem density in the non-stressed treatment, than the water

treatment (Table 8.5).

L5

ssed

8.4.2.5 Yield

Yield was significantly affected by harvesl, cultivar, and soil moisfure (Table

i8.6). The interactions of cultivar by harvest (P<0.01), soil moisrure by harvest

(P<0.01), and soii rnoisture by cultivar (P<0.01) were also significant.

,?,:;t The yield of lucerne was higi:er than for sainfoin, but was not significantly

different between sainfoin cultivars_ (P<0.05). The yield of the stressed plants was

,--lower than the non-stressed plants iTable 8.6). The yield differences between the

stressed and non-stressed plants were highest at the third harvest and lowest at the

frst harvest. Lucerne iracl the highest yield at all three harvests. At the first harvest

,.r,,,,..&€ lowest y'ield was fsr Eski which was about 1/2, and.1/3 of the Remont and

-. .Iucerne yield, respectivetry (Fig. 8.2). The iucerne yield was affected by soil rnoisrure
' 

more than the sainfoin cultivars.

Repeated rneasures analysis of the yield of the growth and regrowth plants

lshowed a significant effect of time. The interaclions of time by harvest, time by

cultivar, and time by cuitivar by harvest, were also significant (Appendix 8.4).

r The firsl and second rsgrowth harvests had a lower yield than the growth

harvests, but the lower yield of regrowth was mostly due to the second regrowth

harvest. At the second regrowth harvesr rhe yield of the planrs decreased to

&pproxirnately half that of the growth harvests.
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8.4.2.6 Specific leaf area {SLA)

The sLA over the first three harvests was significantly different for harvest
and cultivar (Table 8.7). The SLA at the third harvesr was lower than at the first and
second harvests' Lucerne had a higher SLA than the sainfoin cultivars (Table g.7).

Repeated measures analysis showed rhe only significant effects were for the
interactions of time by harvest, and time by soil moisture. At the first regrowth
harvest plants had a higher SLA than the growrir harvest, while SLA at the second

regrowth harvest was lower than for the growrh harvest. The SLA at the first and
second harvests was not affected by soil moisture whereas the regrowth stressed
plants had lower SLA than that cf non_stressed plants.

Jt3
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Table 8.6; Yield (g/m') of Eski, Remont,

stressed and stressed experiments (see rext

at five harvests under non_
and lucerne

for details).

Growthl

(30 DS)

Growth2

(60 Ds)

Growth3

(e0 DS)

Regrowthl Regrowth2

(6s DS) (e5 DS)

Eski

Remont

Lucerne

40.10

80.53

151.98

282.93

?64.47

447.94

Non-stressed
319.90

216.4

554.80

100.10

{< /r

142.26

143.78

215.99

326.18

Eski

Remont

Lucerne

)1.J4

63.42

87.39

1]9.15

165.85

2153A

Stressed
128.50

l{? ?r

JU 1"J.'

105.98

83.06

106.28

1 9.1 35

34.36

yb.-)

PpF W'

Pr>F C?

P>F W*C

0.0201

0.0018

0.1834

0.0001

0.0129

0.2000

0.0014

0.0007

0.1284

0.8486

4.4372

43189

0.0001

4.w21

4.1279

SEM3 W

SEM C

SEM W*C

ta aII.J

20.88

29.3

9.2

11',)I I.!

15.5

28

AAJ+

48

13.5

r 5.5

16.47

18 00

1r n-

:n .n

'W= Soil moisture level.
'G cultiu*
3 SElvl= Stan<iard error of the mean

lY*yry:is- 9ver rhree harvests showed ppF H = 0.0001, SEX *t: _:
____r"_" "."-",.:":.,::::: JfrvwLu rrrr .fr = u.r Jut, )b]1 :l-1.J. pI)}F

:Ijrut, SEM C =14.4, ppF C*H=0.0020, SEM C*H=25, ppF 11.=r.*.xt sF 1.,l.Y1r, pr,F w*H=0.0039, sFM w*H=20, pr'F w*c =0"a224
0001. s[M

P>P 1ry*g,t H=0.4269, sEM w,-C*H=35.
tj. sE\t \\'c= :0,
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ble 8.7: The specific leaf area {cmz/g) of Eski,

barvests under non-stressed and stressed experiments
Remont, and lucerne at five
(see text for details).

Growth 1

(30 DS')
Growth 2 Growth 3
(60 DS) (e0 DS)

Regrowth 1

(65 DS)
Regrowth 2
(95 DS)

Eski

Remont

Lucerne

Eski

Remont

'Lucerne

r 63.89

169.81

t87.65

168.13

157.&

181.000

14t.1

142.6

r92.1

142.0

142.3

225.9

Non-stressed
13 r. t

148.4

t76.6

Stressed

113.8

115.3

126.9

199.5

197.6

258.9

147.3

r13.8

181.3

174.9

151.6

164.6

60.9

71.1

I.14.D

,'PpF W2

f,. P>F C3

PDF WxC

0"3851

0.0965

a;/73"1

4.6n4

0.1 r 88

0.8448

0.0001

0.0067

0.1 196

0.4a37

0.0082

0.2980

0.0001

0"0066

0.00?8

SEM4 W

SEM C

SEM W*C

21.49

25.52

35.97

c,4<

6.12

9.48

3.86

{+. o

6.58

8.76

10.35

14.33

4.12

4.99

t-11

IDS= Days after imposing soil moisture stress.
'W= Soil moisture ievel.
t c= cultiva,
1 SgnA= Standard error of the mean

raoled analysis over three harvests showed Pr>F H = 0.0099, SEM * 8.45, PpF
C=0.0033, SEM C =8.46, PpF C*H=A.2679, SEM C*H=14.6,Pr>Y W*0.2778,
$EM w=2.03, ppF w*H=0.0842, sEM w*H=12.1, pr>F w*c=0.9012 sEM

*C=12.1, PpF y7*(x|l=0.8965, SEM W*C*H=2A.63
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Physiological measurements

I Relative water content (RWC)

Over the first three harvests RWC was significantly affected by soil moisture
'bt 

dawn and midday {Table 8.8, 8.9). Harvesl time only significantly affected RWC

6t dawn (P< 0.01). At dawn, only the interaction of soil moisture by harvest was
:

lignificant (P<0.05). The only significant interaction at midday was between cultivar

and harvest {P<0.05).

Over the first three harvests at dawn and midday the water stressed piants had

;lower RWC than the non-stressed plants. The difference between the RWC of the

s8essed and non-stressed plants was 4.9 and 4.67o at dawn and rnidday, respec:ively.

At dawn, the RWC of the plants at the second and third harvest was iess than thar
, ,. !,':

of the first harvest (Table 8.8), whereas at midday only the RWC of plants at the

third harvest was less than the other two harvests (Table 8.9). Relarive ro rhe firsl

and second harvests, the lucerne RWC decreased dramaticaliy at the third harvesr

while that of the sainfain cultivars was similar for all three harvests (Table S.8, 8"9).

The difference between the RWC of the sressed and *on-stressed plants at dawn for

the first harvest {1.0To} was lower than for ihe second {7.44Vo), and the third hanests

(6.1To).

Repeated measures analysis at dawn and midday for the growth and regrorvth

ti;.harvests showed significant (P<0.01) effects for time (Appendices 8.3,8.4). The

;tr',}nteracticns of rime by harvest and time by soil rnoisture were also signi{icanr

11,,f"0 
Oll at dawn and midday. The RWC of tbe regrowth plants at dawn (84.37c).

:i|yd midday (83.4), was less than for the growth plants at dawn t92.6Vo), and middav

(86.7vo).

:|,,:,:. To un<lerstand the effects of RWC on Y and n, RWC was plotted againsi

these two factors at dawn and rnidday. A linear relarionship was found between RWC

Y at dawn and midday. Although there was strong relationship between RWC

and rc at midday this relationship was poor ar dawn (Fig. 8.3)

7.:1,

217



t:Water relationships of sainfoin cnd lucerne........

le 8.8 : Relative water content (Vo) of Eski, Remont, and lucerne at dawn for five

under stressed and non-stressed experiments.

718

Growth I Growth 2 Growth 3 Regrowtb 1

(30 DSI) (60 DS) (90 DS) (65 DS)

l'{on-stressed

Regrowth 2
(95 DS)

90.8

89.6

94.5

65.7

66.3

71.6

Remont

t;
Lucerne

Remont

Lucerne

94.1

93.4

96.7

94.3

93.2

93.6

94.8

94.1

94.6

94.2

88.3

83.4

93.1

92.4

94.4

Srressed

85.8

89.6

86.2

93.0

90.5

94.9

8t.6

86.1

88.5

PpF W2

Pr>F C3

P>F W*C

0.1274

0.1000

0_1 139

0.0161

a_554]

a.5939

0.0002

0.5711

0.1748

0.0139

0.67V4

0.5880

0.0001

4.4227

0^468?

'i;tu* 
*

,i-sxu c

tl., sEu w*c

0.4448

0.544

a.769{J

1.881 1

73438

3.250

0.8290

1.4160

1.4370

4.9540

1.1690

0.0355

1.5320

r.87'/1

2.65s0

t DS= Days aiier imposing soil moisture stress.
'W= Soil moisture level.

'c= cultiuar

$,FU*= 
Standard error of the mean

,,.Pooted analysis of data over three harvests showed PpF H = 0.0034, SEM H=
:0.08319, p>F c= 0.8794, sEM c = 0.9319, pr>F c*H= 0.3803, sEM c*H=
f;)44w, rr>r w= 0.0o01, sHM w= a.679z,"PpF w*H= 0.0223, sEM w*H=
'1.1765, y>F w*C= 0.1560, sEM w*c= l.lJ65, ppF w*c*H= a.-1936, sEM
,,V*cxH= z.a31g.
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8.9: Relative water content (va) af Eski, Remont, and luceme at midday for

harvests under stressed and non-stressed experiments.

Growth I Growth 2 Growth 3 Regrowth I
(30 DSI) (60 DS) (90 DS) (5s DS)

Non-stressed

90.4 88.1

94.2

80.8

Stressed

82.9

82.7

81.6

Regrowth 2
(95 DS)

91.8

90.5

89.6

Remont

t:ii'
rEski
.::
i::

,Remont

l:;,

,r Lucerne

87.2

90.3

89.0

81.3

86.6

81.3

88.9

89.8

88.0

84.9

86.7

85.9

91.0

93.1

85.2

8 1.E

85.6

55.2

7 r.6

66.3

0.0047

o.0237

43r74

0.0015

43557

4.7229

0.0003

0.o00i

a.444?

0.0001

a.$87

0.0102

0^0001

n All<

4.4684

0.7822

0.958

1.355

0.5500

0.6566

0.9286

1.8127

2.224r

3.1397

a.6194

0.8470

1.1560

1.5325

1.8769

2.6540

Days after imposing soil moisture stress.
Soil moisture level.

Cultivar
= Standard error of the mean

analysis over three harvests showed PpF H =0
53, SEM C =0.887, F>F C*H=0.0487, SEM C

W*0.73, P>F W*H=0.6127, SEM W*H:1.25,

.1362, SEM H=0.887, PDF
*H=1.53, P>F W=0.0001,
Pr>F W*C=0.1283" SEM

1.25, PpF W*C*H=O.4484. SEM W*C*H=2.|'I
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Y = -7.3+{].08'X R-=38?o €ski)

Y= -S.5+O.0t*X R'=99.6% tR.*ont;

Y= -8. I *O.09'X R:=93% 0uccme)

:,1

f

*

{.}

a

,..
,:,:::.:,.

55 7t 15 811 E 9t 9J

R"ehdve v/ater content 7c

osmotic potentiai at midday, and (c)
Dotential at dawn" Points are means

leaf water potenlial at dawn, and

of four replicates. Bars represent

Y = -4310.01'X R-=949o €slj)
Y= -3.5+-0"03"X R-:97% Ecmont)

Y= J.3-O.0d'X R-=80% 0uccme)

Y:-J.39+o-&1'X R:.gi,"o Grtj)
Y=-6.,1+{.06'X R:=9 1% G."nont,

y --7.4d.0?'X R.:=959o fluccme; ;

Y=- LOa-0.001'X R-:369o {!ski)
Y= - l.5J-O.IO5'X R-=159o Gcmonr t

y =-:.06.0.008'X R:=57% 0uccmet

63 lrt 75 E 85 90 95 100

Relative water contenl 70

Fig 8.3: Relationships between relative water content, and (a) leaf water potential at
midday, (b)
,{d) osmotic
tSEM.
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Total leaf water potential {Y)

The pooled analysis of Y, measured by Pressure Bomb and Wescor over the

three harvests showed significant effects for harvests, and cultivar (P<0.01)

8.10-8.13). Plants Y at the third harvest was more negative than at the first

second harvests (Table 8.13). Lucerne had a more negative Y than the sainfoin

vars (Tables 8.10 to 8.12) (Fig. S.3a). Soil moisture significantly affected Y at

and midday (Table L10,8.11). Over the three growth harvests, the water

plants had a lower (more negative) Y than the non-stressed plants at dawn

midday.

The Y for all harvests, cxcept the firsl harvest, was greater for the stressed

iSan the non-srressed plants iTables 8.10-13). At most harvests, the Y of lucerne was

irore negative than sainfoin at bloth dawn and midday.

Repeated measures analysis showed Y belween regrowth and respective

growth harvesrs was significantly different at both the first and second harvests al

iawn and midday. {Appendices 8.5, 8.6). The inieractions of time by harvest, time

by cultivar, and lime by soil moisture, were also significant.

The Y of regrowth plants was more negaiive than that of the growth plants
::,:

r{Tabtes 8.11, 8.12). The diiference between Y of the growth 2 and regrowth 2

)r.,.

rharvests was higherthan growth l and regrowth t harvests (Tables 8'10-13).

The Y was higher for the regrowth and growth plants of lucerne than for the

sainfoin cultivars (Tables 8.10-11). Tire Y of the stressed regrowth and gf0wth

8.10 tobarvests differed more than for the non-stressed experirnent (Table

8. I 3)(Appendices 8.5,8.6).
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Table 8.10:

Remont, and

^experiments

Leaf water potcntial (MPa)

lucerne at flve haryests at

measured by Pressure Bomb

dawn under non-stressed and

for Eski,

stressed

Eski

Rernont

Luceme

Growth I
(30 DS')

-0.34

-0.35

-0.55

Growth 2
(60 DS)

-4.26

-0.30

-0.53

Growth 3
(e0 DS)

Regrowth I
(65 DS)

Regrowth 2
(e5 DS)

Non-stressed

-4.?5 -a.26

-4"29 -A.29

-0"41 -0.54

-v.zz

-0.27

-0.51

Fski

Remont

Lucerne

-0.40

-0.43

-0.59

-0.30

-0.35

-0.62

Stressed

-0.38

-0.35

-0.6s

-U.J t

-4.29

-0.61

-434

-4.44

"1.80

PpF W2

PpF C3

PDF WxC

0.0900

0.0001

0.8545

0.r300

0.000r

0.4721

0.0001

0.000i

0.046a

0.07 r 1

0.0001

0. I 898

0.0378

0.0141

0.0913

SEMO W

SEM W*C

0.0180

0.0220

0.0310

0.4M3

4.}fi4

4.424"7

0.0180

0.a220

a.a3t?

0.0205

0.0251

0.0355

0.1 638

B.2AQ6

4.2837

l, DS= Days after imposing soil moisture stress.
'W= Soil moisture level.
'C= Cultivar

SEM= Standard error of the mean

rooled analysis over three haryests showed ppF H = 0.0013, sEM H* 0.0113, ppF
C= 0.0001, SEM C = 0.0113, Pr>F C*H= 0.114:2, SEM C*F= 0.0195, pDF W=
?'0001, sEM w= 0.0009, Pr>F w*H- 0.0143, sEM w*H= 0.0159,ppF w*C=

1270, SEM W*C= 0.0159, PpF W*C*H= 0"1243, SEM W*C*H* 0.0276
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Table 8.11:

Remont, and

'bxperiments

Leaf water potential (Mpa) measured by

Iucerne at five harvests at mjdday under

Pressure Bomb

non-stressed and

for Eski,

stressed

Remont

. Lucerne

: Eski -0.92

-0.94

1 aA

Growth 1

(30 DS')

-0.&

-0.51

-4.95

Growth 2
(60 Ds)

-4.47

-0.51

-0.85

-0.54

-0.63

-1.t4

Growth 3
(e0 Ds)

Non-stressed

-0.45

-0.50

-0.82

Stressed

-4.67

-0.63

I AA- t.+4

Regrowth 1

(6s DS)
Regrowth 2
(es DS)

-0.35

-437

-0.88

-4.45

-0.52

-0.93

-4.19

-4.19

-1.95

-4.42

-0.63

-1 'tn

.: Remont

P>F W2

PDF C]

PpF W*C

0_0030

0.000i

4.79A5

0.0003

0.0001

0.a4a2

0.0003

4.4447

0.7929

0.0002

0.0001

0.0030

0.0001

0.0001

0.0060

SEM4

SEM

SEM

4.02

0.03

a.a4

0.02

0.03

0.04

0.05

0.06

0.09

0.05

0.06

0.09

w

C

w*c

0.60

0.07

0.10

;9f= Days after imposing soil moisrure srress.
] w= Soil moisture level.
C* Cultivar
SElvl- Standard error of the mean

led analysis over three harvests showed ppF H *0.0001, sEM H=0.24s6,?r>y

''0001, 
sEM c =o.2456,pr>F c*H=O.0360,s8M c*F=0 .4zs4,pDF w=0.0001

lY w=0.2005, PDF w*H*0.O 1 78, sEM w*H*O. 34 7 j,pr>F w*C=0.00gg, sEM*C=0.3 
47 3, Pr>F WxC*H:0.039g, SEM W*C* H=0.60 1 6



Water relationships of sainfoin and lucente........

8"122 Leaf water potential (MPa) measured by Wescor for Eski, Remont, and

at dawn from five harvests under non-Stressed and stressed experiments .

,i
i.

Eski
..5.

,Remont
l,:

. Lucerne

Growth l
(30 DS')

-0.41

-0.56

-0.70

Growth 2
(60 DS)

-0.44

-0"46

-0.50

Growth 3
(90 DS)

Regrowth I

{65 DS)
Regrowth 2
(e5 DS)

Non-stressed

-0.65 -0.35

-0.57 -0.53

-0.82 -0.54

Eski

Remont

Lucerne

-0.51

-0.56

-0.62

-0.34

-a.62

-0.66

-U.I J

-0.82

-1.10

- 1.59

1 A')- | -+/-

-1.49

Stressed

-U. IJ

-4.7 5

-0.91

PpF Wz

PpF Cr

PpF W*C

0.8765

0.1265

0.6151

0.3166

0.0025

4.0791

4.ffi44

a.t561

0. i 314

0.o059

4.2051

0.0002

0.355 i

0.5190

SEMO W

SEM C

SEM W*C

0.0519

a.a&

0.0900

0.0298

0.0366

0.0517

0.0538

0.0659

0.4932

0.0400

0.049

0.0700

0.0938

0.1 149

0.1626

'DS= Days after imposing soil moisture stress.
t w= Soil moisture level.
t C= culti,uar
' SEM= Standard error of the mean

:.Pooled analysis over three harvests showed PpF H = 0.0002, SEM = 0.0382, PpF
,:l C= p.*tr. SEM C = 0.0382, Pr>F C*H= 0.6941, SEM C*H= A.A642, ?t>F 'W=

10.1895. SEM W= 0.0309, PpF W*H= 0.5942, S.EM WxH= 00556, PpF W*C=
','a.636!. sEM w*c= 0.0556, PpF wxc*H= a.5215, sEM 147xf*H= 0.i055
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Table 8.13; Leaf water potential (Mpa) measured by wescor for Eski, Remonr. and
lucerne at midday from five haruests under non-stressed and stressed experiments .

Growthl Growth2 Growth3 Regrowth
(30 DSr) (60 Ds) (90 DS) (6s DS)

I Regrowth 2
(es Ds)

-0.72

-0.87

-1.42

-4.72

-0.14

-0.85

-0.66

-0.90

-1.23

-r.i4

-1.t3

- 1.83

Non-stressed

-0.85

-0.93

-0.95

Remont

Lucerne

-4.79

-0.86

-0.91

-0.80

-0.93

-4.99

141

-1.29

-1:17

-1. t9

-1.27

- 1.86

_? ?<

1 a.)-L.LL

-L.JL

'Pr>F W2

PpF C3

,PpF W*C

0.921r

0.1230

4.6253

0.8444

4.1429

0.7744

0.0050

0.900t

0.7158

0.0013

0.0040

4.6917

0.0001

4.4256

43873

SEM4 W

SEM C

sEb{ w*c

0.42t7

0.5280

4.74A8

0.05

0.06

0.09

0.a7

0.09

n 1"V. LL

0.09

0.11

0.15

0.06

o.o7

0.17

'
.r,., PS= Days after imposing soil moisture srress.

^ 
W= Soil moisture level.

'C= Cultivar
3 SEM= Standard error of the mean

Pooled analysis over three harvests showed ppF H =0.0006, sEM *0.4471, p.,Fc4-44.g, s-grra c =0.0330, ppF c*H=0.64gg, sEM C*H= a.-n rl,pr>F w=0. r 45 i ,- sEM w=0.3353. p>F w*H -0.ag42,SEM W*H=0.5g0g, ppF W*C=0.5g06, sEMlH*c=0.5g0g, p>F wxc*H=0.9g53, sEM w*c*H= 0.0061.
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Osmotic potential (n)

Pooied analysis over the first three harvests at dawn and midday showed rc

,,was only significantly affected by cultivar (Figs. 8.3 b,d). Lucerne had a lower (more

negative) r than sainfoin culrivars ar borh dawn and midday {Tables g.14,g.15).
: separate ANovA of each harvest showed lt was more negative in water

stressed plants at the third harvest and for both regrowth harvests (Table g.15).

Repeated measures analysis showed fi of the regrowth harvests was
isignificantly different than the growth harvesrs. The interactions of time by harvesr,

',: ame by cultivar, and time by soil moisrure were also significant (Appendices
'L8.3,8'4). The n of the regrowth plants was more negative than that of the growth

plants (Tables 8. 14,8. 15).

Lucerne regrowth plants had a lower tr than the growth harvests. Also the
differences between r of ttle growth and regrowth plants of, lucerne was greater than
the sainfoin cultivars {Table 8.15). Atdawn rhis difference e/as higherforEski, rhan
Remont' and lucerne (Table s.14). At dawn and midday the soil moisture stress
decreased the n of the regrowth planis more ihan that of the growth plants (Tabjes
8.14,15).
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8.1,4: osmotic potential (Mpa) of Eski, Remont, and lucerne at dawn from five
iiarvests for non-stressed and stressed experiments.

Growth I Growth 2 Growth 3
(30 DSr) (60 DS) (90 DS)

Non-stressed

Regrowth I
(65 DS)

Regrowth 2
(e5 DS)

Remont

Lucerne

-1.04

-1.01

-1.14

-i.t3

-1.10

-1.25

-0.99

-0.86

- I.Z+

-1.10

-1.10

-1..20

-r.10

- 1.15

-1.25

;":

-1.14

- 1.00

- 1.33

-1.10

- 1.18

-1.28

Stressed

- r.13

-1 )4.

- 1.38

-1.10

,t.24

- 1.51

-1.10

1 1.). I,LL

- 1.51

PpF W2

Pr>F C]

P>F W*C

0.3507

4.2834

0.8075

0.7881

0.0062

0.3050

0.1400

0.0180

0.3214

0.1683

0.0455

4.4849

4.n25

0.0451

4.4884

I sEM4 $/
.:

:sEMc
,.
.,.,

. SEM W+C

0.073

0.089

a.n7

0.a34

0"041

0.058

0.05 i

0.619

0.088

0.0632

o.4774

4.1094

0.063

CI.878

0.109t
....iPa= Days afrer imposing soil moisture stress.

. W= Soit mo.isture level.
I C= Cultivar

l,'.|ffifftrj:r-:v1 thlel harvesrs showed pDF H =a.521e, SEM H= 0.4150, ppF

*."..fr1'iiil,
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f:Table 8.15:
l:

trve harvests

osmotic potentiar (Mpa) of Eski, Remonr, and rucerne at midday from
for non-stressed and stressed experiments.

Crowth l
(30 DSt)

Growth 2 Growth 3 Regrowth I
(60 DS) (90 DS) rojpsl

Regrowth 2
(e5 DS)

Non-stressed

,:Lucerne

-1.42

-1.39

-1.45

-1.37

-1.30

-1.44

-1. t6

-1.10

-1.37

-r.o2

-I.JJ

-r.48

- t.65

-1.48

-1.97

Eski

Remont

Lucerne

t an

_1 11

-1.50

- 1.36

1 a--T.JI

Stressed

-1.&

-t.55

-1.57

-1.69

-? n1

-? rq

-) 79
:

PpF W2

PDF C3

PpF W*

4.6814

4.2590

c 0.6554

0.6761

0.4835

0.9332

0.0i06

0.0075

0.8288

a.aTA

4.4294

4.4687

0.0006

0.0095

4.4fi7
SEM4 W

SEM C

SEM W*

0.05

0.06

c 0.09

a.a9

0.01

0.18

0.10

a.n

4.17

0.69

0.84

l i9

0.05

a.a6

0.09

i,?,t=P:tr afrer imposing soil moisrure srress.
. w= Sorl moisture level.
C= Cultivar
SEM= Standard error of the mean

ilf,ily T"j *':::1riur:uloy:d fr_"r H = a.2B4B, sEM H_ 0.4107, ppF
::r:f.ly ,c :^?71y, pr>F a;H;;6-d, #, ;;; o7n

0.5808, Pr>F W*C-
14, PpF W*

)w{J, tr l;r, SEM W*C* 0.5808, ppF W*C*H= 0.9g53, SEIVI W*C*H= 1.0061
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8.4.3.4 Osmotic potential at full turgor {n,*)
Pooled analysis of ru,* over the first three harvests showed a significant effect

for harvest ar dawn ancr midday (p<0.05). The zr,* at midday (p<0.05) was affected

.by 
soil moisture (Tables 8'16, 8'17)- The nr* ofcultivars was significanrly different

,1t 
o*n (TabJe 8'16). Plants ar rhe firsr harvest had a higher (less negative) n,* than

theplanrs at the second and rhird harvests at dawn and midday (Tabre g.16,1 7).at
midday the stressed pranrs had a rower (more negative) fi,oo than that of the non_
stressed plants' At dawn (Tabre g.16) rucerne had a more negative n,* than rhat of
the sainfoin cultivars.

Repeated measures anarysis of rc,* for regrowth and growth prants showed
.significant effecrs for time (p<0.05).

(P<0.0001), and rime by soil moisrure

the interactions between time and harvesr
(Appendices 8,3, 9.4). Ar midday rhe R,* of

the regrowth plants was lower (more

8,.t7).

negarive) rhan that of the growrh piants (Table

At dawn rhe difference between r,* of the growth and regrow{h prants at the
'second harvest (60 days after imposing water stress) was lower than rhar of the first
'.{rarvest {30 days after imposing *ut". stress} and the grow{h plants of the first

had higher (less negative) a,* rhan those of the second harvest (Tabie s.16).
At midday fi,* of the stressed regrowih prants was lower than that of rhe
plants, while non-stressed growth piants had rower fi,* than that of the

th plants.
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Table 8.16: The osmotic potential at full turgor 1t100 (MPa) of Eski, Remont, and 

lucerne at dawn from five harvests for non-stressed and stressed experiments. 

Growth 1 Growth 2 Growth 3 Regrowth 1 Regrowth 2 
(30 DS1) (60 DS) (90 DS) (65 DS) (90 DS) 

Non-stressed 

Eski -0.76 -1.01 -0.96 -0.80 -0.91 

Remont -0.77 -0.95 -0.93 -0.82 -0.89 

• Lucerne -0.87 -1.10 -0.99 -0.87 -0.99 

Stressed 

Eski -0.65 -1.08 -0.99 -0.99 -1.06 

Remont -0.69 -1.10 -1.04 -1.00 -0.87 

·Lucerne -0.74 -1.18 -1.15 -1.07 -1.03 
' 

.Pr>F W2 0.0900 0.3800 0.2900 0.0001 0.3995 

Pr>F C3 0.0158 0.2654 0.008} 0.1498 0.1935 

Pr>F W*C 0.6572 0.8404 0.1821 0:9700 0.4935 

SEM4W 0.0179 0.0353 0.0168 0.0221 0.0418 

SEMC 0.0219 0.0432 0.0205 0.0271 0.0512 

SEMW*C 0.0311 0.0611 0.0291 0.0383 0.0724 

1 DS= Days after imposing soil moisture stress. 
2 W= Soil moisture level. 
3 C= Cultivar 
4 SEM= Standard error of the mean 

oOled analysis of data over three harvests showed Pr>F H = 0.0001, SEM H= 
.0256, Pr>F C= 0.0194, SEM C = 0.0256, Pr>F C*H= 0.0884, SEM C*H= 0.0443, 

F W= 0.2771, SEM W= 0.0209, Pr>F W*H= 0.0072, SEM W*H= 0.0362, Pr>F 
*C= 0.7105, SEM W*C= 0.0362, Pr>F W*C*H= 0.9490, SEM W*C*H= 0.0627. 



,Table 8.17: The leaf osmoiic potential at fuil turgor a,* (MPa) of Eski, Remont, and

iuceme at midday from five harvests for non-stressed and stressed experiments.

LJl

Growthl Growth2 Growttr3 Regrowth
(30 DSr) (60 DS) (90 DS) (65 DS)

Non-stressed

-4.97

- 1.05

-0.91

Stressed

-1.06

-1.01

-1.06

I Regrowth 2
(eo Ds)

-0.84

-0.86

-0.91

-I,UJ

-0.91

-0.95

Lucerne

'::.tt

ifsri

Remont

-0.86

-0.89

-0.88

-0.96

-a.94

- i.03

-1.04

-0.93

- 1.05

-1.00

-1 0l

- 1.07

-0.83

-0.83

-4.79

-1.01

t tt

-1.03

PpF Wz

P>F C3

Pr2F w*C

T
.',{i,

0.0339

43429

8.3494

0.6721

0.2479

0.4953

0.03

0.04

0.05

0.1 1 55

0.5204

0.5857

0.04

0.04

0.06

0.0017

0.5476

4."7424

0.04

0.05

0.07

4.4279

0.s477

0.2464

0.03

0.03

0.04

SEM" W

$EM C

SEM WXC

0.o2

0.02

0.03

DS= Days after imposing soil rnoisture stress.
,,W= 5"11 moisture level.
.& Cultivar
$EM= Standard error of the mean

analvsis of data over three harvests showed PpF H =0.01 16, SEM H=0.2378,
C*0.8186. SEM C *0.2378, PpF C*H=A3942, SEM'CxF=0.4119, PDF

:0.0169, sEM w=0.1942, PpF w*H=0.4309, sEM w*H=0.3363,PpF
!0.6364. SEM W*C=0.3363, PpF W*C*H=0.7081, SEM W*C*H-O.5826



Water relationships of sainfoin and lucerne........ 232

,8.4.3.5 Turgor potential fp)

Pooled analysis of variance over the first three harvests showed only
significant effects for harvests at dawn and midday (Tabres g.rg and g.r9). At dawn
the P of the third harvest was lower than thar of the first and second harvesr
(Table 8'18)' At midday' although there was no significant difference between p of
plants at the second and third harvests, P was highest at rhe first harvest (Table g.l9).

lr:, Repeated measures analysis of P of the regrowth and growrh harvests showed
that at rnidday there was a significant effect of time (Appendix g.6). The p of rhe

l.regrowth prants was rower than that of the growth plants (Tabre g.1g).
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Table 8.18: Turgor potential (Mpa) of Eski, Remont, and lucerne at dawn from frve
harvests for non-strsssed and stressed experiments.

Crowth I Crowth 2 Growrh 3 Regrowth 1
(30 DS') (60 DS) (90 DS) (65 DS)

Regrowth 2
(e5 DS)

Non-stressed

Eski

Remont

Lucerne

0.63

0.46

4.44

0.69

0.63

0.65

434

0.29

0.41

4.75

0.57

0.65

0.33

0.56

0.25

Eski

Remont

Lucerne

0.63

0.44

v.1 l

0.76

0.57

0.62

437

0.38

0.40

-0.19

-4.20

0.a2

Stressed

a.4a

4.49

0.41

P>F W2

PDF C3

Pr>F W*C

4.4555

4.4096

4.4534

0.1388

4.0628

4.1721

4J459

4.6449

4.6229

0.0013

4.8712

9.673A

0.5013

4.a387

4.107A

SEMO W

SEM C

SEM W*C

0.4827

0.1000

4.1624

0.0255

0.0313

0.M42

Q.A478

0.0586

0.0829

4.5295

4.617A

0.0873

0.0939

4.1152

4.rc28

,l DS= Days after imposing soil moistl.:re stress'W= Soil moisture level.
'C= Cultivar

i,,, 
u SEM= Standard error of the mean

,:.

i lf]:9 analysis of dara over rhree harvesrs showed ppF H = 0.0001, SEM H =
It l"of3, P>F c= 0.2202, sEM c = 0.0403, pr>F c*H- 0.66za,SEM C*H= at)737,
i,l:l w=o'3365 , sEM w= 0.0325, pr>F w*H= a.zgzs,sEM w*H= 0.0586, pr>F
i;wnc= a.g41g, sEM w*c= 0.05g6, p*F w*c*H= 0.3g24, sgM w*c*H_ o.r1z3;".

i,,
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i Talte 8.19: Turgor potential (MPa) of Eski, Remont, and lucerne at midday from

l f:we harvests for non-stressed and stressed experiments.

Growth 1

(30 DS')
Growth 2 Growth 3
(60 DS) {90 DS)

Regrowth 1

(6s DS)
Regrowth 2
(95 DS)

Non-stressed

Eski

Remont

Lucerne

0.70

0.51

4.44

0.65

0.56

0.59

0.31

0.18

0.42

0.36

0.43

o.25

0.51

0.34

0.15

Eski

Rernont

Lucerne

0.58

0.41

0.59

0.56

4.44

4.52

0.05

0.00

4.47

4.46

0.30

0.00

-0.32

-0.03

4.26

PpF W2

P>F C3

PpF W*C

0.8071

4.rc64

4.2661

0.2911

0.6100

0.9690

0.4177

'0.1766

0.7156

0.1506

0.3488

0.4t13

a.at21

0.77 17

4.4268

SEM4 W

SEM C

SEM WXC

0.05

0.06

0.09

0.6i

4.15

1.05

0.1 l

0. 13

0.18

0.11

0.14

0.19

0.09

0.11

0.15

I DS- Days after imposing soil moisture stress
1W= Soil moisture level.
I C* gu1tluu.

I Sgivf- Standard errcr of the mean

Pooled analysis over three harvests shawed ppF H = 0.0004, sEM H* a.s7g4,yr>F
Y: O 1460, SEM C = 8.5794, P*F C*H= A30tZ, SEM C*H= 1.0036, ppF
\{= A.2229, SEM W= 8.4731, Pr>F W*H= 0.82?6, SEM W*H- 0.g194, p;F
Vnc= a.4273, sEM wxc= 0.g194, pDF w*c*H= 0.95?2, sEM w*c*H*1 .4193
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'r', 8.4.3.6 Photosynthetic rate (p")

Pooled ANovA over three growth harvests showed that p" was different

'befween harvests (P<0'05) (Table s.20). Also, the interaction of cultivar by harvesr:.-
' 
was significant (Table 8.2o), with the third harvest having a higher pn rhan the other

'two harvests' Eski had the highest P" at the first and third harvests (Table g.20).

,' t"oarate ANOVA for each harvest did not show consistent trends for either
soil moisture or cultivar (Table g.Z0).

' Repeated measures analysis of P, at the first and second haryests and their
subsequent regrowth harvest, showed a non-significant effect for time, however, the
ilteraction of time by soil moisture was significant (Appendix g.6). The regrowth
plants had higher and lower P" than the growth plants under non-stressed and stressed
conditions, respectively.

,i1:', 8.4.3.7 Stornatal resistance {Rs)

t Pooied ANovA over three growth harvests showed, stomatal resistance (Rs)
measured by a Li-Cor 62ao was not significantly differenr berween soii moisture

;f;' ttuut**ts, cultivars, and harvests. None of interactions was significant over three
. ha-rvests (Table 8'21). separate analysis of harvests showed that stressed plant Rs was

higher than that of the non*stressed plants at all growrh and regrowth han/ests

peated Ineasures analysis of Rs at the first and second harvests and their
subsequent regrowth harvests, showed higher Rs for the growth plants than for the

;lleSrowth 
plants (P<0'0001) (Appendix 8.7). The inleracrions of time by soii rnoisrure

iby harvest (P<0'001), and tirne by cultivar by harvest were also significant. The
regrcwth plants had higher Rs than growth planrs under stressed conditions, and the

,.! or the regrowth planrs of the sainfoin cultivars at the seccnd harvest was lower
than that of the growth plants, but it was similar for rucerne.
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Table 8-20: Photosynthesis (pmol Cor/mzls) of Eski, Remont, and lucerne at rnidday

from five harvests for non-stressed and stressed experiments.

Growthl Growth2 Crowth3 Regrowth
(30 DSt) (60 DS) (90 DS) (65 DS)

Regrowth 2
(es DS)

Eski

Remont

Lucerne

Eski

Remont

Lucerne

r 8.8

r 6.8

1^ 1l/+.1

15.9

13.8

t7.4

13.2

r6.4

16.8

Stressed

19.5

16.6

15. i

16.7

16.4

r5.6

l*]on-stressed

16.9

16.2

19.5

18.9

15.2

17.9

r 8.5

18.I

2t.3

12.8

10.5

14.0

Pr>F W?

Pr>F C3

P>p'g;xg

0.0049

0.0021

0.7380

0.9343

0.4076-

0.6035

0.7533

0.5885

0.1413

0.25&

0.2540

0.2435

0.0003

0.1595

CI.8271

SEM'W

SEM C

SEM W*C

0.5112

4.6261

0.8855

1.1550

1.4150

2.0410

0.9453

1.1517

1.6373

0.6679

0.8181

1.1569

0.8711

1.0669

1.6561

,'DS* Days after imposing soil moisture srress.
,'- W= Scil moisture level.
1,3 C= Cultivar
.j SEU= Standard error of the mean

,.1""!d analysis of data over three harvests showed pDF H *0.0394, sEM H=0.599,
loF C=o.6168, sEM c =0.599, pDF c*H=0.0290, sgM c*H=l.03g, p>F
w=f..M74, sEM w=0.4g9, ppF wxH*0.269g, sEM wxH=0.g4g, ppF
W*c=0.435g, sEM w*c*0.g4g, ppF 14,*ql*]l=e.zoal, sEM w*c*H=1,46g
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Table 8.21: Stomatal resistance (s/cm) of Eski, Remont, and lucerne at rnidday from

five harvests for non-stressed and stressed experiments, measured by a Li-Cor 6200.

Growth I Growth 2 Growth 3 Regrowth I
(30 DSr) (50 DS) (e0 DS) (6s DS)

Regrowth 2
(es DS)

0.351

0.352

4.412

0.361

0.289

a.n5

0.255

0.335

0.307

0.1 55

0_143

0.1 17

Non-stressed

0.251

0.237

0.227

Eski

Remont

Lucerne

a.M7

0.415

0.558

1.426

a.$a

0.610

Stressed

0.370

0"400

0.4?5

0.557

Q.462

0.573

4.525

4.5'73

a.n5

PDF W?

P>F C3

P>F W*C

a.uza

4.0644

8.7238

4.2534

4.278r"

0.4808

0.0r 16

0.9814

0.8082

0.0008

4.7952

0.3876

0.0001

0.1602

0.0884

SEM4 W

STM C

SEM W*C

0.0196

4.0239

0.0339

4.121

0.148

0.209

4.4374

0.0458

0.098

0"0371

0.0454

0.0&3

0.0586

o.ot19

0.1016

t DS= Days after imposing soil moisture stress.
'W= Soil moisture level.
'c= cultiuar
'SEM= Standard error of the mean

Pooled analysis of data over three harvests showed Pr>F H =0.1636, sEM H=0. a&2,
P>F c=asBZZ, sEM c =0.a642, ppF c*H=a3794, sEM c*F*0.1111, ppF
w=0.0850, sEM w=0.052, ppF W*H=0.i705, SEM WxH=0.0g07, p>F
W*c=0.7824, sEM w*c*0.0907, p*F 1v*c*H*0.066g0, sEM w*c*H= a.t5-/2
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8.4.3.8 Stomatal resistance measured by pcrometer (Rs)

Total Rs was calculated from Rs of the adaxial and abaxial leaf surfaces, and
over the first three ha-rvests showed significant differences between Rs of the stressed
and non-stressed plants (P<0.01), haffests (P<0.001), and interaction of sail moisture
by cultivar (P<0.05). The stressed planrs had higher Rs than non-stress€d plants, and
due to high Rs of the abaxial surface of Eski ar the second harvest, plants had hieher
Rs at this harvesr than for the third harvest.

The adaxial and abaxia.l leaf surfaces had different responses to harvest, soil
moisture, and the interaction of the cultivar by soil moisture. Relative to the adaxial

vu vJ evrr rrruforulu, ri4l vcbls, anO
cultivar' The total Rs of the ieaf was mostly influenced by Rs of the adaxial surface
(Tables I '22 a'b) ' At rhe third harvest a lower rotal Rs than that ar the second harvesr

Repeated rneasures anarysis of Rs showed no significant ,,eatment effects or
f;)i:ntenxions for rhe second harvesr and irs subsequenr regrowth (Appendix g.7).

238
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Table 8"22 (a): Stomatal resistance (s/cm) of adaxial and abaxial leaf surfaces

measured by Delta T porometer for Eski, Remont, and lucerne for stressed and non-

stressed experimenls.

Harvest 2 (60 DS') Harvest 3 (90 DS) Regrowth 2 (105 DS)

Adaxial Abaxial Adaxial Abaxial Adaxial Abaxial

Eski

Rernont

Lucerne

1.21

1.29

r.59

4.13

3.26

1.93

4.92

1.08

1.25

f.i0

|.21

1.69

1.31

1.30

2.81

Non-stressed
1AaL.AL

1.55

2.18

Eski

Remont

Luceme

t.12

1.89

2.08

2.6t

2.&

2.21

.!..+a

2.72

1.10

3.69

J. t+

1.32

Stressed

1.68 2.76

1.35 3.12

1.24 1.81

PpF W?

P>F C3

PpF W*C

0.0001

0.0001

0.6518

9.2758

0.1832

0.4319

0.0055

0.8178

0.0278

0.0650

0.7966

4.0121

0.0028

4.t477

0.0006

0.0007

4.2590

0.0001

,SEM4 
W

SEM C

SEM W*C

0.0341

0.4180

0.0592

0.3875

a.4746

a.67 13

0.4726

0.0889

0.1258

4.2258

0.2764

0.3910

0.it1l

0.1 361

a.$26

0.1125

a.?113

0.2988

I DS= Days after imposing soil moislure stress

?W= Soil rnoisture level.

i1 C= Cultivar

,SEM= Standard error of the mcan
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. Tatrfe 8.22 {b}: pooled analysis

., measured by Delta T porometer

,, abaxial and total leaf surfaces.
,i:

of variance results (p>F) for stomatar reslstance
over lhe second and third harvests for adaxial,

CuHi Cu*H w*H WxCu W*H*C

u

PpF 0.0001

sEM a.0414

0.4724 a.02CI1

0.0506 0.0716

.ddaxial

0.0001 A.rc76 0.0320 0.0331

0.a414 0.0585 0.0716 0.I013

Pr>F

SEM

0.0885

4.2238

43295 0.16&

0.2742 0.3817

Abaxial

0.9]50 0.0537

4.2238 a3rc6

0.5631 0.0281

43877 0.5484

Pr>F 0.0003

sEM 0.03i5

0.9389 0.9139

0.0386 0.0546

4.6576 0.0481

0.0445 a.0546

Tofal

0.0001

0.0315

4.0220

0.a772

,l H= Harvest, Cu= gultiu&r, W'= Soil rnoisture level.

:t

't



8.43.9 Stomatal frequency

Comparison of stomatal frequencies of adaxial and abaxial leaf surfaces using

t-rest showed rhar the frequencies for Eski (152t8 vs 309t30 per mm2), and Remont

(l&*32 vs 313X22 per mm2) were significantly different (P<0.01) for the abaxial

and adaxial leaf surfaces respectively. However lucerne had statistically sirnilar

stomatal frequencies on abaxial (272*35 per mm2; and adaxial (313*22 per mmz;

surfaces of the leaves (Plate 8.4).
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8.5 Discussion

r 8.5.1 Soil moisture

Both experiments initially had similar soil moisture, however,

' evapotranspiration from the stressed experiment continually depleted soil moisture
such that the (final) second regrowth harvest had the lowest soil moisture to 0.7 m
depth.

Roots in the top soil (0-0.15 m depth) initially reduced soil moisture in this
zone' however as roots grew deeper soil moisrure was lost from lower in the profile

: (e'g' 0'3, 0'5 m depth). Relative to the non-sressed experiment, the average soil
;moisture reduction in the top 0.7 m of soil of the stressed experiment was7.5, 14,
' and 24vo during the 30, 60, and 90 days after imposing water stress, respectively
; (Table 8.1). The non-stressed experiment had soil moisture at field capacity during
I the experiment (Appendices g.3, g.l).

growth was 0.8,0.45, 1.9 (kg/mz/day) respectively. scotrer et al. (l97gb) found
erapotranspiration of perennial ryegrass was 6-7 (kg/m2/dag. one explanation for the

|o*"t 
evapotranspiration rate in this srudy might be related to the type of plants.

F1crenrual 
ryegrass was a continous sward and used more soil moisture than the plants

lf 
this study which were spaced plants. The plants in the present study were deep

(Chapter 7) and might have depleted soil moisrure from depths below 0.7 m,
the soil moisture was onry measured above 0.7 mdepth (Scotter er a/. rglgbD.

et al' (1985) found that evapotranspiration rate was linearly related to soil
deficit. This is another reason for less evapotranspiration by plants in this

with a high soil moisture deficit compared with the results of Scotter er a/.

:'. The estimation of evapotranspiration from the stressed experiment using soil

Omoisture 
data showed that the evapotranspiration rate in the first to third months of

) measured at field capacity.
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Yield and yield components of the stressed plants were decreased as water
stress progressed from the first to the third harvest. water stress decreased the stem
dry weight of both sainfoin and lucerne, as has been previously reported for lucerne
(cowett and Sprague rg62; peterson et ar. rgg2: Halim et ar. lggg;
Mir-Hosseini-Dehabadi et al. 1993b) (Chapter 4), and sainfoin
(Mir-Hosseini-Dehabadi et al. 1993c) (Chapter 5).

over all harvests the leaf/stem ratio of Eski (0.62)was higher than for lucerne
(0'5)' in agreement with Mir-Hosseini-Dehabadi et at. (r993c) (chapter 5) who
found higher leaf/stem ratio for Eski than lucerne (1.14 vs 0.g). The higher leaf/stem
ratio might have increased the forage quariry. Leaf protein, in_vitro digestiblit y, Ca,
and Mg were higher than for stems in sainfoin, and the percentage of cellulose,
hemicellulose, Iignin, cell wall constituents and K was lower than for stems (Koch
et al' 1972)' Kidambi et al' (1990) found an increase in the concentrations of ca,
Mg' and zn' in sainfoin and lucerne with decreasing soil moisture supply. peterson
et al' (199T indicated that the improved quality of water stressed legumes (lucerne,
birdsfoot trefoil, red clover, cicer milkvetch) was rerated to greater leaf:stem weight
ratio.

Lucerne yield and yield components were more affected by water stress than
in the sainfoin cultivars. The yield of lucerne and sainfoin was decreased under warer1., - gvvrvavs urtLic;l waltgf

'j*tt 
by 46vo and 32vo for lucerne and sainfoin cultivars respectively. A similar

result was found in the glasshouse study (Chapter 7).
Lucerne sLA was higher than for the sainfoin curtivars. similar results were
in the glasshouse study (chapter 7), and by other researchers Sheehy and
(1981) and Mir-Hosseini-Dehabadi et at. (r993c). The greatest SLA was

for non-stressed prants from third harvest and regrowth plants. This resurt was
to findings in Chapters 5_7.

stem density was decreased by water stress in agreement with
(1960) who also found a reduction in stem density of lucerne bv

Bennett and

water stress.
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The stem density was not affected by water stress as much as stem and leaf dryweight, indicating thinner stems for stressed plants.
As expected' the different growth habit of the sainfoin cultivars resulted in adifferent distribution of yield through rhe harvests. Eski had the lowest yield at thefirst harvest' The yield distribution of Remont rerative to Eski through a, threeharvests was more similar to lucerne, (Fig. g.2), but the total yield for the season ofboth curtivars was sim'ar. Sim'arry Cooper (rg72b) found that Remont begangrofih earrier than Eski and yierded more than Eski on the first sampring (May 12)

ilT::::T.":-:'" ": 'l'last 
sampli ns etJune) was higher than that orRemonr.

;;;;; ;;:

ffi:1i:::::"11t.t* la 
rate-maturine "one-cut" rvpe) wourd most erncientry;il;;;,ilil:

in spring but is limiting in summer.
: Eski and Remont produced 70 and 53 Vo oftheir totar yierd, respectivery by

nT:jl:",:,::":::l: 
r rl rhis was in asreement with Borger et at. (reel)

"' Lucerne yield in both the stressed and non-stressed experiments was higher

::"':::::'::^'_:*":"::':_'* 
(Fig 8.2), a resurt which has been reported in

,*0,;;;"; )ii,'",nro,
f'r"l:::::Tr:ir 

et a.t. tee3c). percival and Mceueen (re80) found that the4[ lne
1n{nest yierding sainfoin curtivar in their study (Merrose) had onry half the yierd of

ffi: ::::.: i", 
rrrrn,-]n u oo region in canada, found the average yierd for;;;'-il:"J;:r

tT:'.:::,:::",r,r.:l 
et aL ree2) lucerne out_yielded the othertegume species underrarer stress condidons. For exampr€, the average yierd of drought stressed ru""lr",

fj::r:"ater 
than for birdsfoot trefo' and cicer m'kvetch, and r6'vogreater than

The lesser effect of water stress on sainfoin than rucerne courd have resurtedboth drought avoidance and drought torerance strategies. sainfoin produced the
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higher proportion of its yield early in the season when in addition to enough soil
moisture the Iower VpD would increase plant WUE-

Rerative to sainfoin, Iucerne has a higher forage production and was abre to
adapt to water stress by osmotic a-djustment and increased Rs. The yield of lucerne
was affected by water stress more than for sainfoin (Tabres g.3,and g.4) and its v
was lower than that of the sainfoin (Tables 8.10-8.13). The relatively grearer effects

,,ot:ut": 
stress on lucerne, than on sainfoin courd have been partty due to its higher

production in the absence of water stress.

In conclusion, sainfoin wourd be preferabre, for areas with a soil moisture
limitation in summer, since in addition to its equal yield in spring it is more palatable

;.f* tltt- (smoliak and Hanna 1975),does not cause bloat in ruminant livestock
(Gutek et al' 1974) and it is also not sensirive to rucerne pests and diseases eg. arfarfa
weevil ( Hypera posttca L.) (Hanna et al. 1972).

853 Physiological factors:

The physiologicar factors Jike reladve water content, osmotic potentiar, turgor
IDIenuaI' stomatal resistance, and solute accumirlation were influenced by changing
poil moisture' As water stress increased the stomatal resistance increased and leaf

ill"t 
potential and osmotic potential decreased. similar results were found in the

ill:":t""ments 
(chapters 3-7). Forexample: over five harvests the RWc reduced

l-'* T 
*" srudy and 7vo in the grasshouse srudy (chapter 7). The difference

il":] ,- "1": srressed and non-stressed plants of the present study was 0.4 Mpa,t fol the glasshouse experiment was arso 0.4 Mpa (chapter 7). Rerative to non_

iY.:tt"" 
the osmotic potentiar of the plants was decreased by 0.5 Mpa, whichsimilartotheglasshousestudydecreaseof0.4MPa(Chapter7).

The Rs of sainfoin and rucerne were sim'ar, in agreement with the resurts of
and Popple (1981) and Bolger (1988). The Rs of the leaf surfaces (adaxial

abaxial) were different for the sainfoin. curtivars, but not for rucerne. Thisrence was higher for sainfoin curtivars in the crimate room (Chapter 6), than in
house (chapter 7), or in the fierd (chapter g), which courd have been

' rl*
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caused by environmental conditions. In climate room vpd was higher and light

intensity was lower than glass house and field. Low light intensity increased the

effects of vpd on stomatal closure and in high vpd the stomatal resistance of adaxial

leaf surface decrease higher than that of the abaxial leaf surface (Pallardy and

i Kozlowski 1979). The Rs of the adaxial surface of sainfoin responded to water stress

earlier than the abaxial surface, while the responses of the abaxial and abaxial surface

of lucerne were similar. Pallardy and Kozlowski (1979) reported a greater sensitivity

of the adaxial stomata of Populus to VPD and light density than for the abaxial

stomata.

There are some possible explanations for the different stomatal resistance (Rs)

of the adaxial and abaxial surfaces of the sainfoin leaves. A higher stomatal

frequency was found for the adaxial leaf surfaces than the abaxial surfaces (Plate

8.4), whereas lucerne had a similar stomatal frequencies on both sides of the leaves.

Lower stomatal frequency would increase the Rs, decrease water use, and increase

water use efficiency (Jones 1983). However the effect of stomatal frequency on

:wsteruse depends on pore size, which needs to be investigated in sainfoin for adaxial

and abaxial leaf surfaces. Jones (1977) found selection for low stomatal frequency

of barley was offset by increases in pore size (so that leaf Rs was unchanged).

A linear function of n on RWC (Fig8.3b) accounted for 97,91,95Vo of.

in n for Eski, Remont, and lucerne respectively, and showed the changes

the osmotic potential of the leaves were mostly due to dehydration rather than

accumulation. The results showed that over five harvests the difference

betrneen n of stressed and non-stressed plants was 0.5 MPa whereas for n,* it was

y 0.1 MPa, suggesting only 2OVo of change in n was due to solute accumulation

the leaves. In the glasshouse experiment (Chapter 7) the n of the stressed and

plants (1.6 vs l.l) was similar to that of the present study whereas rrm was

.16 vs 0.96 MPa) indicating that 4OVo of the changes in r were from solute

During the experiment the water .on,"n, of plants recovered at dawn. For

247
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relative water content over three harvests was 92 and 86 Vo at davtn and
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miaaay respectively (Tables 8.8-8.19), and relative to midday it increased l2%o at

dawn (Fig. 8.3 a-d).

Lucerne was effected bv water stress more than sainfoin, and had a lower leaf

water potential and osmotic potential than for sainfoin (Tables 8.10-8.15). These

iesults confirmed the results of the indoors studies (Mir-Hosseini-Dehabadi 1993a)

(Chaptet 3) and (Chapter 7). A higher Y for sainfoin than lucerne was also found by

Sheehy and Popple (l9Sl). Over the five harvests the difference between Y of these

two species was about 0.6 MPa, a similar difference to that in the study of Sheehy

and Popple (1981). They did not present any reason for this difference, due to

insufficient information available to determine the basis of higher Y in sainfoin than

lucerne.

The n of the plants changed dramatically at Y less than -1.5 MPa (Fig.

8.3 a-d), but at dawn when Y was about -1.5 MPa at a RWC of about 657o the

; reduction of n was only 0.5 MPa (Fig 8.3 a-d), indicating the earlier effect of water

stress on Y than rc. Lower Y and n at midday; than at dawn, at a given RWC (Fig.

8.3) suggested the effects of other factors (eg. temperature, humidity) on Y and n of

the leaves.

More negative leaf water potential of the fegrowth than growth plants could

have been due to greater severity of water stress for regrowth plants in particular for

the regrowth following the second harvest (Iable 8.1).

In summary the following reasons might have resulted in the higher leaf water

potential of sainfoin than of lucerne during the experiment:

1) Higher demand for water by lucerne than for sainfoin because of higher leaf area,

and 2) The higher stomatal resistance of sainfoin than lucerne at a given leaf water

potential, therefore giving sainfoin relatively greater drought tolerance.

248
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ari Ao.J LOnClUStOns

Sainfoin cultivars had different growth pattems during the experiment. Eski
initially grew more slowly but the total mass produced was similar for both
cultivars' Lucerne out-yielded sainfoin cultivars in the stressed and non-stressed
experiments, and had a higher LA, reaf dry weight, stem dry weight, stem density

: and SLA than sainfoin.

Lucerne yield was affected by soil moisture stress relatively more than
sainfoin and also showed lower Y, and n than sainfoin, but similar Rs, RWC, and
fit* for both species. Both species showed recovery from water stress during the

,night by having higher RWC, y, and ,T, at dawn than midday.
Sainfoin produced a high proportion of its yierd early in the season, and

maintained its Y and n higher than lucern: -d promised to be a desirable plant as
an alternative to lucerne in dry conditions.
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Isotope Dis'crimination of leaves and roots
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Carbon Isotope Discrimination of leaves and roots of water 

stressed sainfoin 

9.1 Abstract 

isotope discrimination (.c.) of leaves, and roots from different depths of 

cultivars were studied in four indoor and outdoor experiments. The .c. of 

Remont (sainfoin cultivars), and lucerne was compared over three harvests 

10 a field experiment under non-stressed and progressive water stress and 
:r� 

conditions. 

results showed strong negative correlation between .c. and WUE as predicted 

. theory. A positive correlation was found between .c. and transpiration rate, 

potential (P), relative water content (RWC), instantaneous transpiration rate, 

· c rate and yield. Discrimination (.c.) was negatively correlated with 

resistance (Rs), leaf water potential ('I'), and osmotic potential (1t) of the 

Roots had a lower .c. than !eaves, and .c. was lower for deep roots than for 

shallow roots . 

............ u'"'L.l'--'11 (.c.), of Eski ("one-cut" type sainfoin) and lucerne was lower than 

Remont ("two-cut" type sainfoin) across the three field harvests, which 

'6E.'''"\;;·U that, similar to lucerne, Eski had a higher WUE than Remont over the 

thfee harvests. The results suggested that .c. was an effective method for 

:-�" ...... .... ;:.. the WUE of sainfoin and lucerne cultivars. Plant .c. reflected the plant 
.. 

of water use, and did not account for any effect of short term severe stress 
J 

on plant production or survival. 



9.2 Introduction

Among forage legumes lucerne is well known as a highly productive species

dry and wet conditions. Although lucerne has received considerable research

, information about sainfoin and its capacity in dry conditions is sparse

1988).

Higher water use efficiency (w'UE) is an attribute which is considered to

in superior yield during water stress conditions (Singh and Kumar l9gl,
and Sinha 1983, Misra and chaudhary 1985). variation in wUE among

within species has been shown by Briggs and Shantz (1914). Their results have
:-
:ri reinforced in the last decade, with numerous reports of substantial variation in

both benreen and within species e.g. in wheat (Farquhar and Richards l9g4;

ie et al. l99l; Ehdaie and waines 1993), crested wheatgrass (Frank et al l9g5),

(Hubick and Farquhar 1989), rice (Dingkuhn et al r99l), sunflower (virgona

i:al. 1990), peanut (Hubick et al. l9}6a), and cowpea (Ismail and Hall 1992).

variation in the wlJE of sainfoin cultivars has not been reported so far,

; high wuE of sainfoin in spring relati-ve to summer has been reported by

and Matches (1990). Although this was similar to lucerne wuE in spring,

had a higher wrJE than sainfoin over the the whole season. Bolger and

(1990) used only above ground components of the plants for their

ations. Consideration of both roots and shoots might influence WUE of sainfoin

to lucerne, particularly since sainfoin has a lower S/R ratio (Mir-Hosseini-

et al 1993c), (Chapter 5).

' Root development in dry conditions is a favourable characteristic which helps

obtain water from depth and survive during drought. Measurement of root

is difficult, with high labour rcquirements and low accuracy. Furthermore, the

measurement of plant transpiration in the field is also difficult and

to error in the investigation of species and cultivar differences in wuE.
Carbon isotope discrimination (a) is a new approach for identifying variation

WUE of plants, and may overcome the considerable problems involved in field



is otope disc rimination.............. 253

nt of total dry matter production and transpiration. The theory has been

on discrimination against ''C by leaves during photosynthesis (Farquhar et al.

; Farquhar and Richards 1984). In leaf tissue a has been shown to be

ively correlated with WUE in numerous species (Farquhar and Richards 1984;

et al. 1986a; Hubick and Farquhar 1989; Hubick et aI. 1988; Martin and

sen 1988; Condon et al. l99O; Virgona et al. 1990; Johnson et al. 1990a;

et al. l99l; Johnson and Bassett l99l: Ehdaie et al. l99l; Ehleringer 1991;

and Hall 1992.

objectives of this study were to understand:

a) the effects of water stress on the a of the roots and shoots of sainfoin;

b) variation in WUE between sainfoin cultivars indoors and outdoors under constant

and progressive water stress;

c) a comparison of the WUE of sainfoin and lucerne in the field, with progressive

d) relationships between leaf physiological characters and a during water stress.

93 Materials and Methods

93.1 Technique

' Carbon isotope discrimination a was studied in the following :

a) leaves of the four sainfoin cultivars (Cotswold-corlmon, Eski, Fakir, and Remont)

, at three levels of soil moisture from the climate room experiment (Chapter 6)

b) the leaves of the cultivars Grasslands G35 and Eski from second harvest of the

glasshouse experiment (Chapter 7)

1 c) roots of the cultivar Eski at 0-0.1 and 0.6-0.8 m depth from the second harvest of

glasshouse experiment (Chapter 7).

$'d) 
leaves of the cultivar Remont under two levels of soil moisture (Chapter 5)

1$' e) leaves of the cultivars Eski and Remont, and of lucerne (Grasslands Oranga) at the
;i*..'ii'.

ffi second, third and first regrowth harvests at two soil moisture levels, with three
&ii
ff, repticates in the field experiment (Chapter 8).
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After harvest the samples of leaves/roots were dried immediately at Z0 oC for
48 h and ground to a fine powder in a Wiley mill (40;rm) and then the molar ratio
of C isotopes in the samples were determined using a ratio mass spectrometer as

ribed by Hubick et al. (l9g6a). Leaves was bulked to give a minimum sample
size of lg dry weight.

The samples of stressed and control treatments from the climate room
t (chapter 6) were analyzed at the Australian National university (ANU)_

h School of Biological Science, and the rest of the samples were analyzed at
the, waikato stable Isotope Unit waikato University (New Tnaland).
r rhe a was carcurated assuming a varue of -g * r0-3 for the isotopic

cgmposition of the air relative to the standard Pee Dee formation of belemnite (Mook
et al. 7983; Farquhar et al. l9g9a).

93.2 Measurements

The following molphological and physiological treatments were measured as
previously described (Chapters 5_g):

Yield, Y, n, RWC, Rs, Tr, and po,and the ratio of C,/C" was measured by Li_
Cor 6200 from the same leaves used for Rs and p" .

93.3: Statistical analysis

Analysis of variance was performed using the appropriate experimental design
(see chapters 5-8), using the General Linear Model (GLM) procedure of sAS (sAS
Institute Inc. l99l). The relationships between plant characters and a were tested bv
linear regression (Steel and Torrie lggl).
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9.4 Results

9.4.1 Climate room experiment

The a of plants (samples) from the climate room experiment ranged from

18.81 to 24.57 and showed significant differences between a for soil moisture levels

001) (Table 9.1). The a of cultivars was not significantly different. The a of

tbe moderately (a= 20.48) and severely (a= 20.86) stressed plants was lower than

for the control plants (a= 23.18) (Table 9.1).

Table 9.1: Carbon isotope discrimination (a*1000) with Cotswold-Common, Eski,

Fakir, and Remont, at three levels of soil moisture in a climate room.

Control Moderatelystressed Severelystressed

Cotswold-Common

Remont

23.49

22.8r

23.36

23.07

2t.05

20.61

20.45

2t.32

21.30

t9.63

20.25

20.73

Soil moisture *r<* G< 0.001) (SEM=0.27)

Cultivar ns

Soil moisture x cultivar ns. Numbers are mean of four replicates.
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9.4.2 Glasshouse results

;9.4.2.1 Carbon isotope discrimination of leaves in the glasshouse experiment

(Chapter 7).

Carbon isotope discrimination of the leaves (samples) ranged between 21.77

'and 23.79 and was significantly different between stressed and non-stressed

treatrnents (P<0.05) (Table 9.2). However, a was not significantly different between

sainfoin cultivars (Grasslands G35, and Eski).

Table 9.2: Carbon isotope discrimination (a*1000) with leaves of Eski and

Grasslands G35 at two soil moisture levels in the glasshouse.

Eski Grasslands G35

Non-stressed

Stressed

22.71

22.46

23.54

22.41

Cultivar ns (P<0.05)

Soil moisture * (P<0.05) (SEM=O.19)

Cultivar x soil moisture ns (P<0.05)

$.4.2.2 Carbon isotope discrimination of the roots

The a of the roots (samples) ranged between 20.19 and 22.15 and was

sigmficantly greater at 0-0.1 m than at 0.6-0.8 m depth (P<0.001) (Table 9.3).

Stressed plants had significantly lower a (20.86) than the non-stressed plants

(21.26) (P<0.05). The interaction of soil moisture by depth was also significant

(P<0.011, while the differences in a for the stressed and non-stressed plants ar 0.1 m

depth (0.95) were higher than at 0.6-0.8 m depth (0.16) (Table 9.3).
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Table 9.3: Carbon isotope discrimination (a*1000) of roots
and two soii moisture levels in the Glasshouse.

of Eski, at two depths

Depth (m)

0.0-0.1 0.6-0.8

Non-stressed

Stressed

21.98

21.03

20.53

20.69

Soil moisture * (p<0.05) (SEM=O.129)

,.f3nttt 
**r'* (P(0.0001) (SEM=O. 129)

lfoil moisrure X depth ** (p<0.01) (SEM=O.1g3)
;r"

',",

iRepeated measures analysis for comparison of the a of leaves and roots showed

i,l ** significantly different for leaves and roots (p<0.05). The a of leaves
i22.6, and of roots was 21.6.

9.4.3 Carbon isotope discrimination in the field

9.43.1 Carbon isotope discrimination of Remont

There

that

was

Qr.62{.16)

was a significant difference between a of reaves

and non-stressed Remont (22.6{.16) (p<0.05). The
20.99-22.6s.

of stressed

range a for
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carbon isotope discrimination of Eski" Remonl and lucerne in the field.

The a ranged between 20.84. and 26.12 aad pooled ANovA over three

[arvests (second, third, and frst regrowth han'esr) :hosed a significant difference

) (Table 9.4) between a of stressed (23.01) and non-sressed (23.35) plants.

over three harvests there was a significanr difference (pd.0001) (Table 9.4)
petween cultivar/species. The highest a wits for Remont (2.3.67) and the a of the

Eski, and lucerne was statisricary similar (p<o.05) (Table 9.a).

carbon isotope discrimination was affected bv han'esr

harvest had the highest a (23.52), q,hile the second

(23.06) had statistically similar a (Iable 9.-t).

The interaction of soil moisture by cukivar $as nor significant, however a

interaction was found between hanesr and soil moisnre (p<0.01) (Table

'4)' Tne differences between a of stressed and non-stressed plants at the third
harvest (1.16) were higher than at the second (0.14) and re-erowrh harvests (0.05).

Separate ANovA for a of each harr-est shos-ed rhar a was significantly
05) different only at the -third harvesr lTable 9.-t). cultivar/species had

y different a only at the third and re,srourh ha^,es6, and the interaction
soil moisrure and curtivar was not significant ar an)- ha^'est.

(P4.05) and the

(22.96) and third
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9.4: carbon isotope discrimination (a*1000) of Eski, Remont, and lucerne for
non-stressed and stressed experiments at the second (60 days after imposing water
stoess, DS), third (90 Ds), and regrowth (65 DS) harvests in the field.

Second harvest
(60 DS)

22.801

23.tr

22.82

Third harvest
(e0 DS)

Non-stressed

23.27

24.@

23.01

Regrowth
(65 DS)

23.6

24.85

23.22

Eski

Remont

Lucerne

23.00

22.95

23.17

Stressed

22.65

23.42

2t.54

23.29

24.O8

23.W

PpF W2

P>F Cu

P>F W*Cu

0.605

0.875

0.515

0.o2r

0.006

0.630

0.786

o.025

o.527

SEM W

SEM Cu

SEM W*Cu

0.130

0.160

o.230

0.225

0.280

0.389

0.136

o.t67

0.236

i P"o are mean of three replicates.
.1 W= soil moisture levels, Cu= cultivar, W*Cu= interaction of soil moisture bycultivar, and SEM= standard enor of the mean.

Pooled analysis of variance over all three harvests showed ppF Harvest (H)= o.btoz,
i,Y,}1rv::,*].?9.{>ff':_g*t, sEM cu= 0.128 ppF w=0.02, SEM of

=O.103 PpF W*H=0.0O29 SEM W*H= 0.17g5.
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Relationships between a and y, 
TE, p, RWC, Rs, Tr, C/C, and pn

Leaf water potentiar (y) (r = -0.g4, p<0.001), Rwc (r=-0.7, p<0.05), n (r
-0.69, P< 0.05) were negatively correlated with a, and p (r - 0.65 p <0.05) had
itive correlation with a in the climate room experiment (chapter 6) (Fig. 9.1 a_d).

none of these factors were significantly correlated with a in subsequent

Stomatal resistance of the whole leaf (r = -0.g7 p<0.001), adaxial (r = _0.g5

'4'0ol), and abaxial (r =-0.70 P<0.05) surfaces were negatively correlated with a
in the climate room experiment (Fig.9.2a-c), but this relationship was not significanr

other experiments.

Insrantaneous transpiration (mol Hro/mz I s) (F0.s4 b0.00 I ) photosynthetic

0rmol Cor/m2ls) (r = 0.83 P<0.001), and average transpiration rate during
experiment (*l Hro/pot/day) (r = 0.gg p<0.001) (Fig. 9.3 a-c) were alr positivery
correlated with a. In the climate room experiment, wuE had a strong negative
correlation with a (r=-0.94 p<0.0001) (Fig 9.a).

In the third and regrowth harvests of the field
internal partial pressures of CO, of the leaf, were

(F0.93) (Fig. 9.7).

experiment the external and

positively correlated with a

9.4.5 Relationships of a with yield and SLA
Yield (r - 0.72, p<0.05) (Frg 9.6) and SLA (r = 0.62,p<0.05) of the plants

in the climate room were positively correlated with a whereas in general, there was
a poor correlation between these factors for other experiments. In the field this
relationship was not consistent. For example the average a of sainfoin and lucerne
was positively correlated with yield (r = 0.96 p<O.Ol), and SLA (r = 0.g6 p<o.05),

'but separate analysis for sainfoin and lucerne showed non-significant correlation
between a and yield and SLA- The yield of plants was also positively correlated with
average transpiration rate (Fig. 9.7) (r = 0.95 p<0.001) .
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9.5 Discussion

Carbon isotope discrimination was afreced b1. soil moisrure stress in ail
ilmenB, as predicted by the equation (a= a+{t>a)crlc.) of Farquhar er al. (l9g9a).
ratio of c/c" was directry rerated ro a and was infruenced by stomatar

' At high stomatar resistance wben rhe suppry of ce is ress than

' c' decreased and as a resurt decreased rhe ratio of c/c,. stomatar
was negadvely correlated with a (Fig. 9.2). Similar.l y C/C"was positively
with a as expected from theory Gi_e. 9.5).

Discrimination and WUE

lt F-quhar and Richards (19s4) proposed thar a n'as negatively correlated with
ant wuE ' The same correlation has been reponed by other investi-gators (Hubick
al' 1986a; Hubick et ar- rggg;Martin and rhorsensen lggg; Hubick and Farquhar

9E9; condon et ar- lgg0; virgona et ar. rgg0: Johns on et ar. rgg0; Read et ar.

3-t.]:*ton 
and Bassen l99l; Ehdaie et al.l99l: Ehleringer l99l; Ismait and

1992; 1993; and Isma' et at. ne+1. The resuru of a were conf'med by actual
red wuE of rhe prants in this experiment (Fi-e 9.a). No significant differences

n wuE of sainfoin cultivars was found b1. acruar measured wuE or a data.
The differences benveen wUE within and berween species were initially

by Briggs and shantz (1914), and have been reported subsequently for wheat
r and Richards l9g4; Ehdaie et ar. r99r). cresred wheatgrass (Fra* et ar.85)' barfey (Hubick and Farquhar r9g9), rice @ingkutn et ar.l99l), sunflower

itgona et al. 1990), peanut (Hubick et al. l9g6a), and cowpea (Ismail and Hall
and many other species. The similar a of Grasslands G35 and Eski, in the

experiment (chapter 7), suggested the \vuE of these nvo sainfoin
was similar. In contrast to the pot experiments, the fierd experiment showed

rEnt a for cultivarvspecies (Table 9.4). Different results for a betrveen pot and
experiments have been reported by (Ismail er al. 1993, lgg4).The following

may have contributed to the different resurts from the field and pot



At the pot level, only one harvest was used vtbereets the field experiment
npnsed three harvests. In the field experinenr tre growthof rbe plants for each

ts occured during different crimate (e-g- ur t,rnwrature, reradrc humidity,
light intensity), and the curtivars used in rhe fie,d experirnenr had different

ions of yield of through the experiment (sec Chapter gr.

affects RH and a (Condon et al. l9921and WUE (Schulze et aL 1957).The
experiment comprised constant environmental condidons for aII cultivars whereas

field the environmentar conditions varied, (e.g. e,arry in the s€ason the vapour
re deficit (vPD) was lower than thar late in the season) and could have

Lr the field, a lower boundary layer resistance to waier vapour and heat transfer
ur in the pots might have allowed the canop!'to to have increased transpiration for

stomatal resistance, and water use efficiency courd have been ress for a given
I resistance, compared to isolated planr.
The results of a in the field showed a rower a for lucerne compared to
l, indicating a higher wuE for iucerne. This agreed with Borger and Matches

0) who found a higher WIJE of rucerne than sainfoin, through the whore season.
similar a of the curtivars/species at the second harvest of the field experiment

rng) suggested a similar wrJE for sainfoin curtivars and lucerne in spring. Bolger
Matches (1990) also found similar water use efficiency for sainfoin and lucerne
nng' kr contrast Koch er at. (1972) found higher wuE for sainfoin in spring

::::*:t_A 
higher wuE for lucerne than for sainfoin has also been reported

and Popple (1981).

; The a for Eski and rucerne over all three harvests was similar, and higher
temont' This might have been due to greater root length and y of Eski and

than RemonL which was found in the climate room experiment (chapter 6).
.ner root length of Eski might have increased water availability compared to

llt planb and moderated the effect of water stiess at the regrowth harvest when
was low, thereby increasing wrJE and decreasing a (Gollon et ar. rgg5,
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Condon et al. l99Z\.

Another factor contributing to greater wUE of Eski might have been the
slower early season growth compared with Remont, thus saving soil moisture for
regrowth. Alternatively, the higher LAI of Eski at the regrowth harvest (0.g6)

; compared with Remont (0.53) (Table 8.2) would have increased the light interception,
and decreased the soil evaporation, and contributed to the higher wuE of Eski than
Remont' Similar reasoning has been reported for the higher wlJE of lucerne than

';sainfoin (Bolger and Matches 1990). The higher LAI of lucerne (l.l m2lm2) than
sainfoin (0-7 m2/m2; in the fierd study (Tabre g.2) arso was in agreement with
sheehy and Poppre (1981), and Koch et al. (1972). cooper (lg7zb) found slower
early season growth for Eski than Remont (r2 Muy), but higher rate season growth
of Eski (21 June).

95.22 Discrimination and Roots

since roots are the resurt of co, uptake by above ground parts of the prants
it is expected that a of roots will also be affected by the environmental conditions
(e'g. water stress, rerative humidity, temperature) at the time of their growth. The
analysis of a of roots found that roots of stressed plants had a lower a than the non-
stressed plants. An interesting result was the difference between a of the roots at
$fferent depths, which might have been due ro different soil water availability during
development of the roots at different depths. The development of the roots at depth

at a greater soil moisture deficit than for the roots at shallow depth. Roots
the shallow depth essentially grew in the absence of water stress whereas root

at depth occurred during water stress conditions (Fig. 7.3, 7.4). The
water deficit might have caused higher Rs and as a result, Iower a for the.
translocation to deep roots. The interaction of soil moisture by depth for roots

9.3) was caused by higher differences in a of stressed and non_stressed
at o-0-l m than 0.6-0.g m. The reason for the low a of the roots at 0.6_0.g

the non-stressed treatment needs further investigation. There was a gradient of a
leaves to roots at depth. At this stage the reason for this is unknown, however.
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the higher a of leaves than roots could be due to differences in the time of
ldevelopment of these two components which happened when availability of soil
moisture was different. During rhe early growth stages plants developed more leaves

than roots when the soil moisrure was not limiting, but root development occurred

later as soil moisn[e deficits developed. Tables 7.2,7.3,7.12show that between the

first and second harvests (from low water stress to high water stress) about gOVo of
root development occurred. Thus the lower a was possibility a direct result of warer

shess on roots.

Discrimination (a) in roos was less than that of the leaves and it was in
agrcement with the results of Hubick et al. (1986a) who found a higher a for leaves

than roots in peanut cultivars.

95.3: Yield, water status of the leaf and a

Yield was positivell' correrated with a. in the climate room experiment,
whereas in the field this correlarion rvas not significant. The correlation of yield and
biomass has not been consistent in orher investigations. Condon et al. (19g7), White
et al. (1990), craufurd er al. (r99r). Ehdaie et al: (1991), condon and Richards
(1992), and Virgona (1993) found a positive correlation between biomass and a
whereas wright et at. (1988), virgona (1990, lgg3), Johnson and Bassett (1991),

Ismail et al- (1993), and Virgona (1993), found a negative correlation between yield
biomass and a. Morgan et al. (1993) found no correlation between a and forage

of yellow flowered falcara alfalfa clones.

One possibiliry for the inconsistent relationships between a and yieldlbiomass

be variation in the range of a. For example, in the climate room study there

a large range in a (18.81-24.57) rvhich could have been due to large differences
severity of water stress in stressed and control plants. Due to low water stress in
early season for the glasshouse and field experiment, this difference in a was
ibly not large enough to malie this conelation significant. In the glasshouse

t 30 days after imposin-9 water stress there was still enough soil moisture
depth (0-5 m) (Fig.7.3), and in rhe field the average soil moisrure at 0.0-0.7 m
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depth 3o days after imposing water stress was still not significantly different benr.een

. 
the stressed and non-stressed experiments. The smaller effect of water stress in the
glasshouse and field experiments than in the climate room experiment mi*ehr have
caused less differences between the minimum and maximum a for these experiments
than for the climate room experiment (see g.4.r, g.4.2, g.4.3).In the srudy of Vireona
(1993) there was also not a large r:rnge in a for regumes, which had a nesadve
correlation between yield and a.

As a result of the gradual development of water stress in the glasshouse and
field experiments, plants adapted to water stress conditions by osmotic adjusment
(Tables 8.16-8.17), and moderated their growth response. Thus, a from the sre>sed
plants in the field and glasshouse was higher than from the climate room experiment.

The correlations of yield and a across species and harvests were high and
positive, but, were not significant within species. This result may have been due ro
the different growth habit of Eski and Remont.(chapter 8) and lucerne and sainrbin
through the season. Sainfoin produced the greater proportion of its yield earlier in rhe
sqNon when the VPD was low, whgreas lucerne had a more even distribution of rhe
yield through the whole season.

Specific leaf area, which is negatively related to the thickness of the leat. *.as
closely and negatively conelated with wrJE, and thus was positively correlated ro
a. This was in agreemenr with white et al. (1990) and wright et at. (l9gg). The
rcduction of SLA due to water stress was observed in all experiments (Chapten -l-g)

' and could have been due to effects of water stress on leaf expansion and
tanslocation of assimilate from the leaf (Hsiao lg73).

The Y and n were negatively correlated with a while RWC and p *.ere
positively correlated with a (Fig. 9.1). Turgor potential has been shown to eft-ecr the

of leaves, and, thus, a of prants can be affected by p indirectry through Rs.

Discrimination a was arso positivery correrated to photosynthesis antr
transpiration rate (Fig. 9.3), and a similar correlation existed between transpirarion

pd vielo suggesting the positive correlation of a and yield through both transpirarion
photosynthetic rate. Stomatal apertures conducive to high p" and rr (lorv Rs) are

ive to high discrimination (a).
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9.6 Conclusion

Discrimination of leaves and roots of sainfoin was decreased by water stress,
and a gradient of a was found from leaves ro roots at depth.

Discrimination was negativery correrated with wuE and the significant
positive correlation of a and physiological responses of the leaves at pot level
suggested a is a useful tool to understand the water rerations and yield of the plants
at this location.

Eski had a higher wuE than Remont and it wourd be preferred for forage
production in dry conditions especially with a limitation on soil moisture during
sunrmer' The wuE of lucerne and Eski was similar, but since Eski produced a higher
proportion of its yield early in the season, it might be preferred to lucerne in regions
with precipitation only in winter and spring.

Inconsistent correrations between a arjd yierd in the pot and fierd studies
suggest this correlation should be considered carefuny. It appears to depend on thegrowth habit of the plants relative to changes in environmentar conditions
(temperature, humidity, soil water available) during growth.
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10. General Discussion

In this chapter the physiological and morphological responses of sainfoin to warer
stress in all experiments are reviewed, and a comparison between sainfoin and lucerne

. drought resistance is made. The various methods used in the experiments are also
compared and evaluated.

10.1 Responses of sainfoin to water stress
Sainfoin responded to water stress both physiologically and morphologically. The S/R
ratio and the SLA of sainfoin decreased under water stress (chapters 6,7). Roots and
shoots of sainfoin showed osmotic adjustrnent to water stress and sainfoin also
controlled transpiration rate in response to water stress by increasing stomatal
resistance (chapter 7). After 75 days of water stress the total root mass and length of

, stressed sainfoin was higher than for the controls, and water stress resulted in greater
root grofih at depth (Chapter 7). Although the total root mass and length of sainfoin
and lucerne were similar, lucerne had greater root mass at 0-0.4 m depth, and the root
growth of sainfoin below 0.6 m oeptrr occurred earlier than in luceme (chapter 7).

,. ttocient use of water is an important attribute for forage species growing in
dry conditions. plants can improve their wrJE by severar approaches. one approach
is for most of the growth to occur at a low vapour pressure deficit (vpD) (Turner
1986a)' The vPD in spring is lower than in summer, therefore, plants that produce a

.geater proportion of their yield in spring would have a better wuE (sinclair lgg4).
This was the case for sainfoin, where growth occured earlier in the season when vpD
was probably low. In contrast, forage production of lucerne was distributed through

whole season (chapter 8). This attribute of sainfoin might be more important in
where precipitation is limited to winter and earry spring, for exampr e rTvoof the
Iand area of Iran (choudhary rgg2). In addition, the distribution of forage

ion by sainfoin also avoids the severe drought and heat stress of summer
8, section 2.8).

274

under water stress, carbon isotope discrimination of Eski and Iucerne were
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statistically similar' but it was higherfor Remont. Discrimination was different for the

fi;';: ;:Ht:::::'lt^'l addition, was rower ror the roots at 0.6-o.8 m;;#':il';:;conditions has lower discrimination than that which grows in non-water-stressedconditions' the Iower discrimination of roots at 0.6-0.g m depth indicated these roots** "id.:,:1l,: *""r stress than occurred above 0.1 m depth.

;;" carbon isotope

ll::ffiH*i::::::::".""i","nT"',"rs rike v, Rwc, n,r,,p" and yierd,::;,::,";ll,lillucerne to water stress (Chapter 9).

,*",,*[;"#::,:::.T' *:*'-'ore erncientrv bv reducing rear area,

ffi;:ffi::T;";thickness has been correrated with increases in the maximr
[Nobel et al. 1975 Dnnh^rr ^_ r ^r .! . 

r're rrt. rmum rate of photosynthesis
:(Nobel et at. 1975. Dornhoff and Shibres 1976). .rr,nr*il,Ttr"of||l rJr:ff;i lower transpiration surface per unit of dry weighi *a i, u lin dty conditions (M^^.o., rno^\ . -' wetEr,t anq ts a useful character for plantsuseruI character for plantsin dry conditions (Mooney l9S0). Leaves will also have

;:J"J*'J"::::::i::1er tendency ror heat stres: ffiH:3JJJ
,decreased the SLA of both sainfoin -o ,r*,-" ffiilr,r;H:iljl"TjjIower than lucerne SLA under both warer stressed andSainfoin has shown ln'ro- er r ^r 

vsvrre(r iutq non_stressed conditions.)amroln has shown rower SLA than rucerne in other studi 
cuscq condrtions,

981; Bolger and Matches 1990). 
-v'rrw '' utlrer stuclres (Sheehy and popeele

r A drought resistance atribute of prants is a high roor to shoot ratio (Bielorai

t ,ffi:""::::i:Y T^' 
and increase in roor mass or sainroin increased the;"*,ff",i::itions (Chaoters r( ?\ e^:_c^:_ ,

..rvur ur.t9cl Watef StreSS'troruons (chapters 6,7)' sainfoin decreased shoot but not roc

;H;.:T:':::":11"'**n*t ratio (chapter ;i"ffT,,ffi:, rr.uruoln rootshootwas higher than for lucerne in most of the experiments

r;:T::.1""Althorroh rh- -^^- r .. 'fi,1*1"*",
lo5 days after the imposition of water stress, sainfoin roots had grown trerow
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0.6 m depth earlier than lucerne roots (Chapter 7). This helped sainfoin to maitain \f 
' 

and P. The root density was greater at depths below 0.6 m depth for sainfoin and 

1 above 0.4 m depth for lucerne (Chapter 7). 

Lucerne and sainfoin Rs were increased by water stress. A similar Rs for 

sainfoin and lucerne had been observed by Sheehy and Popple ( 1981 ), and Bolger 

(1988). One notable difference between sainfoin and lucerne was that the Rs of the 
' 

two species was not equally distributed between the adaxial and abaxial leaf surfaces. 

The Rs of the adaxial and abaxial leaf surfaces of lucerne were similar (Chapters 

4,7,8). In sainfoin, the Rs of the abaxial leaf surface was higher than for the adaxial 

leaf surface (Chapters 5,6,7,8), partly as a consequence of differences in the stomatal 

frequencies of the respective leaf surfaces (Chapter 8). 

An increase in midday stomatal resistance decreases transpiration rate and 

therefore decreases water loss. At midday in dry conditions VPD is high and, 

therefore, WUE would be low (Schulze et al. 1957, Hall et al. 1976). Sainfoin 
'
decreased transpiration rate at midday by increasing Rs (see Chapters 3,5,6,7,8) and 

this avoided production when a low WUE might be expected. The Rs of the abaxial 
. 

leaf surface of sainfoin was less sensitive to water stress than that of the adaxial leaf 

surface (Chapters 5-8). Greater sensitivity of stomata on the adaxial leaf surface of 

. P,opulus clones to environmental conditions has been reported by Pallardy and 

Kozlowski ( 1979). 

Stomatal frequencies for the adaxial and abaxial surfaces of lucerne leaves 

. were similar whereas the stomatal frequencies on the abaxial surface of the sainfoin 

f�aves were lower than on the adaxial surface. Stomatal frequency was probably the 

�ost important factor affecting Rs of the respective leaf surfaces. Nevertheless, there 

· aie other factors which might influence Rs, e.g. pore size, and hairs. Further 

investigation to determine the cause and consequence of the differential Rs of the leaf 
. I 

surfaces of sainfoin is required. 

Growth is influenced by turgor potential, and plants that are able to maintain 

turgor during water stress are more likely to continue growth under dry conditions. 

Sainfoin maintained its turgor in response to water stress, as well as lucerne by a 
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combination of high Y and osmotic adjustment of the leaves and the roots (chapters
6,7,9).

Sainfoin and lucerne adapted to water stress in different approaches. Sainfoin
Y was higher (less negative) than rucerne in most experiments (chapters 3,6,7,and g),
but lucerne leaves showed higher osmotic adjustment than did sainfoin. In contrast,
the osmotic adjustment of sainfoin roots wils greater than for lucerne roots (see section
7'3'3'll'3)' Ttre high Y of sainfoin could be partly attributed to its roots growing
below 0'6 m depth more quickly than for lucerne (chapter 7). The Rwc of sainfoin
and lucerne were similar but the Y of sainfoin was higher than that of lucerne,
suggesting the cell wall elasticity of these two species was possibly different. As the
Y of sainfoin was always higher and the adaxial stomatal resistance of sainfoin was
lower than that of lucerne, physiological adjustment of sainfoin to water sress differed
from that of lucerne.

sainfoin was more leafy than lucerne (chapter 5) due ro a proportionally lower
stem dry weight but the total dry weight production and regrowth of lucerne was
superior to that of sainfoin.

Among the sainfoin curtivars tested, Eski showed the best ability to grow under
stress. This curtivar showed both greater physiorogicar and moqphorogicar
ion than the other curtivars. Eski produced greater root mass than the other

vars (chapters 6,7) and maintained high leaf water potentiar. Although Eski had
er initial growth than Remont, it had a sim'ar totar yield (chapter g). In the
Eski had a wuE higher than Remont, but similar ro lucerne. Arthough Remont
ly grew faster than at the other sainfoin cultivars it had a rower (more negative)c than the other curtivars (chapter 6), and during the night its osmotic potentiar

not recover as well as for the others. These attributes of Remont suggested itsity under non-stress conditions would be greater than under stressed

Remont production was higher than for Eski earry in the season (chapter g),
e for regions with so' moisture ava'abre and the need for forage earry in the
Remont is preferable relative to Eski.
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10-3 comparison of the methods used in this study

Estimated Y, by both pressure chamber and the psychrometer (wescor) were
similar (see sections 6.1 1.5, and 7 .5.3.3). Since the pressure bomb is easier to use and

requires less time per measurement, it was more expedient than the Wescor. The
Wescor psychrometer required an equilibration time per sample of 20 minutes, and the
instmment also took time to set up. Sometimes between the first and the last sample
took more than 2 hours using the Wescor, which could affect the results due to
variations in the environment in that time. The other disadvantages of Wescor relative
to the pressure bomb are its sensitivity to temperature, its poor portability, and it high
cost (Brown and Oosterhuis lg92).

Three methods were used for soil moisture and transpiration rate
measurements, at the pot level. The TDR produced similar results to total pot weight
and gravimetric soil water content (See sectio n 7.3.1.1, &.3.1.2).The TDR was easy

to use and needed less time and labour than the other methods. The GSWC is a

destructive method and not only took more time relative to TDR, but also disturbed
the root' The TDR was suitable for-adjustment of soil moisture through the depths
since it was fast, and could measure at specific (seven) depths, whereas weighing the
pot only measured total soil moisture of the pots.

carbon isotope discrimination was a useful method for predicting wuE of
(see section 9.2).It also showed significant correlation with Rwc, y, rr, p,

iration rate, photosynthesis rate, and yield. Therefore the carbon isotope

ion technique was useful in predicting most of the physiological characters
water stressed sainfoin over the whole life of the plant. An advantage of the carbon

discrimination technique is that the measurements are not time dependent so

numbers of samples can be measured after completion of the experiment.

Disadvantages of carbon isotope discrimination method include: a) the high
of analysis, especially when large numbers of samples are involved b) the
ique is not able to separate the effecs of water stress at a specific time, since it

over the total life of the tested material (eg. leaf). The ability of plants to
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survrve extreme episodes of water stress is often important. Carbon isotope
discrimination is not able to show the response of a plant at certain point when an

extreme condition was imposed.
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10.4 Conclusion

, Sainfoin adapted to water stress by increasing stomatal resistance and water use

efficiency, rooting deeper, decreasing osmotic potential and transpiration, osmotic

adjustment of the leaves and roots, and decreased leaf area and stem dry weight.

Under water stress sainfoin grew roots below 0.6 m faster than lucerne and during

water stress maintained a higher leaf water potential than lucerne. Sainfoin roots

showed higher osmotic adjustment than lucerne roots and also had higher (less

negative) leaf water potential.

Sainfoin produced most of its yield earlier than lucerne, and therefore showed

adaptation to regions with precipitation distributed in winter and spring. In both
non-stressed and stressed conditions lucerne was superior to sainfoin, with higher
productivity' regrowth, specific leaf area, and leaf area index, but lower root:shoot
ratio than sainfoin. However, the LA and yield of lucerne decreased more than
sainfoin in response to water stress.

Among sainfoin cultivars, Eski showed the best response to water stress with
roots and high Y. Remont had greater growth under non-stressed conditions.

the three field harvests carbon isotope discrimination of Eski and lucerne was

than for Remont indicating the higher wlJE of Eski and lucerne than Remont.

Carbon isotope discrimination was negatively correlated with water use

, stomatal resistance, leaf water potential, and osmotic potential, whereas

potential, relative water content, transpiration rate, photosynthetic rate, and yield
possitively with carbon isotope discrimination, and showed the capability

the method for predicting water status and wuE of the plants during the

Overall, the physiological and morphological nesponses of sainfoin to water
were as good as or better than those of lucerne. Although lucerne has been

in more extensive breeding progranrs than has sainfoin, sainfoin showed
deep rootedness, and higher leaf water potential, and root osmotic adjustment
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|!an 
lucerne' Sainfoin showed a good ability for forage production in regions with
precipitation in summer, but precipitation in winter and early spring. sainfoin has

seasonal yield and regrowth after cutting than lucerne, but has useful
'siological and morphological adaptation to water stress. work on the heritability
these responses to water stress of sainfoin is required but this study has

that sainfoin has potentially useful attributes.

28r
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AREA (cm2)

9.23

6.22

2.63

1.65

1.02

Appendix 4.1: Template used to estimate leaf area of lucerne during growth.
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Appendices 326

Appendix 6.2 : Stomatal. resistance (s/cm) of the adaxial leaf surface of four sainfoin

cultivars and three soil moisture levels.

- Treatment 08/1 I 15/1 l 23nl 7lr2 20/12 27112

Cotswold-C.

Eski

Fakir

Remont

3.28

4.31

3.94

2.55

4.7 |

3.10

3.70

2.80

2.58

2.96

3.U

2.99

3.t7

3.98

3.67

3.24

3.06

4.r3

3.72

2.96

2.98

3.36

3.63

2.58

Control

Moderate

Severe

2.20b2

2.53b

5.83a

2.t7b

3.66ab

4.902a

1.95c

2.96b

3.75a

2.07c

3.58b

4.89a

2.63b 2.48b

3.23b 3.26ab

4.54a 3.99a

F>F CU

P>F W3

P>F W*C

0.560

0.005

0.500

0.115

0.006

0.700

0.5600

0.0001

0.5200

0.4000

0.0001

0.6400

0.1100 0.390

0.0007 0.009

0.5700 0.430

CU SEM

W SEM

W*CU SEM

0.930

0.810

t.620

0.640

0.550

1.100

0.250

0.218

o.40

0.370

0.330

0.650

0.370 0.460

0.320 0.390

0.650 0.790

' Data are means of four replicates.

2 Numbers with same letter(s) (within a column) are not significantly different.

3 W = soil moisture, CU = cultivar, and SEM= standard error of the mean.
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Appendix 63 : Stomatal resistance (Vcm) of the abaxial leaf surface of four sainfoin

cultivars and three soil moisture levels.

' Cultivar 08/1 I 15/l I 23nl 7lL2 20t12 27/r2

Cotswold-C.

Eski

Fakir

Remont

l53g'

17.75

20.26

18.83

25.3

2r.20

2r.93

28.55

15.70

23.32

t2.81

23.t8

18.39

26.08

27.73

24.77

t4.36

18.56

14.00

15.47

t3.72

t4.57

13.22

t2.t4

Control

Moderate

Severe

15.t2

19.29

t9.72

16.80

25.90

29.98

t8.23

18.78

19.51

2t.o7

23.68

27.98

17.15

12.81

16.85

13.80

t4.20

12.23

F>F CU

P>F W2

P>F W*C

0.430

0.160

0.500

0.710

0.102

0.630

0.130

0.950

0.700

0.460

0.430

0.570

0.390

0.165

0.081

0.710

0.520

0.580

CU SE

WSE

W*CU SE

2.t0

1.83

3.65

4.97

4.30

8.6r

3.45

2.99

5.99

4.37

3.79

7.58

2.03

t.76

3.52

1.48

1.28

2.56

t Data are means of four replicates.

2 W = soil moisturc, CU = cultivar, and W*CU = interaction of soil moisturc by

cultivar.
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Appendix 6.4: l-eaf water potential (-MPa) of

moisture levels at dawn in the glasshouse'

four sainfoin cultivars at three soil

Treatment 5t9 r2t9 L9t9 2619 5/10 tzlLo

Cotswold-C.

Eski

Fakir

Remont

0.59t

0.50

o.43

0.60

0.59

0.55

0.51

o.4

0.69a

0.66a

0.50b

0.6lab

0.81

0.59

0.54

0.59

0.80a

0.62ab

0.57b

o.52b

o.76

0.74

0.70

0.70

Control

Moderate

Severe

0.39b

0.46b

0.73a

0.43b

0.45b

0.70a

0.4b

0.53b

0.87a

0.48b

0.64ab

O.77a

0.53b 0.63b

0.61ab 0.66b

O.74a 0.86a

Cultivar bF

Water bF

w2*cu P>F

0.300

0.001

0.080

0.60

0.03

0.60

0.0400

0.0001

0.0500

0.02

0.04

0.60

0.70

0.01

0.80

0.09

0.01

0.30

Cu SEM

W SEM

W*Cu SEM

0.071

0.061

0.122

0.081

0.070

0.139

0.u7

0.040

0.086

o.o77

0.067

0.134

0.063

0.054

0.110

0.066

0.057

0.114

I

2

Data are means of four rePlicates-

W = soil moisture levels, Cu = cultivar, and SEM= Standard error of the mean'
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Appendix 6.5: Osmotic potential (-MPa) of four sainfoin cultivars at dawn under three

soil moisture levels in the glasshouse

treatment 5t9 t2l9 t9t9 26t9 5/10 12no

Cotswold-C.

Eski

Fakir

Remont

0.86

0.77

0.78

0.72

0.93a

0.75b

0.8lab

0.76b

0.89a

0.78b

0.76b

0.80ab

1.03

0.91

0.91

0.95

1.04a

0.88b

0.81b

0.80b

l.0la

0.93b

0.96b

0.91b

Control

Moderate

Severe

0.72

0.78

0.85

0.73b

0.79b

0.91a

0.70b

0.74b

1.OOa

0.82b

0.91b

1.10a

0.76b

0.86b

I.OZa

0.90b

0.91b

l.lOa

Cultivar bF

Water P>F

W*P bF

0.30

0.13

0.80

0.05

0.01

0.60

0.0300

0.0001

0.7000

0.8000

0.0001

0.7000

0.0010

0.0001

0.8000

0.0300

0.0010

0.0100

Cu SEM

W SEM

W*Cu SEM

0.05

0.04

0.09

0.05

0.04

0.08

0.03

0.03

0.05

0.04

0.04

0.07

0.04

0.04

0.08

0.04

0.04

0.07

I

2

Data are means of four replicates.

W = soil moisnrre, Cu = cultivar, and SEM= standard error of the means.
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Appendix 6.6: Turgor potential (-MPa) of four sainfoin cultivars at dawn under three

soil moisture levels in the glasshouse

Treatment ta9 t9t9 26t9 5/10 L2nO5t9

Cotswold-C.

Eski

Fakir

Remont

o.27

0.27

0.33

0.13

0.33

0.20

0.29

0.32

o.r7

o.r2

o.26

o.19

o.23

0.32

o.37

0.36

0.24

0.26

0.24

0.28

0.25

0.19

0.26

0.21

Control

Moderate

Severe

0.32a

0.31a

0.12b

0.28a

0.34a

0.21a

o.26

o.2t

0.13

o.34

o.27

0.33

0.23

0.25

0.30

0.26

0.24

0.24

Cultivar bF

Water bF

w2*P bF

0.060

0.002

0.010

0.130

0.330

0.700

0.060

0.200

0.080

0.400

0.600

0.300

0.90 0.300

0.400 0.200

0.500 0.370

Cu SEM

W SEM

W*Cu SEM

0.05

0.04

0.08

0.0s

0.05

0.09

0.05

0.04

0.09

0.04

0.03

0.06

0.06

0.05

0.10

0.04

0.04

0.07

I

2

Numbers are means of four rePlicates.

W = soil moisturc levels, Cu = cultivar, and SEM= standald error of the mean.
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Appendix 6.10

moisture levels

: Leaf water potential (-MPa)

at midday in climate room.

of four sainfoin cultivars at three soil

Treatment 7tLz tzt12 t7n2 22t12

Cotswold-C.

Eski

Fakir

Remont

1.00

1.22

1.09

l.l5

1.19

1.1I

1.07

1.10

r.19

1.07

1.03

1.27

1.03

0.95

r.o2

0.96

Control

Moderate

Severe

0.88b

t.tzb

1.38a

0.84b

1.03b

1.47a

0.94b

l.l5ab

1.33a

0.82c

0.98b

1.17a

PpFCU

PpFW2

Pp F W*Cu

0.6200

0.0008

0.0200

0.7200 -

0.0001

0.4000

0.45

0.03

o.L2

0.6300

0.000r

0.1200

Cu SEM

W SEM

W*Cu SEM

0.r0

0.08

0.r7

0.08

0.07

0.14

o.L2

0.10

0.20

0.06

0.05

0.10

t Nuurber(s) with same letter(s) (within column) arc not significantly different. Data in

cultivar rows are means of four replicates.

2 W = soil moisture, Cu = cultivar, and SEM= standard error of the mean.

t
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Appendix 6.11 : Osmotic potential (-MPa) of four sainfoin cultivars at three soil moisture

levels at midday in the climate room.

Treatment rap t7l|z 221127n2

Cotswold-C.

Eski

Fakir

Remont

t.2l

1.25

t.2l

r.20

1.42

r.32

1.30

1.34

1.38

1.30

r.30

r.20

L_29

1.24

r.27

l.l8

Control

Moderate

Severe

1.09b

1.16b

1.41a

1.20b

r.32b

1.52a

L.lzb

1.37a

l.4Oa

l.l5b

l.l9b

l.4Oa

PpFCU

PpFW2

PD F W*Cu

0.950

0.003

0.520

0.5100,

0.0004

0.9800

0.1430

0.0003

0.4100

0.2800

0.0001

0.4300

Cu SEM

W SEM

W*Cu SEM

0.07

0.06

0.13

0.06

0.05

0.10

0.06

0.05

0.10

0.04

0.04

0.74

t Number(s) with same letter (within column) are not significantly different. Data are means

of four replicates.

2'W = soil moisnrre, Cu = cultivar, W*Cu = interaction of soil moisturc and cultivar.
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Appendix 6.12 : Turgor potential (-MPa) of four sainfoin cultivars at three soil moisture

levels at middaY in climate room.

Treatment 7n2 r2tL2 t7lr2 22112

0.21I
o.23

0.21

0.24

0.24

o.20

o.23

o.27

-0.07

o.27

o.29

o.25

o.22

Cotswold-C.

Eski

Fakir

Remont

0.03

0.09

0.05

Control

Moderate

Severe

o.2r

0.04

0.03

0.36a

0.29a

0.05b

0.18

o.22

0.07

O.34a

0.21b

o.23b

PpFCu

PpFW2

Pp F W*Cu

0.850

0.370

0.130

0.990-

0.002

0.290

0.210

0.920

0.210

0.580

0.020

0.580

Cu SEM

W SEM

W*Cu SEM

0.1l0

0.098

0.196

0.066

0.058

0.116

0.096

0.083

o.t67

0.039

0.034

0.069

I Number(s) with same letter (within column) are not significantly different. Data are mean

of four replicates.

2 W = soil moisture, Cu = cultivar, and SEM= standard error of the mean.
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Appendix 6.17: The monthly transpiration rate (mVpot/day) of four sainfoin

cultivars at three soil moisture levels.

34r

Aug. Sep. Oct. Nov. Dec.

Cotswold-C

Eski

Fakir

Remont

53bl

5lb

54ab

59a

l05b

I l4ab

136ab

150a

z06,b

247a

239a

235ab

273c

322a

289bc

305ab

245

268

248

26t

Control

Moderate

Severe

64.7a

51.2b

46.8c

179.3a

132.8b

70.9c

343.4a

227.0b

124.9c

48la

27rb

l4lc

430a

2rtb

r2&,

Pr >F Cu

Pr>FW

Pr >F W*Cu

0.0400

0.0001

0.3900

0.0300

0.0001

18.700

-0.0400

0.0001

0.6100

0.0130

0.0001

0.8200

0.1500

0.0001

0.1r00

Cu SEM

w'?selvt

W*Cu SEM

1.84

1.59

3.20

10.89

9.38

0.99

10.18

8.82

t7.ffi

10.15

8.80

17.ffi

7.28

6.74

13.48

I Data are means of four replicates. Numbers with same lette(s) are not significantly

different.

2 W= Soil moisture treatment" Cu= Cultivar, and SEM= Standard error of the mean.

L
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Appendices

Appendix 6.18: Repeated measure analysis of morphological and physiological

characters of sainfoin cultivar under three soil moisture levels.

IRWC, Rs, Y, lr, P are: Relative water content, stomatal resistance, leaf water
potential, osmotic potential, and turgor potential respectively and Gse, CR, show
measyrements at glasshouse and climate room respectively.
2 Mid= mqsurements at midday.

' Y 1PB;= leaf water potential using Prcssure bomb at midday.
o W, and C are Soil moisture levels and cultivar respectively.

342

Tess of hypothcsis for within subjeo cffecs (Time

effects and is interaction with other treatments)

Tests of hypothesis for bctween subjecs

effeas (Pooled over tirn€).

PDF(W) PpF(C) PDF

(wrc)
PDF Pr>F

(Time=T) Ct'\V')

PDF

(T.C)

PDF

(T.W.C)

RWCI

RS (Abaxial)

Rs (Adaxiat)

Y (Gsc)

r (Gse)

P (Gs€)

Y (CR)

r (CR)

P (CR)

Y (MidF

r (Mid)

P (Mid)

Y (PB)3

Photosynthcsis

Lcallet numbcr

lcaf area

Transpiration

0.000r

0.0001

1 .1 300

0.000t

0.0001

0.0007

0.000r

0.000r

0.0026

0.0488

0.0029

0.0153

0.0001

o.0279

0.0001

0.000r

0.0001

0.0056

0. I 728

t.4t00

0.41t0

0.0780

0.01l?

0.2486

0.5036

0.1013

0.4138

o.t278

o.t577

0.000r

0.3921

0.0001

0.m0r

0.m01

0.2537 0.6118

0.3601 0.5239

0.9100 0.8 r00

0.5772 0.7603

0.6918 0.9t52

0.0588 0.22M

0.0078 0.0286

0.0023 0.0066

0.0625 0.160E

0.5303 0.@23

0.6971 0.8568

0.9326 0.220'

0.rE62 0.0819

0.6126 0.63E

0.3648 0.4767

0.09?9 0.7084

0.0139 0.77t9

0.0001

0.25 r 8

0.0001

0.000r

0.0001

0.13r0

0.000t

0.0001

0.0001

0.000r

0.0001

0.0r47

0.m0r

0.0001

o.0067

0.0001

0.000r

0.0t43

0.5304

0.2041

0.0488

0.0004

0.2822

0.3834

0.0056

0.0864

0.8001

0.4085

0.5860

0.2329

0.r748

0.70t5

0.206.2

0.0057

0.0887

0.81 r 8

0.4452

0.1224

0.4821

o.ro77

o.2095

0.0623

0.0068

0.0195

0.5305

0.0335

0.5213

o.2522

0.353?

o.2691

0.E300
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Area

2.35 cm2

1.23 cm2

MMM

0.27 cm2

gsg
0.133 cm2

MMM 171 cmz

M

M

M

M

M

M

M

MM

vvM

Appendix 6.21: Template used to estimate leaf area of sainfoin during growth.
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Appendix 7.1: The following formulas were used to calculate the moisture demands

(I1...I7) for 0, I25,275,425,587.5,762.5,925, mm depths respectively, at regrowth

harvests according to VSWC of 2O cm (A), 50 cm (B), 85 cm (C) depths-

. r(o)=# *6182.#

r (rru,,=# *6r-82 *#

r r,st= i* r# *6LBz. $ f * !r* r# *57 40. #,

r (orrt=ff *57 40. ";!u .,

r(,r,. u,=+. t 11;" 
*574o.Sr *t*r*# *774o-#.u)

r(.,ur,.r,=# *s740.#

rtgrrt=*f, *5't4o-*
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Appendix 7.2 The average volumetric soil water content (cm3/cm3, Vo) of pots to 70

cm depth measured by TDR at thrce harvests three plant types and two soil moisture

treatments.

Early harvest Late harvest Regrowth
harvest

347

Eski

G35

Lucerne

29.751

28.98

28.78

Control

27.83

28.15

25.53

30.00

29.80

26.58

Eski

G35

Lucerne

19.2r

20.63-

r8.85

Stress

16.78

14.33

13.60

15.65

13.30

10.40

PpFW2

P>FCu

PD F W*Cu

0.0001

0.7168

0.8131

0.0001

0.3257

0.7152

0.0001

0.0150

0.9049

SEM W

SEM CU

SEM W*Cu

0.7550

o.9167

r.2989

0.9905

t.2070

t.7076

0.8346

t.o22l

t.455

t Data are means of four replicates.
2 W= soil moisture level, Cu= cultivar, SEM= standard error of the mean.

Pooled ANOVA of VSWC over all three harvests showed PpF Harvest (H)- 0.0004,

SEM H= 0.6248, PpF Cu= 0.0124, SEM Cu= 0.6248, PpF Cu*H= 0.3500' SEM

Cu*H=1.1479, PDF W=0.0001, SEM W{.5M7, PDF W*H= 0.0015, SEM W*H=
0.8556, PpF W*Cu= 0.8330, SEM WtCu= 0.8556, Pr W*Cu*H= 0.9019, SEM
W*Cux.H= l.4gZO
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Appendices 349

Appendix 7.4: Root length density (m/m3)*103 at seven depths ar the early harvest

(45 DAP) of Eski, Grasslands G35, and lucerne (Grasslands Oranga) at two soil

moisture levels.

Depth (cm)

Treatment 0-10 10-20 20-30 30-40 40-60 60-80 80-100

Eski

G35

Lucerne

30.72

25.r

17.5

30.1

28.1

23.r

5.2

4.4

2.7

0.5

0.0

0.5

0.0

0.0

0.1

Control
2r.6 t4.4

17.3 10.6

16.2 07.8

Eski

G35

Lucerne

5.9

6.2

8.5

8.7

8.7

12.6

Stress
r3.2 r4.3

10.4 r4.9

t2.2 13.6

t2.2

13.5

rt.2

7.7

7.6

t.7

1.5

t.7

0.1

PpF Cur

PpF W

PpF Cu*W

0.5200 0.9400 0.4392

0.0002 0.0001 0.0191

0.2400 0.4722 0.7562

0.7463 0.7801

oA075 0.0053

0.8130 0.9417

0.0792 0.4028

0.0002 0.0343

0.0495 0.3361

SEM Cu

SEM W

SEM Cu*W

t Cu= Cultivar, W= Soil moisture, and Cu*W= Interaction of cultivar and soil

moisture.

2 Numbers arre the mean of four replicates.

Repeated measures analysis showed: P>F d"O* = 0.00O1, P>F depth by W=

0.0001, PDF 6gpth by cultivar = 0.9854, and PpF depth by W x Cu= 0.5408

3.2 3.2 2.r 3.4 2.2 0.9 0.4

2.6 2.7 t.7 2.8 1.8 0.8 0.3

4.5 4.6 3.0 4.8 3.1 1.3 0.6



Appendix 7.5: Root length density (rn/m3)*103 at seven depths at the late harvest (75

DAP) of Eski, and Grasslands G35, and lucerne (Grasslands Oranga) at two soil

moisture levels.

350

Depth (cm)

Treatment 0-10 10-20 20-30 3040 40-60 80-100

Eski

G35

Lucerne

47.02

44.7

39.1

45.0

37.r

51.9

27.5

30.2

44.7

Control
t7.4 6.4

9.2 7.8

37.7 15.8

1.3

r.7

1.5

0.0

0.0

0.0

Eski

G35

Lucerne

3t.4

t7.2

18.5

18.0

16.4 
.

22.8

Stress

16.9

13.3

'r7.9

20.5

18.7

r8.6

2L.O

t7.2

24.4

42.6

16.3

20.7

t7.2

I 1.8

18.8

P>F Cur

PpF W

PpF Cu*W

o.1332

0.0001

0.5215

0.4069

0.0010

0.8529

0.1777 0.0029

0.0020 0.1117

0.466 0.0212

o.4r52 0.1999

0.0001 0.0001

0.3733 0.1999

o.3445

0.0014

0.1693

1.8

1.5

2.5

1.8

1.5

2.6

2.1

1.7

2.9

5.4 4.2 2.8

4.4 3.4 2.3

8.0 6.0 4.O

SEM Cu 3.6

SEM W 3.0

SEM Cu*W 5.1

I Cu= Cultivar, W= Soil moisture, and Cu*W= lnteraction of Cu and W.
2 Numbers are means of four replicates.

Repeated measure analysis showed: PD F for depth = 0.0001, Pr > F depth by W-

0.0001 PpF depth by Cu= 0.1226 and PpF depth by W x Cu= O.5M2
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Appendix 7.6 : Root length density (nr/m31*103 at seven depths at regrowth harvest (30

days cutting, 105 DAP) of Eski, and Grasslands G35, and lucerne (Grasslands Oranga)

at two soil moisture levels.

Depth (cm)

351

treatment 0-10 l0-20 20-30 3G.40 40-60 60-80 80-100

Eski

G35

Lucerne

47 32

72.0

39.8

Control
t2.l

t7.l

38.0

47.7

58.9

48.0

31.9

26.4

29.2

6.6

9.2

13.3

1.1

0.8

17.l

2.9

2.4

t.2

Eski

G35

Lucerne

r.54

2.07

t.97

1.68

r.74

r.99

t.7l

2.08

2.16

r.62

r.96

2.31

2.59

1.86

2.65

Stress

t.75 1.58

1.67 r.77

2.07 2.88

PpF Cur

PpF W

PpF Cu*W

0.0259 0.4161

0.0001 0.0001

0.0572 0.3103

0.7467 0.0017

0.0161 0.6725

0.8176 0.3687

0.3857 0.3245 0.0802

0.0066 0.a022 0.0008

o.9tt2 0.8906 0.3367

SEM Cu

SEM W

SEM Cu*W

t Cu= Cultivar, W= Soil moisture, and Cu*W= lnteraction of cultivar and soil moisture.
2 Numbers are means of four replicates.

Repeated measure analysis showed: Pr > F for depth= 0.0001, depth by moisture =
0.0001, PDF depth by cultivar = 0.0004, and PpF depth by moisture by

cultivar = O.lO22.

3.4

2.8

4.8

3.6

2.9

5.0

2.8

2.3

3.9

3.3

2.7

4.6

4.2 3.1 3.5

3.4 2.6 2.8

6.0 4.4 4.9
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Appendix 7.7 : Root weight density (g/m') at seven depths at the early harvest (45

DAP) of Eski, Grasslands G35, and lucerne (Grasslands Oranga) at two soil moisture

levels.

Depth (cm)

Treatment 0-10 l0-20 20-30 30-40 40-60 60-80 80-100

Eski

G35

Lucerne

539.0r

432.0

247.0

258.0

273.0

120.0

Control
t23.0

tM.0

58.0

85.0

95.00

29.m

34.0 2.0

45.00 0.00

l1.00 2.90

0.0

0.0

0.0

Eski

G35

Lucerne

250.0

302.0

337.0

145.0

r52.0

158.0

Stress

150.0

151.0

106.0

116.0

166.0

lol.0

102.0

159.0

79.0

75.00 20.0

76.00 10.0

1s.00 2.o

PpF Cut

PpF W

PpF Cu*W

0.3491 0.4035 0.0848

0.0766 0.t757 0.2644

0.0515 0.3150 0.7797

0.2950 0.1152

0.w52 0.0013

0.841l 0.5925

0.0569 0.2864

0.0001 0.0157

0.0400 0.2799

SEM Cu

SEM W

SEM Cu*W

50.0

41.0

70.0

40.0

33.0

57.0

20.0

17.0

29.0

28.0

23.0

40.0

18.0

15.0

26.O

10.00

7.00

13.00

3.0

3.0

5.0

t Numbers are means of four replicates.

2 Cu= Cultivar, W= Soil moisture, and CutW= Interaction of cultivar and soil moisture.

Repeated measrues analysis showed: PpF for depth = 0.0001, Pr>F depth by moisture

= 0.0006, PpF depth by cultivar = O-6824, depth by cultivar by moisture = 0.0159
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Appendix 7.8: Root weight density (g/m') at seven depths at rhe late harvesr (75 DAP)

of Eski, and Grasslands G35, and lucerne (Grasslands Oranga) at two soil moisture

levels.

Depth (cm)

Treatment 0-10 r0-20 20-30 30-40 40-60 60-80 80-100

Eski

G35

Lucerne

1,776.O

1,510.0

1,960.0

900.0

610.0

968.0

110.0

t23.O

141.0

18.0

40.0

60.0

0.0

24.O

0.0

Control
457.O 234.0

469.0 t67.0

410.0 249.0

Eski

G35

Lucerne

1,495.0

r,I42.O

1,879.0

701.0

559.0

1,075.0

Stress

560.0 433.0

383.0 331.0

668.0 5t0.0

377.0 614.0

368.0 335.0

266.0 2M.O

445.0

402.0

378.0

P>F Cut

PpF W

PpF Cu*W

0.0396 0.0057

0.1761 0.6128

0.786s 0.4256

0.2740 0.0223

0.1239 0.0001

0.0726 0.4303

0.9134 0.6t92

0.0001 0.0001

0.5388 0.2224

0.0006

0.0001

0.0005

SEM Cu

SEM W

SEM Cu*W

148.0

tzt.o

210.0

80.0

65.0

I13.0

48.0

39.0

70.0

32.0

26.0

45.0

31.0

25.0

4.O

32.O

25.0

45.0

29.O

23.O

41.0

I Cu= Cultivar, W= Soil moisture, and Cu*W= Interaction of cultivar and soil moisture.

Numbers are means of four replicates.

Repeated measures analysis showed: PpF for depth = 0.0001, P>F depth by moisture

= 0.0001, P>F depth by cultivar = 0.00&[, depth by cultivar by moisture = O.2691
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Appendix 7.9: Root weight density (g/m')

DAP) of Eski, Grasslands G35, and lucerne

levels.

at seven depths, at regrowth harvest (105

(Grasslands Oranga) at two soil moisture

Depth (cm)

Treatment 0-10 l0-20 20-30 30-40 40-60 60-80 80-100

Eski

G35

Lucerne

t4601

2r90

r622

830

tt67

777

Control
483 176

428 241

296 367

88

t27

220

39

50

ll0

15.0

r3.0

174.0

Eski

G35

Lucerne

I r85

r l5l

t302

719

538

1078

4t4

363

326

519

453

3u

546.0

410.0

257.O

Stress

622 4&

499 424

662 -694

PpF Cu2

PpF W

PpF Cu*W

0.3986

0.0179

0.2638

0.6086

0.2535

0.0250

0.7529 0.1331

0.0778 0.0096

0.4822 0.7949

0.9329 0.7505

0.0035 0.0002

0.3935 0.3079

0.6237

0.0001

o.0362

SEM Cu

SEM W

SEM Cu*W

r77

145

251

56.0

46.0

79.O

&

52

90

56

45

79

88

7l

r24

110

87

151

76

63

ll0

t Numbers are means of four replicates.

2 Cu= Cultivar, W= Soil moisture, and Cu*W= Interaction of cultivar and soil moisture.

Repeated measures analysis showed: PpF for depth = 0.0001, PoF depth by moisture

= 0.00O1, PDF 6spdl by cultivar = O.I373, depth by cultivar by moisture = 0.0077
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Appendix 7.12: Pr > F for pooled ANOVA over

potential (Y), osmotic potential (n), turgor potential

at full turgor ([,oo), at two depths.

three harvests for root water

(P), and root osmotic potential

Pr>F

Y Ttroo

Moisture (W) 0.0001 0.0001 0.0388 0.0097

Cultivar (Cu) 0.9632 4.772r 0.573r o.0236

Cu*W 0.2280 o.0/'52 0.3689 0.7235

Harvest (H) 0.1082 0.2150 0.7465 0.0002

w*H 0.1641 o.0737 0.2376 o.2455

Cu*H 0.0451 0.1166 - 0.3t94 0.6888

W*Cu*H 0.6336 0.886r 0.5767 o.78t4

Depth (D)' o.r&9 0.1511 0.4866 o.2236

w*D 0.4668 0.4045 o.&M o.4/.to

Cu*D o.7779 0.9606 0.9077 o.9756

W*Cu*D 0.3009 0.2157 0.5748 o.2267

H*D 0.7462 0.6198 0.5238 0.3659

Cu*H*D 0.3336 o.3972 0.5748 o.20Ei6

W*H*D 0.1909 0.9761 0.4535 0.6702

w*cu*H*D 0.9956 0.6513 0.3223

I Depth= depth of sampling, (l0O-300, and 500-700 mm depth)

o.2621
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Appendix 7.13: Pr > F for pooled ANOVA over three harvests for roots and leaves

for water potential (Y), osmotic potential (rc), turgor potential (P), and root osmotic

^potential at full turgor (n,m).

Pr>F

Y trroo

Moisture (W) 0.0001 0.000r 0.0059 0.000r

Cultivar (Cu) 0.1512 0.0491 0.567r 0.8106

Cu*W 0.0685 0.0094 0.4893 o.7430

Harvest (H) 0.0001 0.0055 0.0349 0.0001

w*H 0.4737 o.3t22 0.8407 0.9291

Cu*H 0.0915 o.2836 0.1375 0.7398

W*Cu*H 0.6811 0.8032 0.4551 o.&93

Locationt(L) 0.0001 0.0001 0.0001 0.0007

w*L 0.o2& o.r729 0.4284 0.5331

Cu*L 0.0224 0.0090 0.5262 o.o372

W*Cu*L 0.3395 o.3t73 0.4909 0.0716

H*L 0.0007 0.6r08 0.0098 0.3104

Cu*H*L 0.0135 0.0026 0.5725 o.2218

W*H*L o.4789 0.5984 0.0381 0.8536

w*cu*H*L 0.5334 o.9213 0.9054 0.996/.

I Location= leaves and roots.
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Volumetric soil water content (7o)

68tEE8

Appendix 8.1: Water content (cm3/cm3) of soil at 0.0 to l.7m depth at soil water

potential of -1.5, -0.1, and {.0005 MPa. (Adapted from Scotter et al. 1979a)'
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Appendix 8.3: The volumetric soil moisture at depth 0-0.15, 0.15-0.30, 0.30-0.50,

0.50-0.70 m for the stressed and non-stressed experiments for all three harvests, and

regrowth of second harvest.

Non-stressed Stressed PpT

Mean SEM' Mean SEM

Depth 0-0.15 m
Harvest I

Harvest 2

Harvest 3

Regrowth 2

42.2

44.6

39.5

35.5

r.75

0.38

3.30

3.84

34.5

26.8

2t.7

tt.4

2.05

r.29

1.25

2.7

0.0463

0.0002

0.0010

0.0067

Depth 0.15-0.30 m
Harvest I

Harvest 2

Harvest 3

Regrowth 2

26.2

22.23

33.7

33.3

0.75

t.54

r.29

o.2r

27.1

25.68

23,9

19.8

l.l8

r.32

t.43

0.54

o.5477

o.r&7

0.0010

0.0001

Harvest I

Harvest 2

Harvest 3

Regrowth 2

50.8

53.5

4r.9

37.95

Depth 0.3O{.50 m
3.32 45.1

2.94 4t.7

2.M 34.7

0.31 24.57

0.&

3.27

3.O2

0.54

0.1638

0.0555

0.0841

0.0001

Depth 0.5GO.70 m

Harvest I

Harvest 2

Harvest 3

Regrowth 2

35.80

32.n

36.00

37.24

1.68

0.98

0.75

t.82

36.60

38.00

34.70

32.55

0.63

0.82

l.l4

l.3l

0.6880

'0.0166

0.3516

0.1049

t SEM= Standard error of the mean.
2 The Regrowth I was similar period as Harrrest 2
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Appendix 8.7 : Probability of significance for comparison of stomatal resistance

(RsXs/cm) of adaxial, abaxial surfaces and total leaf Rs from the second harvest and

related regrowth harvests by repeated measures analysis.

Time(T)t T*C2 T*W3 T*W*C

Adaxial (Rs) O.g73l 0.0203 0.7745 0'0037

Abaxial (Rs) 0.1769 0.5301 0'0142 0'0050

Total (Rs) 0.7520 0.3340 0-t077 0.0009

I Time= Hanest and regrowth

2 c: cultivar
3'W= Soil moisture level
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