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ABSTRACT 

i i 

A major goal for grazing systems is to increase winter herbage growth. Tall fescue 

(Festuca arundinacea Schreb.) has been widely recognised as one of the most 

important cool season forage species. Among tall fescue populations, those of 

Mediterranean origin (e.g. F. arundinacea var. letoumeuxiana from North Africa) 

have shown higher growth rates in winter and early-spring than comparable 

germ plasm from northen Europe. For this reason, the complementary use of 

Mediterranean and temperate tall fescue populations to improve continuity of 

seasonal forage supply has been suggested for the Pampa region, Argentina. It 

is known, however, that the low winter N avai labil ity of the region l imits herbage 

growth and that water deficits are l ikely to occur. It has been found that endophyte­

infected tall fescue plants tolerate drought better than endophyte-free ones and 

currently novel endophyte strains harmless to l ivestock are commercially available. 

This study therefore sought to compare the responses of Mediterranean and 

temperate tal l fescue cultivars to water deficit, to investigate the extent to which 

water deficit responses are modified by the presence or absence of endophyte, 

and to compare winter-early spring growth and animal production of two 

contrasting cultivars with and without N fertil isation in the Pampa region. 

Three glasshouse experiments were carried out to evaluate the response of 

contrasting tall fescue cultivars to water deficit. In the first experiment two 

temperate cultivars, Grasslands Advance (GA) and El Palenque (EP) , and a 

Mediterranean cultivar, Maris Kasba (MK) , were studied . Water deficit was induced 

by complete cessation of watering and sequential harvests were made to follow 

the adjustment of the respective cu ltivars. Morphological measurements also 

included the distribution of mass and length of root with depth. 

In  the second experiment, only MK and EP were studied. P lants of both 
cultivars were grown in the same pots and received water daily with gradation in 

intensity of water deficit ach ieved by varying the daily water ration per pot. 

Reducing and fructosyl sugar concentrations were analysed to examine cultivar 

differe nces and to investigate whether these sugars were involved in osmotic 

adjustment. 

The third experime nt compared MK and EP cultivars under water deficit, but in 

addition the effects of two endophytes, Kentucky 31  wild type (KY31 ) and a 

commercial strain supplied by AgResearch (AR501 ) , were studied. 



i i i  

Herbage growth and animal production in winter-early spring of MK and EP 

swards in response to N fertil isation were compared in a grazing experiment 

carried out in the SE of Buenos Aires Province, Argentina. The N treatments were 

zero and 1 00 kg N ha ·1 applied in equal split dressings in mid autumn and early 

winter. The paddocks were grazed by a variable number of growing steers in order 

to maintain a similar leaf area index (LAI) in all treatments. 

The results of the water deficit experiments indicated that in comparison with 

the temperate cu ltivars EP and GA, the Mediterranean cultivar MK was 

characterised by a smaller plant size, higher ti l ler number, high root : shoot ratio, 

a lower stomatal resistance, lower content of reducing and fructosyl sugars and a 

lower growth rate under h igh temperatures. All tall fescue cu ltivars exhibited 

decreased growth rates, diminished evaporative surface area, and increased 

root : shoot ratio and osmotic adjustment in response to water deficit. A similar 

water status was observed for the different cultivars under comparable soil water 

availabil ity. There was evidence that MK was able to delay onset of water deficit 

through its morphological characteristics. By contrast, stomatal resistance of 

temperate cultivars was more responsive to soil moisture changes and these 

cultivars had a greater tendency for osmotic adjustment than MK under the most 

stressful water deficit conditions studied. For the pa rticular cu ltivars and 

endophytes strains studied here ,  the experimental evidence suggests that MK­

KY31 and EP-AR501 combinations would be expected to perform better under 

water deficit than other combinations. 

Maris Kasba swards had a higher stocking rate during mid winter-early spring, 

and consequently, the beef production was 2 6% higher than in EP swards.  With 

N fertil isation the response was markedly increased and beef production was 
increased by 66% during the same period. However ,  by late August no differences 

in tissue turnover were found between cultivars, while in September EP showed 

a higher net growth rate (NGR) than MK. For both periods N appl ication increased 

the NGR of the swards. 

Further studies would be necessary to evaluate the recovery capacity after 

drought of the cultivars evaluated and the abil ity for osmotic adjustment in the 

meristematic tissues as well as their behaviour under field conditions. Because 
the particular performance characteristics of each endoph yte strain-grass 

genotype combination vary, it is recommended that any endophyte strain be 

evaluated in combination with the plant genotypes with which it is to be associated. 

The complementary use of temperate and Mediterranean cultivars in animal 

production systems of the SE of Buenos Aires Province improved feed supply 

during winter. In  addition , winter herbage growth and animal production of both 

cultivar types can be considerably improved with N fertilisation . 
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CHAPTE R  1 .  I NTRODUCTION 

1 .1 .  I ntroduction 

A m ajor aim for t emp erat e  grazing syst ems is to achi ev e  an incr eas ed wint er 

h erb ag e  growth . In  this r eg ard , g ermpl asm of t al l  f escu e of M edit erran ean origin 

( e.g .  Festuca arundinaceavar. letoumeuxiana from North Afric a) h as shown high er 

growth rat es in wint er and early-spring th an comp arabl e g erm pl asm from no rth ern 

Europ e (M acCol I  and Coop er, 1 967; Fram e  et al. , 1 970) .  How ever, du e to b eing 

frost s ensitiv e (Fram e, 1 972; D elg ado and T anco, 1 980) , M edit erran ean 

g ermpl asm p ersists only in r egions ch aract eris ed by mild wint ers. 

Th e import anc e of t al l  f escu e as a cool s eason forag e  in USA (D e B attist a, 

1 989 ; Rich ardson et al. , 1 990; van S ant en, 1 992) and in Arg entin a ( Gonzal es and 

Gardn er, 1 977; M azz anti and Arost eguy, 1 985) h as b een wid ely recogn is ed.  Ev en 

in N ew Zeal and ,  t all f escu e h as b een consid ered an option for regions wh er e  
ry egrass p ersist enc e i s  l imit ed by summ er drought (And erson ,  1 982 , And erson et 

al. , 1 982, Brock, 1 982) . 

A numb er of studi es h av e  comp ared th e morphologic al and physiologic al 
respons e of M edit erran ean and Europ ean t al l  fescu e popul ations to environm ent al 
f actors (Ch att erj ee, 1 961 ; E agl es, 1 967 a; Robson and J ewiss, 1 968 a, b) , but th ere 

is  l ittl e publ ish ed inform ation on th e eff ect of w at er d eficit (N eal-Smith and Wright, 

1 969) . Endophyt e-inf ect ed t al l  f escu e s eems to tol erat e  drought b ett er th an wh en 
endophyt e-free (R ead and C amp, 1 986; W est and Gwinn, 1 993) . How ev er, th e 

r espons es w ere v ari abl e d ep ending on pl ant g enotyp e, endophyt e strain and 

environm ent al f actors (B acon ,  1 993) . Nov el strains of endophyt e th at s eem 

h arml ess to liv estock h ave b een isol at ed (W est and Gwinn, 1 993) . No inform ation 

app ears to b e  av ai l abl e about endophyt e inf ect ed-M edit erran ean t al l  f escu es,  or 

about M edit erran ean popul ations artifici al ly inf ect ed with agronomic al ly sup erior 

endophyt e strains. 

For th e SE of Bu enos Aires Provinc e, Arg entin a, th e compl em ent ary us e of 

M edit erran ean and temp erat e  t al l  fescu e cultiv ars h as b een sugg est ed (M azz anti 

and Arost eguy, 1 985; M azz anti et al. , 1 985) . M edit err an ean cultiv ars would 

comp ens at e  for th e low wint er h erb ag e  growth of t emp erat e  on es, and vic e vers a 

in summ er. It is known, how ev er, th at th e low w int er N av ai l abi l ity of th e region 

l imits h erb ag e  growth (F ernand ez Grecco et al. ,  1 995 ; M arino et al., 1 995) . 

Cons equ ently, N f erti l is ation m ay b e  n ec ess ary to al low a sp eci es with wint er 

growth c ap acity to p erform to pot enti al .  
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This study th erefor e  sought to comp are th e respons es of M edit erran ean and 

t em p erat e  t al l  f escu e cultiv ars to w ater d eficit, to inv estig at e  th e ext ent to which 

w at er d eficit r espons es are modifi ed by pres enc e or abs enc e of endophyt e, and 

to comp ar e  wint er- early spring growth and anim al production of two cultivars with 

and without N f ertilis ation . 

2.2. Objectives 

Th e exp erim ent al obj ectives w er e: 

1 . To comp ar e  th e morphologic al and physiologic al r espons es of contrasting 

endophyt e-free t al l  f escu e cultivars to w at er d eficit. 

2. To comp ar e  th e morphologic al and physiologic al respons es of a M edit erran ean 

and a t emp erat e t al l  f escu e artifici ally inf ect ed with diff erent endophyt e strains 

to w at er d eficit, and to obt ain inform ation on th e comp arativ e p erform anc e  of 

th e fung al strains studi ed.  

3 .  To comp are th e h erb ag e  growth and anim al production of sw ards of a 

M edit erran ean and a t emp erat e  t al l  f escu e, m aint ain ed at th e s am e  l eaf area 

ind ex, and to d et ermin e wh eth er N ferti l iz ation is n ec ess ary for M edit erran ean 

t al l  f escu es to att ain pot enti al growth in wint er and early-spring. 

1 .3. Thesis structure 

This th esis is pres ent ed in eight ch apt ers. Th e pres ent introductory ch apt er is 

follow ed by a revi ew of l it erature (Ch apt er 2). Ch apt ers 3 and 4 repo rt w at er d eficit 

exp erim ents using endophyt e-free pl ants and Ch apt er 5 repo rts a third exp erim ent 

in which pl ants were artifici al ly inf ect ed with known strains of endophyt e. Th ere 

fol lows a g en eral discussion on w at er d eficit respons e in M edit erran ean and 

t emp erat e  popul ations (Ch apt er 6) . Ch apt er 7 d escrib es a grazing exp erim ent 

c arri ed out in th e SE of Bu enos Aires Provinc e, Arg entin a, to comp are wint er 

growth rat es and an im al production of two contrasting cultiv ars with and without 

N f ertil is ation . Fin al conclusions are pres ent ed in Ch apt er 8. 

Th e gl asshous e exp erim ent report ed in Ch apt er 3 w as c arri ed out at th e Pl ant 

Growth Unit ,  M ass ey University, N ew Zeal and. Two t emp erat e  cu ltiv ars, 

Grassl ands Adv anc e and El P al en qu e, and a M edit erran ean cultiv ar, M aris K asb a, 

w ere studi ed .  In this tri al w at er d eficit w as induc ed by compl et e  c ess ation of 
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w ere studi ed.  In this trial wat er d eficit was induc ed by compl et e  c essation of 

wat ering and s equ ential harv ests were mad e to follow th e adjustm ent of th e 

resp ectiv e cultivars. In  this exp erim ent, morphological m easurem ents also 

includ ed mass and l ength of root recov ered from four soil d epths. 

In Chapt er 4, a glasshous e exp erim ent carri ed out at Unidad Int egrada Balcarc e 

I NT A-FCA, Arg entina, is report ed. This exp erim ent diff ered from th e first in that th e 

two cultivars studi ed ,  Maris Kasba and El  Pal en qu e, w ere grown in th e sam e pots . 

Also, p lants rec eiv ed wat er daily with gradation in int ensity of wat er d eficit 

achi ev ed by varying th e daily wat er ration p er pot. In this exp erim ent reducing and 

fructosyl sugar conc entrations w er e  analys ed to ch eck for cultivar diff erenc es and 

to inv estigat e wh eth er th es e  sugars w ere involv ed in osmotic adjustm ent. 

Th e glasshous e exp erim ent report ed in Chapt er 5 was carri ed out at 

AgR es earch , Palm erston North, N ew Z ealand. It also compared endophyt e-free 

Maris Kasba and El  Pal en qu e  cu ltivars und er wat er d eficit, but in addition th e 

eff ect of two endophyt es, KY31 and AR501 , was studi ed.  Th e latt er is a 

comm ercial strain with low ergovalin e production , suppl i ed by AgR es earch . 

Th e grazing exp erim ent compared th e h erbag e growth and animal production 

in wint er- early spring of Maris Kasba and El Pal en qu e  swards in respons e to N 

f erti l isation. Som e estimat es of root biomass and root production w ere also carri ed 

out. 

Chapt er 8 conclud es this th esis by summarising th e agronomic pot ential of 

M edit erran ean tall f escu es in th e l ight of th e information on wat er d eficit r espons es 

and on th e eff ect of N f erti l isation on wint er growth and animal production. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 . Introduction 

This revi ew cov ers thos e asp ects of th e agronomy and physiology of t al l  f escu e 

(Festuca arundinacea Schreb.) and th e endophyt e Neotyphodium coenophialum 

(Morg an-Jon es and Gams) Gl enn,  B acon and H anl in ,  p ertin ent to th e study. It 

comm enc es by emph asising th e import anc e of t al l  f escu e as a grass sp eci es, with 

p articul ar ref er enc e to res earch aim ed at comp aring M edit erran ean and t emp erat e  

popu l ations, follow ed by som e consid erations on th eir  r el ative f eeding v alu e and 

th e import anc e of nitrog en to sw ard production. This is fol low ed by a r evi ew of th e 

compon ents of tissu e turnov er in th e sw ard, th e import ance and functions of th e 

root syst em and m ethods of studying root syst ems. Consid erations of pl ant w at er 

str ess ad apt ation are pres ent ed ,  follow ed by a s ection conc erning th e 

morphologic al and physiologic al respons es of t all f escu e to th e endophyt e, 

esp eci al ly und er w at er d eficit. Fin al ly, a summ ary and som e conclusions are 

pres ent ed .  

2.2. Tal l  fescue 

T al l  f escu e is a Eurasi an grass sp eci es wid ely diss emin at ed outsid e its n atural 

rang e and succ essfu l ly n aturalis ed in Austral i a, N ew Zeal and (E aston et al. , 1 994) 

and Arg entin a (M azz anti and Arost eguy, 1 985). Th e g enus Festuca is vast and 

div ers e and it h as b een found rec ently th at t al l  f escu e and m eadow f escu e are 

more clos ely r el at ed to Lolium perenne l. th an to oth er Festuca sp eci es (E aston 

et al. ,  1 994) . 

T al l  f escu e is th e most important p erenni al cool s eason forag e  grass in th e SE 

of USA (v an S ant en,  1 992) , wh ere it occupi es 1 4  mi l l ion h a  in humid , t emp er at e  

r egions (D e B attist a, 1 989) and is us ed as a h ay, p astur e, turf and cons erv ation 

sp eci es (Rich ardson et al., 1 990) . In Arg entin a, t al l  f escu e is th e most wid ely 
grown p erenni al grass, with 3.2 m il l ion h a  (Molin a, 1 988; I NDEC, 1 992) , m ain ly in 
th e P amp a region ( Gonzal es and Gardn er, 1 977; M azz anti and Arost eguy, 1 985). 

B ec aus e of th e v ari abi l ity in ecologic al areas of th e humid and sub-humid P am p a  

region (B arsky, 1 99 1 ) ,  t al l  f escu e occupi es areas th at c an exp eri enc e  wint er 
drought ( e.g.  C 6rdob a Provinc e) or summ er drought ( e.g. Bu enos Aires Provinc e) .  
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In N ew Zeal and t al l  fescu e h as b een r ecom end ed as an option wh er e  summ er 

drought l imits th e p ersist enc e of ry egrass (And erson ,  1 982, And erson et al. , 1 982, 

Brock, 1 982) . How ev er, d espit e positiv e exp erim ent al r esults, m any f arm ers 

r em ain uninform ed of its pot enti al or h av e  h ad dis appointing results, m ainly du e 

to est ablishm ent f ai lure, its in abi l ity to comp et e  in a grazed mix ed sward with oth er 

grass es (E aston et al. , 1 994) , poor qu al ity s eed l in es (L anc ashire and Brock, 1 983) 

and its r eput ation for toxicity (Brock, 1 983) .  By contrast, r esu lts obt ain ed in 

H awk es B ay show ed th at und er drought, t al l  f escu e p astures w ere sup erior to Nu i  

ry egrass in qu antity and qu ality of  f eed for ew es (Wright et al. , 1 985) .  T al l  f escu e 

w as recomm end ed as an alt ern ativ e to ry egrass for th e co ast al south T aran aki 

r egion, ch aract eris ed by mild, w et wint ers, summ er dry p eriods and frequ ent grass 

grub d am ag e. In this r egion , t al l  f escu e g av e  sup erior annu al production, a growth 

distribution th at m atch ed cow requirem ents and high er summ er/autumn growth 

(Judd et al. ,  1 990) . Thus, th e sown area h as increas ed as f arm ers h av e  com e to 

consid er it a worthwhi l e sp eci es in difficu lt conditions and h av e  g ain ed confid enc e 

in th eir abi l ity to est ablish and m an ag e  it (E aston et al. , 1 994) . 

2.2.1 . Mediterranean and temperate populations 

For m any forag e  sp eci es, g ermpl asm of M edit erran ean origin ( e.g. F. 
arundinacea var. letourneuxiana from North Afric a) d iff ers from comp arabl e British 

or North Europ ean g ermpl asm in showing pronounc ed wint er and early spring 

growth (M acCol I  and Coop er, 1 967; Fram e  et al. , 1 970) . According to O elg ado and 

T anco ( 1 980) , M edit erran ean t al l  fescu es usu al ly h ave slow er est ablishm ent, 

great er frost s ensitivity, great er tol eranc e to l eaf p athog ens and smooth er l eaves 

th an th e North Europ ean on es. 

2.2.1 .1 . Studies comparing Mediterranean and temperate populations 

2.2.1 .1 .1 . Morphological and physiological responses to environmental 

factors 

M acColI and Coop er (1 967) in a gl asshous e exp erim ent obs erv ed a great er 

rel ativ e growth rat e  (R GR) in th e M edit erran ean th an in north ern Europ ean 
m at eri al (L.  perenne, Dactylis glomerata L. ,  and F. arundinacea) in wint er. Th e 

high er R GR w as du e to a high er l eaf area ratio (LAR) and also to a great er 

shoot/root r atio. This result agreed with Robson and J ewiss (1 968 a) ,  but 

contrast ed with Ch att erj ee (1 961 ) and E agl es ( 1 967 a) ,  who found th at th e great er 
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R GR in th e M edit erran ean popul ations w as associ at ed with a l arg er n et 

assimi l ation rat e  (NAR). E agl es ( 1 967 a) sugg est ed th at d iff erenc es in photop eriod, 

l ight en ergy and sp ectral composition b etween exp erim ents could h av e  aff ect ed 

NAR and LAR and,  cons equ ently, th eir  r el ativ e contribution to R GR. 

M any studi es h av e  comp ar ed two M edit erran ean fescu es, 8yn I and 8yn 1 1 ,  and 

on e indig enous to Brit ain ,  81 70, in control l ed conditions (Morg an,  1 964; Robson 

and J ewis, 1 968 a, b; Thom as and L azenby, 1 968 a, b, c) . In g en eral , th es e  studi es 

conclud ed th at th e s eason al growth p att ern of th e t al l  f escu es w as r egul at ed 

l arg ely by t emp erature and th at th e r espons es of th e M edit erran ean and North 

Europ ean popul ations to wint er and summ er conditions w ere diff erent.  Morg an 

( 1 964) obs erv ed th at th e M edit erran ean grass es g ermin at ed more quickly th an 

81 70 wh en t emp eratur es w er e  simi l ar to thos e usu ally pres ent in th e fi eld in 

autumn and wint er (5° and 1 0°C) . Robson ( 1 967) found th at individu al l eav es of 

81 70 grew at h alf th e rat e  and to h alf th e fin al l ength of M edit erran ean v ari eti es 

in wint er. In  th e high t emp erature, high l ight int ensity and long d ays of summ er, 

8 1 70 pl ants were more productiv e, erect and h ad few er, l arg er t i l l ers, whil e th e 

M edit erran ean vari eti es w ere prostrat e, with m any ti l l ers (Morg an, 1 964) . P l ants 
of 8 1 70 w ere l ess aff ect ed by short p eriods of low t emp erature th an thos e from 

M edit erran ean r egion (Robson and J ewiss, 1 968 a) ,  and more of th em surviv ed 

und er low t emp erature and s ev ere d efol i ation (Thom as and L az enby, 1 968 a) .  

Th erefore, it h as b een sugg est ed th at th e abi l ity to grow during wint er w as 
inv ers ely rel at ed to th e abi l ity to survive low t emp eratures (Robson and J ewiss, 

1 968 a) .  Th e cold-h ardin ess of th e north em popul ations w as attribut ed to th e 

accumul ation of solubl e c arbohydrat es (Robson and J ewiss, 1 968 a, Thom as and 

L az enby, 1 968 a) and to th e more b as al ,  thus more prot ect ed,  loc ation of apic al 

and axi l l ary m erist ems in 8 1 70 in comp arison with th e M edit erran ean m at eri al 

(Thom as and L az enby, 1 968c) . 

Ch att erj ee ( 1 961 ) in Brit ain obs erved th at three M edit erran ean t al l  f escu es, 
t i l l ered from M arch to M ay (spring) , whi l e th e Europ ean form, 81 70, consid ered 

among th e more productiv e grass es in autumn and early spring, t i l l ered from 

D ec em b er to M arch (wint er) and ,  aft er flow ering, in July and August (summ er) . 

Th e l eaf area ind ex w as high er in North Afric an forms during wint er but low er in 
summ er. In summ er, th e elong ation of veg et ativ e ti l l ers w as great er in 8 1 70 but 

in wint er th e opposit e occurred and, cons equ ently, M edit erran ean forms w ere 

more erect. During wint er (Nov ember-M arch) org anic m att er production of 8 1 70 
w as only 25 % of th at of th e M edit erran ean forms. Th e sm al l  increas e  in wint er 
org anic m att er production of 8 1 70 was accomp an i ed by a 75 % reduction in th e 

tot al solubl e c arbohydr at es. Both forms increas ed root w eight during wint er. 
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How ever, it h as b een obs erved th at th e root : shoot r atio of M edit erran ean grass es 

increas ed with t emp erature, wh i l e th e opposit e occurred in north Europ ean 

grass es (E agl es,  1 967 a; M acColI and Coop er, 1 967) . It w as sugg est ed th at this 

r espons e w as associ at ed with an increas ed accumul ation of assimil at es in th e 

root. Th e h igh conc entrations of sug ars in roots would h elp north Europ ean 

popul ations to tol erat e  low t emp eratures and produc e photosynth etic tissu e in th e 

spring, and M edit erran ean popu l ations to al low pl ant survival during summ er 

drought (E agl es, 1 967 a) .  

Suppl em ent ary l ight increas ed growth of th e high altitud e M edit erran ean 

m at eri al grown outdoors and in th e g l asshous e, whi l e S 1 70 w as un abl e to 

r espond, exc ept at high er t emp er ature (Ch att erj ee, 1 961 ) .  N ev erth el ess, Robson 

and J ewiss (1 968b) obs erv ed th at th e diff er enc es in wint er growth b etw een 
M edit erran ean v ari eti es and S1 70 w er e  not regul at ed by l ight int ensity at th e 

qu antiti es of radi ation r ec eiv ed in Engl and. However, it is not known wh eth er S 1 70 

wou ld b e  abl e  to util iz e th e high er radi ation of th e North Afric an summ er. 

B ec aus e of th e findings abov e, Morg an (1 964) propos ed th at a cl im atic 

ad apt ation h ad t aken pl ac e. Grass es th at h ad b ecom e succ essful in Brit ain were 

thos e ad apt ed to grow vigorously in  summ er and survive th e wint er in  a frost 

r esist ant but l ess activ e form. In M edit erran ean clim at es, how ever, n atural 
s el ection h ad promot ed g enotyp es ad apt ed to grow activ ely in th e moist, 

comp arativ ely w arm wint er s eason and to b ecom e prostrat e, and rel ativ ely 

dorm ant as a drought- avoid anc e strat egy in th e dry summ er. Moreov er, in 

M edit erran ean typ es, l itt l e n atural s el ection for wint er h ardin ess h ad t ak en pl ac e  

b ec aus e t emp eratures in th es e  areas rar ely f al l  b elow freezing point. 

Burn er et al. ( 1 988) evalu at ed v ari abi l ity among and within t al l  f escu e 

acc essions of diff er ent g eogr aphic origin (USA, C entral Asi an ,  M edit erran ean ,  

Europ ean).  Ch aract ers ev alu at ed w ere: w at er solubl e c arbohydrat e  l ev els of 

summ er for ag e, first-cut and r egrowth yi elds, dis eas e r esist anc e, rel ativ e m aturity 

and wint er injury. Non e of th e C entral Asi an or M edit erran ean introductions 
app eared promising as a sourc e of g ermpl asm for improving USA cultiv ars for th e 

ch aract ers ev alu at ed .  

Th e dis adv ant ag e  of M edit erran ean popu l ations b eing frost s ensitiv e h as b een 

point ed out by Fram e  (1 972) who conclud ed th at und er th e W est Scotl and cl im at e, 

any sup eriority in autumn/wint er growth of th e M edit erran ean popu l ation (Syn I )  

w as not signific ant from th e agricu ltural point of vi ew. However, in mi ld er cl im at es,  

l ik e in th e Arg entin ean P amp a, p astures of M edit erran ean t al l  f escu es more th an 
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1 4  y ears old c an b e  found in good condition. Simi l arly, in evalu ativ e studi es 

conduct ed in Austral i a, th e M edit erran ean f escu es w ere not kill ed by wint er cold 

(N eal-Smith and Wright, 1 969; Schi l l er and L az enby, 1 975) . N eal-Smith and 

Wright ( 1 969) , in C anb erra, obs erved th at M edit erran ean t al l  f escu es usu ally w er e  

more productiv e during autumn-wint er-spring th an th e l in es of t emp erat e  origin. 

Four  M edit erran ean l in es of t al l  f escu e exhibit ed high pl ant surviv al (92-97%) 

und er drought, but h erb ag e  yi elds w er e  drastic al ly low er ed. As a r esult, th es e  

authors sugg est ed th at M edit erran ean t al l  f escu es n eed a f avourabl e soil moisture 

st atus from early autumn onw ards to b e  abl e  to express th eir  fu l l  growth pot enti al 

during wint er. 

Whi l e production of M edit erran ean t al l  f escu e w as d epress ed by frequ ent 

s ev ere wint er d efol i ation and exhibit ed littl e respons e to summ er d efol i ation 

regim es, th e opposit e w as obs erved in S1 70 (Thom as and L az enby, 1 971 ) .  

How ev er, i n  Arg entin a, M azz anti et  al. ( 1 985) working with a M edit erran ean 

cu ltiv ar, M aris K asb a, and a t emp erat e  cultiv ar, E l  P al enqu e, s el ect ed from 

popu l ations introduc ed to Arg entin a from USA, found th at a high er grazing 

pressur e  during th e previous summ er d ecreas ed ti l l er numb er by around 22 % in 

M aris K asb a, but increas ed it by 30 % in El P al enqu e. 

Wh en M aris K asb a w as comp ared with t en oth er cultiv ars und er cutting at 
B arrow (Bu enos Aires Provinc e, Arg entin a) ,  it h ad th e h igh est yi eld from Jun e 

1 985 to J anu ary 1 986 (Ouh ald e and Forj an, 1 986) . At th e s am e  loc ation , in 

anoth er tri al ,  M aris K asb a w as th e most productiv e during wint er (65 kg OM h a·1 
d ay·1 in mid- August) wh en 28.8 % of its tot al annu al production w as obt ain ed.  

Simi l arly, M azz ant i and Arost eguy (1 985) report ed th at no annu al production 

diff erenc es w ere found b etw een t emp erat e  and M edit erran ean cultivars in a five­

y ear cutting exp erim ent in Arg entin a, but M edit erran ean cultiv ars w ere more 

productiv e during wint er. 

2.2.1 .1 .2. Origin 

Cultiv ars K asb a (O elg ado and Tanco, 1 980) , Syn 1 1  (Morg an ,  1 964; Robson and 

J ewiss, 1 968 a, b ;  Thom as and L azenby, 1 968 a, b, c) and M aris K asb a (Assu ero, 

1 984; Escud er et al., 1 985; M azz anti and Arost eguy, 1 985; M azz anti et al. ,  1 985; 

Duh ald e and Forj an , 1 986; Escud er et al. , 1 992) , are of simil ar origin. Th ey are 

d eriv ed from m at eri al n ativ e to a wet zon e, Arzou (Morocco), alt itud e 1 ,660m, and 

th eir chromosom e numb er is 2n=70 (d ec aploid). 
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2.2. 1 .1 .3. Feeding value 

Esc ud er et al. (1 985) comp ared th e uti l iz ation of M aris K asb a and El  P al en que 

in B alc arc e (B uenos Aires Provinc e, Arg entin a) ,  and obs erv ed th at wint er and 

spring cons umption of h erb ag e  w as h igh er forth e M edit erran ean c ultiv ar. This w as 

attrib ut ed to its low er st em : l eaf ratio. Anim als grazing M aris K asb a exhibit ed a 

high er rat e  and ext ent of dig estion th an anim als grazing El P al en que. Low ertransit 

and tot al m ean ret ention tim es in anim als grazing th e M edit erran ean form w ere 

also fo und (Esc ud er et al., 1 992). Th es e  d at a  are consist ent with a great er f eeding 

v al ue for MK. 

V an S ant en ( 1 992) fo und th at th ere w as consid erabl e v ari ation in anim al 

pref erenc e among t al l  f esc ue pop ul ations. Low pref erenc e w as a ch aract eristic of 

pop ul ations cont aining M edit erran ean g ermpl asm and of pop ul ations s el ect ed in 

th e so uth em USA. How ev er, whil e dig estibi l ity of l eafy t al l  f esc ue is simil ar to oth er 

p ast ure grass es, th e f al l  in quality with m at urity is early and s ev er e  in t al l  f esc ue 

(E aston et al. , 1 994) . 

2.3. N itrogen effect on the swards 

Most N in grassl and soils is pres ent in th e org anic m att er and is in an equi l ibri um 

wh ere additions of org anic resid ues from d ec ay of roots and h erb ag e  are b al anc ed 

by oxid ation and loss es (B al l  and Ryd en, 1 976) . Th e m ain inp uts of N are from 

f ert i l izer and symbiotic N fix ation . However, rumin ants cons um e  60-75 % of 

h erb ag e  acc um ul ation and excret e  75-95 % of th e N ing est ed, m ain ly in th e urin e. 

N in th e urin e, mostly as urea, is biologic al ly l abi l e. By contrast, d ung-N, l arg ely 
org anic compo unds of b act eri al origin, is more slowly hydrolys abl e th an urea and 

pres um ably incorporat ed into soil by th e action of soil f aun a. Th us urin e-p atch 

areas are associ at ed with th e g reat est pot enti al loss of N (B al l  and Ryd en ,  1 976) . 

N is requi red for l eaf enzym es, esp eci al ly thos e associ at ed with th e 

photosynth etic app arat us, and N s upply is oft en th e f actor l imiting r at e  of 

d ev elopm ent of n ew l eav es (Sincl ai r, 1 990) . I n  m any swards N is th e m ain f actor 

r estricting ti l l er prod uction (D avi es, 1 977). N itrog en not only stim ul at es t i l l ering, b ut 

also acc el er at es l eaf app earanc e rat e  (Ryl e, 1 964) , increas es l eaf ext ension rat e  
( Gast al and L em aire, 1 988) and also acc el erat es th e r at e  of l eaf d ec ay in grass 

sw ards (Simpson and Stobbs, 1 981 ; Wilm an and Wright, 1 983) . How ev er, L aid l aw 

and St een ( 1 989) fo und th at wh en sw ards w ere graz ed to a given h erb ag e  m ass, 

a h igh er s en esc enc e rat e  p er ti l l er in th e low-N sw ards th an in h igh-N sw ards w as 
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m easu r ed .  Th e eff ect of N applic ation on growth and ch emic al composition of 

t emp erat e  grass es h as b een revi ew ed by Wilm an and Wright ( 1 983) . 

Und er control l ed conditions or in fi eld-grown sp ac ed pl ants, most stud i es h av e  

shown th at und er N d efici ency th e r el at iv e c arbon p artitioning to th e roots is 

increas ed (Be l ang er et al. , 1 992b) . In oth er words, th e root : shoot ratio is usu al ly 

r el at ed inv ers ely to pl ant N conc entration (Hilb ert, 1 990) . It w as also report ed th at 

N increas ed root di am et er in grass es (Osw alt et al. , 1 959) . 

Und er fi eld conditions Bel ang er et al. ( 1 992 a) obs erv ed th at N f ertil ization 

increas ed photosynth etic ally activ e r adi ation (PAR) int erc ept ed and radi ation us e 

effici ency (RUE) in Cl arin e t al l  f escu e. Th e authors attribut ed th e form er r espons e 

to a f ast er l eaf area d ev elopm ent and th e l att er to improv ed photosynth etic 

effici ency and/or increas ed C p artitioning to shoots. It w as also obs erved th at th e 

adv ant ag e  for shoot growth at high er rat es of N f erti l iz ation d ecreas ed as th e 

rel ativ e N conc entration appro ach ed its m axim al v alu e. Th eir  results sugg est ed 

th at th e eff ect of N d efici ency on radi ation int erc eption occurred only wh en 

radi ation int erc eption w as incompl et e, but wh en most of th e incoming r adi ation 

w as int erc ept ed ,  only RUE w as aff ect ed by N ferti l iz ation. 

In Bu enos Aires Provinc e, low soil nit rat e  l evels during wint er and spring h av e  
b een found. For ex ampl e, conc entrations of 6.2 ppm for th e 0-1 80 mm stratum 

and 3.2 ppm for th e 1 80-300 mm stratum during mid-spring w ere r eport ed for soils 

und er p asture (Vaz qu ez y B arb eris, 1 982) . In B alc arc e (S.E .  of Bu enos Aires 

Provinc e) ,  N av arro ( 1 966) obs erved th at th e soil nitrat e  cont ent p aral l el l ed th e 

t emp erature curve, with minimum valu es in wint er. R estrict ed forag e  growth rat es 

in this region during wint er du e to th e un av ai l abi l ity of N h av e  also b een r eport ed 

(F ernand ez Grecco et al. ,  1 995; M arino et al. , 1 995) . M azz anti et al. ( 1 985) studi ed 

th e eff ect of N appli ed in spring and autumn (50 kg N h a·1 in each applic ation) on 
t i l l er d ensity of M aris K asb a and El  P al en qu e. Th ey obs erv ed th at th e 

M edit erran ean cultiv ar h ad a high er t i l l er numb er throughout th e exp erim ent al 

p eriod and th at N increas ed ti l l er d ensity by th e end of th e n ext wint er by 

approxim at ely 30% in M aris K asb a sw ards but did not affect El P al en qu e  sw ards. 

It h as b een sugg est ed by Schil l er and L azenby ( 1 975) th at ,  in t emp erat e  

conditions, a high l ev el of N app eared n ec ess ary for th e ful l  expression of th e 

wint er growth pot enti al of th e M edit erran ean popul ations. Ch att erj ee ( 1 96 1 ) found 

th at M edit erran ean t all fescu es were more responsiv e to N th an 8 1 70, and th at an 

increas ed N l ev el increas ed NAR, l eaf area, and pl ants b ec am e  green er, th e 
r espons e b eing high er und er low l ight and low t emp erat ure conditions . 
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M azz anti et al. (1 994) c arri ed out a grazing exp erim ent in Franc e to comp are 

th e eff ects of N on sw ards of two morphologic al ly contrasting Europ ean cu ltivars 

of t al l  f escu e. Th e cultivars were: Cl arin e, ch aract eriz ed by a low ti l l er d ensity and 

l arg e ti l l ers, and B arc el , with a high er ti l l er d ensity and sm al l er ti l l ers. Sw ards w ere 

graz ed by sh eep and m aint ain ed at a simil ar LAI .  Th e abs enc e of any diff er enc e 

in h erb ag e  accumul ation r at e  b etween th e cultiv ars th ey studi ed w as attribut ed to 

a hom eost atic m ech anism th at ensured th e d iff erenc es in growth rat e  p er t i l l er 

w er e  count erb al anc ed by diff erenc es in ti l l er d ensity. Th ey conclud ed th at in 

continuously grazed sw ards, th e respons e to N applic ation c an b e  exp ect ed to b e  

not only from increas ed l eaf elong ation rat e, but also from promotion of ti l l ering 

rat e. Link ed with th e increas ed h erb ag e  accumul ation , N applic ation also result ed 

in increas ed h erb ag e  consumption and effici ency of h erb ag e  uti l iz ation (M azz anti 
and L em aire, 1 994; M azz anti et al. , 1 994 ; L aidl aw and St een , 1 989) .  Th e m ain 

eff ect of N w as obs erv ed on th e increas e in th e frequ ency of d efol i ation, th e two 

young est l eav es b eing more frequ ently d efol i at ed th an th e old er on es. Howev er, 

th e int ensity of d efol i ation of individu al l eav es w as almost const ant ( approxim at ely 

equ al to 0.5) for th e fiv e p eriods consid ered and simil ar for al l l eaf ag e c at egori es 

(M azz anti et al. ,  1 994) . 

2.4. Sward tissue turnover 

All p l ant p arts grow and di e, or are h arvest ed, resulting in flux es of l eaf and oth er 

m at eri al .  Th e n et ch ang e in w eight of shoot m at eri al ov er a giv en p eriod c an b e  

express ed as follows (D avi es, 1 993) : 

wh ere: 

6.W = 6.G - 6.0 (2.4. 1 )  

6. W = ch ang e in living h erb ag e  m ass or shoot m at eri al .  

b..G = form ation of n ew tissu e. 

6.0 = d eath and d ecomposition of old er tissu e 

Ch ang es in ti l l er numb er, l eaf numb er and l eaf area c an b e  c alcul at ed in th e 

s am e  w ay. Dry m att er flux in swards c an b e  d et ermin ed as th e m easure of n ew 

tissu e form ation rat es (or s en esc enc e rat es, or consumption rat es) p er popul ation 

unit ( e.g. p er ti l l er) associ at ed with th e estim at es of ch ang es in th e popu l ation units 
(D avi es, 1 993; M azz anti and L em air e, 1 994) . This appro ach h as b een d escrib ed 

by ecologists as 'ph enom etric an alysis' (D avi es, 1 993) . Th e adv ant ag e of using 

this m ethod to m easure growth, s en esc enc e and n et production rat es is th at this 
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appro ach increas es th e und erst anding of compon ent sward proc ess es (Grant et 

al. ,  1 983) . Wh ere l eaf form ation and l eaf d eath are not m easured s ep arat ely, n et 

accumul ation c annot b e  resolv ed into its constitu ent compon ents. In  earl i er studi es 

( e.g. 8rough am, 1 956) n et accumul ation w as not resolv ed into compon ents, 

l eaving som e ambiguity of int erpret ation. Th e int err el ationships b etw een th e 

compon ents of th e dry m att er flux h av e  b een propos ed as shown in Fig. 2.1 . 

D e a d  lea f  
tissue 

r 
x 

t W I  per ! u n it le a f  
len gth 

Wt per  
x u n it leaf  � length 

Live leaf 
tissue 

Figure 2.1 . The interrelationships between various components of dry-matter 
flux. The arrows indicate the fluxes that contribute to a given pool 
of information. (From Davies, 1 993) 

2.4.1 . Morphological basis and components of tissue growth and loss 

Th e morphology of grass es h as b een d escrib ed by Silsbury (1 970) . Ess enti al ly, 

th e grass structure is b as ed on th e 'phytom er' . Th e phytom er diff erenti at es at th e 

st em ap ex and includ es four  org ans: a l eaf, an int emod e, an axi l l ary bud (ti l l er) and 

on e or more adventitious roots. Whil e l eav es and int ernod es are inc ap abl e of 
infinit e growth, axi l l ary buds, at l east th eoretic al ly, are ind et ermin at e. This is 

b ec aus e each on e is a replic at e  of th e p arent apic al m erist em and, simi l arly, c an 

produc e n ew phytom ers up to a point wh en th e ap ex b ecom es reproductiv e. 

Int ernod e elong ation occurs as p art of th e v eg et ative growth of som e grass es, but 

in oth ers, t ak es pl ac e  only with reproductiv e d ev elopm ent. Th e axi l l ary bud is not 
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fol i ar in origin and d ev elops in th e sub apic al regions. Til l ering is import ant b ec aus e 

it enh anc es th e rat e  of LAI recov ery aft er d efol i ation and provid es a m eans of 

v eg et ativ e repl ac em ent of d ead t i l l ers . 

2.4.1 .1 . Leaf growth 

Th er e  are fiv e st ag es in th e growth of a grass l eaf. Th ey are: in it i ation, pre­

app earanc e, post- app earanc e, m aturity, and s en esc enc e. Th e l eaf primord i a 

init i at e  as l at eral app end ag es on th e ap ex in acrop et al succ ession . Th e int erv al 

b etw een two succ essiv e units is c all ed a pl astochron. At f irst, th e l eaf primordium 

grows as a diffus e  m erist em and increas es in siz e m ainly by c el l  division . Wh en 

it is around 1 0-20 mm long two m erist em atic regions c an b e  d istinguish ed .  L amin a 

growth is du e to th e m erist em atic region abov e th e ligu l e, whi l e sh eath growth is 

du e to th e oth er at th e l eaf b as e  (Silsbury, 1 970) .  In t al l  f escu e, l eaf b l ad es did not 

increas e  in l ength aft er th eir  ligul e h ad em erg ed, and usu ally a p articul ar l eaf bl ad e  

did not em erg e until its pred ec essor h ad almost finish ed exp anding (Robson , 

1 967) . L eaf init i ation is t ermin at ed wh en th e ap ex b ec am e  r eproductiv e aft er floral 

induction. Som etim es, grass es m ay b ecom e dorm ant in which c as e  th e ap ex 

c eas es its growth or t emporarily reduc es its activity (Silsbury, 1 970) .  

2.4.1 .1 .1 . Leaf appearance rate 

In grass es, wh ere th e numb er of l eav es p er t i l l er rem ains rel ativ ely st abl e for 

prolong ed p eriods (L ang er, 1 954) , th e l eaf app earanc e rat e  (LAR) giv es a g en er al 

id ea of th e m agnitud e of tissu e tumov er .  LAR d efin es th e pot enti al t i l l er production 

b ec aus e t i l l ers app ear in th e axis of l eav es . I t  is app ar ent th at LAR is const ant 

und er control l ed conditions and also in th e fi eld ov er a consid erabl e p art of th e 

growth p eriod for most sp eci es (Silsbury, 1 970) . Th e LAR h as a clos e rel ationship 

with t em p erature in grass es (L ang er, 1 954; D avi es and C ald er, 1 969; P eacock, 

1 975b) . 

2.4.1 .1 .2. Leaf extension rate 

P eacock ( 1 975b) h as shown th at p er enni al ry egrass l eaf ext ension rat e  (LER) w as 

d et ermin ed by th e t emp erature of a d istinct zon e at th e l ev el of th e st em ap ex, and 

not by a g en eral soil or air t emp erature. Howev er, at a simi l ar t emp erature, LER 

w as h igh er in spring th an in autumn sugg esting th at som e oth er f actor w as l imit ing 
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LER in th e l att er (P eacock, 1 975c). On th e oth er h and, L em aire and Ch apm an 

( 1 996) h av e  r eport ed th at for most t emp er at e  grass es th e respons e of LER to 

t emp erature is expon enti al in th e r ang e 0-1 2  cC av erag e d aily t emp eratur e, and 

l in ear abov e this until th e optimum at 20-25 cC. Moreov er, l eaf siz e increas ed with 

t emp erature, and at a simil ar t em p eratur e  w as l arg er for reproductiv e th an for 

v eg et ativ e sw ards. P eacock (1 975c) report ed th at light i rradi anc e l ev el d id not 

aff ect LER. 

D avidson and Milthorp e (1 966) obs erv ed in cocksfoot (D. glomerata) th at 

r emov al of th e bl ad es of fully exp and ed l eav es (two thirds of th e tot al l eaf area) did 

not aff ect l eaf ext ension und er h igh ext ern al nutri ent supply, but aff ect ed it wh en 

nutri ent supply w as low. Th e r emov al of young er elong ating l eav es h ad no 

signific ant eff ect. 

Th e eff ect of d efol i ation on LER in L. perenne d ep ends on th e s ev erity of th e 

d efol i ation. If only l amin ae w er e  remov ed, no signific ant eff ect on LER p er t i l l er 

w as obs erv ed (Arost eguy, 1 982) . Th e l ength of th e sh eath tub e through which th e 

l eav es - em erg e aff ects th e l ength of th e n ew l eav es. In this w ay, if th e upp er p art 

of th e sh eath is cut, th e n ew l eav es wil l b e  shorter (D avi es, 1 988). 

LER is strongly aff ect ed by N nutrition. Und er fi eld conditions three- to four-fold 

diff erenc es in LER for contrasting N nutrition l evels h av e  b een obs erv ed in t al l  
f escu e ( Gast al et al. , 1 992) . 

R eductions in LER h av e  b een propos ed as indic ativ e th at th e pl ant is und er 

stress, and th erefore h av e  b een util is ed sp eci al ly in w at er d eficit studi es (D avi es 

and Zh ang, 1 99 1 ) .  Th e proc edure of m easuring l eaf ext ension using a rul er h as 

b een d et ai l ed by P eacock ( 1 975 a) ,  Arost eguy (1 982) and M azz anti and L em aire 

( 1 994) , and using aux anom et ers by Will i ams and Biddiscomb e  (1 965) . Whi l e i t  h as 

b een r eport ed th at m ark er rings and h andling of th e l eav es do not aff ect dry m att er 

production,  green l eaf p er ti l l er or numb er of ti l l ers (Hodgson and Ol l erensh aw, 

1 969) , l at er exp erim ents h av e  shown th at h andling s eems to promot e ti l l er 

initi ation (M atth ew, 1 992; H ermind ez Garay, 1 995) . 

2.4.1 .2. Leaf senescence 

In v eg et ativ e grass p l ants a m ax imum numb er of living l eav es p er ti l l er app ears to 
b e  g en etic ally d et ermin ed ( e.g .  3 for L. perenne, 2.5 for F. arundinacea) . Thus, in 

a st eady st at e, an equi l ibrium b etw een LAR and l eaf d eath is r each ed .  In th e s am e  
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w ay as LAR, l eaf s en esc enc e and l if esp an are aff ect ed by t emp erature (L em aire 

and Ch apm an,  1 996) . Th e s en esc enc e rat e  increas es with th e l ev el of N 

f ertil iz ation in th e lat er st at es of a sw ard regrowth cycl e b ec aus e of th e eff ect of N 

on LER and leaf siz e. Cons equ ently, if N f ertiliz ation is not follow ed by a prop er 

m an ag em ent, d ead m at eri al c an accumu l at e  in th e sward (L em aire and Ch apm an,  

1 996) . 

Any sw ard m an ag em ent th at ext ends th e d efol i ation int erv al in ord er to obt ain 

a h igh l eaf area ind ex and high gross photosynth esis wil l  increas e s en esc enc e 

loss es, th e loss es du e to s en esc enc e and d ecomposition b eing m aximis ed if th e 

sw ard is allow ed to grow unint errupt ed (Hodgson et al. , 1 98 1 ) . 

2.4.1 .3. Tiller number 

Th e equ i librium b etw een ti l l er app ear anc e rat e  (TAR) and ti ll er d eath rat e  

d et ermin es th e d ensity of ti l l ers in graz ed sw ards (L em aire and Ch apm an ,  1 996). 

Til l er d ensity influ enc es sw ard regrowth (D avi es, 1 988) and is strongly aff ect ed by 

l ight int ensity, but is ins ensitive to t emp erature and d ay length (Wi l l i ams and 

Biddiscomb e, 1 965) . 

Til ler loss is increas ed by int ens e sh ading, and t i l l er popul ation increas es as th e 

frequ ency of d efol i ation increas es. Int erm edi at e  l ev els of d efol i ation t end to 

promot e a great er t i l l er popul ation (Hodgson et al. , 1 98 1 ) . Cons equ ently, und er 

continuous grazing, short er t emp erat e  sw ards h ave a high numb er of sm al l er ti l l ers 

and a low er rat e  of growth p er ti l l er th an long er sw ards. Howev er, th e rat e  of 

growth p er unit l and area (L e. th e product of t i l l er numb er and ti l l er growth) rem ains 

almost th e s am e  (D avi es, 1 988) which impli es th at th e scop e for improving n et 

production on continuously stock ed sw ards is rel ativ ely l imit ed (Hodgson et al. ,  

1 981 ; Birch am and Hodgson, 1 983; Grant et al. , 1 983) . 

Exp erim ent al evid enc e sugg ests th at t i l l er d ev elopm ent is control l ed by th e 
phytochrom e syst em in respons e to th e red/f ar-red ratio of th e incid ent l ight 
(D er egibus et al. , 1 983) . Exp erim ents on m any grass sp eci es h av e  shown th at th e 

t i l l ering rat e  slows as th e l eaf area ind ex (LAI) reach es a valu e of three, and stops 

at high er LAI ,  wh en th e l ight is almost extinguish ed at th e bud l ev el (Simon and 

L em aire, 1 987) . 

Til ler siz e and t i l l er d ensity are invers ely rel at ed .  Yod a et al. ( 1 963) found th at 

for s ev eral pl ant sp eci es log arithmic plots of shoot weight ag ainst shoot d ensity 
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show ed a -3/2 slop e (or -1 /2 if th e rel ationship is b etw een h erb ag e  m ass and shoot 

d ensity, according to W el l er, 1 987) . This rel ationship h as b een confirm ed for grass 

sw ards (Birch am and Hodgson, 1 983) Th e rel ationship obt ain ed is known as 

'siz e/d ensity comp ens ation lin e', and c an b e  consid ered as d efining a l in e of 

const ant LAI (S ackvil l e H ami lton et al. , 1 995) . I n  this w ay, sw ards plott ed to th e 

right ( e.g. abov e) an arbitrarily position ed siz e/d ensity comp ens ation l in e wil l h av e  

a h igh er LAI and sw ards plott ed to th e l eft ( e.g .  b elow) a lower LA! .  M atth ew et al. 

( 1 996) h av e  obs erv ed in p astur es of p erenni al ry egrass in P alm erston North (N ew 

Zealand) th at b elow a c ert ain threshold h erb ag e  m ass ( e.g .  2000 kg OM h a-1 in 

wint er and n ear 5000kg OM h a-1 during reproductive growth), increas es in t i l l er 

d ensity r el at ed to h eavy d efol i ation pressure are un abl e to comp ens at e  for th e 

associ at ed loss of l eaf area. Cons equ ently, b elow th at threshold in h erb ag e  m ass, 

th e t i l l er d ensity m easured is low er th an th e exp ect ed, and th e slop e of th e 

empiric al l in e is great er th an th e th eoretic al on e. 

I n  iso l at ed p l ants, t i l l er app earanc e c an b e  rel at ed to l eaf app earanc e. 

Sp ecific al ly, O avi es (1 974) h as init i at ed th e conc ept of 'sit e fi l l ing', as th e 

relationsh ip b etw een r el ativ e t i l l ering rat e  and l eaf app earanc e th at allows th e 

d et ermin ation of th e pot enti al t i l l ering rat e  (Simon and L em air e, 1 987). N itrog en 

d efici ency low ers sit e fi ll ing and restricts TAR b elow its pot enti al v alu e, ev en in 

sw ards with low LA! .  But at th e s am e  t im e, N f ertilis er c an reduc e t i l l er d ensiti es 

b ec aus e of th e r apid d ev elopm ent of LAI and acc el eration of t i l l er d eath (L em aire 

and Ch apm an,  1 996) . 

2.5. Root systems 

2.5.1 . Function and characteristics of roots systems 

Th e prim ary functions of root syst ems of t errestri al pl ants are th e upt ak e  of soil­

b as ed r esourc es,  m ainly inorg anic nutri ents and w at er, and anchorag e  (Ev ans, 

1 976; Fitt er, 1 996) . S econd ary functions are storag e, synth esis of growth 

regu l ators, and pl ant prop ag ation and disp ers al (Fitter, 1 996) . In addition , input of 
s en esc ed tissu es to th e soil constitut es an import ant contribution to th e tot al 

ecosyst em cycling of nutri ents and to th e m aint en anc e of th e soil microf aun a and 

microflor a  popul ations at th e rhizosph ere l ev el (Lynch, 1 987; N edw el l  and Gray, 

1 987; Bloomfi eld et al. , 1 996) . 

Among th e m ain f eatures th at show syst em atic vari ation are di am et er, surf ac e  
t exture, colour and growth pot enti al .  Th e numb er, siz e and duration of root h airs, 
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th e p ersist enc e of th e epid ermis and cort ex, and th e n ature of th e b ark of woody 

roots, al l aff ect root surfac e  area. Thick er roots might h av e  adv ant ag es in 

p en etrating comp act ed soi ls. B ec aus e fin e roots h ave a more rapid turnov er th an 

thick roots, th ey c an impos e a signific ant m et abolic cost to th e pl ant (Fitt er, 1 996) . 

In  p asture most fin e roots occur in th e upp er f ew c entim etres of th e soil ,  wh ere 

th e nutri ent conc entration is  high er and wh ere th e ch emic al and physic al f eatures 

of th e soi l  are more suit abl e for root growth (Evans, 1 976) . Howev er, Garwood and 

Sincl air ( 1 979) found th at roots of t al l  f escu e w ere ev en ly distribut ed in th e soil 

profi l e and at 60 cm d epth this sp eci es h ad consid erably more roots th an p erenni al 

ryegrass, cocksfoot or timothy. Th ey also notic ed th at t al l  f escu e roots t end ed to 

b e  thick er th an roots of oth er sp eci es. N ev erth el ess, d et ai l ed comp arisons of root 

syst ems of M edit erran ean and t emp erat e  t al l  f escu es s eem to b e  abs ent in th e 

l it erature. 

2.5.2. Root growth 

Brouwer ( 1 983) h as st at ed th at shoots and roots grow in rigorous h armony with 

on e anoth er and th at th e ratio b etw een th em is highly predict abl e und er a v ari ety 

of ext ern al conditions. In th e c as e  of grass es, it is exp ect ed th at root m ass and 

ti l l er d ensity are correl at ed b ec aus e almost ev ery t i l l er c an b e  consid ered as an 

individu al p l ant with its own root syst em, ev en wh en th e conn ection b etw een 
moth er and d aught er ti l l er is sti l l  function al (D einum, 1 985) . It is also known th at,  

for a giv en pl ant, th e rel ation b etw een root and shoot growth v ari es during th e 

diff er ent ph as es of its l if e cycl e, in a consist ent m ann er (Brouw er, 1 983) .  

Th e following obs erv ations h av e  b een found in  rel ation to th e regu l ation of th e 

distribution p att erns b etw een roots and shoots Brouwer ( 1 983): 
• Root growth is f avoured wh en growth is l imit ed by a subst anc e to b e  absorb ed 

by th e roots ; whi l e abov e-ground p arts are f avoured wh en th e l imiting f actor is 

absorb ed by th e shoot. 
• Wh en th e shootroot ratio und er st eady st at e  conditions is disturb ed by root 

cutting or d efol i ation , th e origin al ratio is rapidly r estored by ch ang es in th e 

growth p att ern. 

• Wh en pl ants are transf erred from on e condition to anoth er, th e d istribution 

p att ern ch ang es so th at th e equil ibrium p ert aining to th e n ew situ ation is 
reach ed .  



1 8  

Root syst ems of grass es h av e  b een subj ect ed to a numb er of studi es in ord er 

to investig at e  s eason al p att ems of growth (J ac qu es, 1 956; Garwood, 1 967; Ev ans, 

1 976; M atth ew et al. ,  1 991 ) ,  and th e eff ects of d efol i ation (Osw alt et al. 1 959; 

Ev ans, 1 976; Troughton , 1 977; Garwood and Sincl air , 1 979; Brouwer, 1 983; 

D einum, 1 985; M atth ew, 1 992) , root pruning (Evans, 1 973; Brouwer, 1 983) , l ight 

(Troughton , 1 977) ,  w at er av ai l abi l ity (D avidson, 1 969; Troughton, 1 977; 

Troughton , 1 981 ) ,  oxyg en (Ev ans, 1 973) and min er al nutri ents (Osw alt et al. ,  

1 959; D avidson,  1 969; Ev ans, 1 970 , 1 973 and 1 976; Troughton,  1 977; Brouw er, 

1 983; St een , 1 984; St een , 1 985; Boot and M ensink, 1 991 ) .  How ev er, d et ai l ed 

studi es of root syst ems of M edit erran ean and t emp erat e  t al l  fescu es und er w at er 

d eficit, or th eir  wint er root production und er grazing in r espons e  of N fertilis ation 

do not s eem to h av e  b een c arri ed out. 

2.5.3. Methods of studying root systems 

M any m ethods h av e  b een d escrib ed to study root syst ems (B6hm ,  1 979) . H er e, 

only th e aug er m ethods (L e. soi l  cor es) , th e ingrowth m ethods (L e. m esh b ags or 

r efi l l ed cores) and cont ain ers (L e. tub es) wil l b e  discuss ed. 

According to B6hm (1 979) , aug er m ethods are th e most appropri at e  for t aking 

volum etric soi l-root s ampl es. Th ey involve tim e and l abour, p artly for th e extr action 

of th e s ampl es, but m ainly for th e addition al work associ at ed with w ashing th e 

roots and m easuring th e n ec ess ary p aram et ers, such as root l ength .  How ev er, N ei l  

( 1 992) consid ered th at soil coring t echni qu es w ere th e simpl est and g av e  th e most 

reason abl e  and consist ent results, although a dis adv ant ag e  of th es e  t echni qu es 

is th e difficulty of distinguishing l iv e  and d ead roots. 

Anoth er m ethod of estim ating root production involves m easuring th e ingrowth 

into root free si ev ed soil enclos ed in m esh b ags incub at ed in th e fi eld (St een ,  

1 991 ; N ei l l ,  1 992) . Th e m ethod h as b een sugg est ed as us eful for comp arisons in 

fi eld tri als wh en rel ativ e inst ead of absolut e estim at es are sought. Bi as ed eff ects 

c an r esult ,  at l east initi al ly, from th e pruning of roots, drain ag e  of w at er along th e 

w al ls of th e dri l l ed hol e, diff erent soi l comp action within and outsid e th e b ag and 

diff erent nutri ent conc entrations, among oth er probl ems (St een, 1 991 ; N ei l l ,  1 992) . 

Biom ass m easured using long-t erm b ags w as consist ently high er th an th e sum of 

root biom ass for short-t erm b ags, which confirm ed a disturb anc e eff ect associ at ed 

with th e b ag inst al l ation (N ei l l ,  1 992) . 
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M atth ew et al. ( 1 986) conduct ed a study to comp are diff er ent t echniqu es for 

m easuring root growth of a p erenni al ry egrass domin ant p asture. Th e authors 

obs erv ed a signific ant diff erenc e in root l ength b etw een s and-fi l l ed and silt-fi l l ed 

cores ,  showing th at a diff er enc e in growth b etw een refi l l ed cores and undisturb ed 

soil could also b e  exp ect ed.  How ever, th e p att ems of ch ang e of root l ength of both 

kinds of refi l l ed cores w er e  consist ent throughout th e 80 d ays of m easurem ents. 

Th e r es earch ers conclud ed th at th e refil l ed core t echni qu e  w as us efu l to obt ain 

inform ation of comp ar ativ e root growth rat es for plots subj ect ed to diff erent 

treatm ents, and th at wh en us ed in combin ation with root l ength m easured in int act 

cores, it cou ld provid e an estim at e  of root tumov er rat e. In a l at er c al ibration 

M atth ew ( 1 992) found th at th e numb er of n ew root tips obs erv ed in 'minirh izotron' 

tub es pl ac ed in refi l l ed cores or in undisturb ed soil usu al ly did not diff er g reatly, 

although th er e  w as som e s eason al vari ation . 

Cont ain er-grown root syst ems h av e  b een us ed to study th e morphology, 

physiology, bioch emistry and ecology of root syst ems. B6hm ( 1 979) h as 

summ aris ed th e advant ag es and dis advant ag es of this m ethod. Th e f act th at 

cont ain ers are easily h andl ed and th at growing conditions c an b e  repl ic at ed m any 

tim es are among th e m ajor advant ag es. But a dis adv ant ag e  is th at th es e  m ethods 

are b as ed on unn atural growing conditions du e to th e us e of d isturb ed soi l  or 

artifici al rooting m edi a, possibl e l ack of room for root spread and distribution ,  l ack 

of comp etition from oth er pl ants, and pres enc e or abs enc e of c ert ain 

microorg anisms, among oth ers. Th e siz e and sh ap e  of th e cont ain er l imits th e root 

spread and p en etration . Long vertic al box es or tub es of rel ativ ely sm al l  to 

mod er at e  di am et er are recomm end ed in ecologic al root studi es b ec aus e roots are 

ch aract eris ed by th eir t end ency to turn and grow downw ards (B6hm, 1 979) .  

2.6. Water stress 

All l ev els of org an iz ation of th e pl ant ( e.g .  m et abolism , physiology and gross 
morphology) are aff ect ed by w at er d eficit. High er pl ants un avoid ably los e w at er 

during c arbon dioxid e assimil ation . Howev er, th e roots and v ascul ar syst em en abl e  

pl ants to extr act w at er from th e soi l ,  and th e pres enc e of a cuticl e with stom at a  

p ermits th em to cons erv e  w at er wh en th e supply from th e roots is l ess th an th e 

ev aporativ e d em and (P assioura, 1 982) .  

According to P assioura  ( 1 982), th e t erm 'w at er st atus' is vagu e, ev en though it 

is us eful .  It h as no units and it m ay allud e to th e w at er pot enti al of th e pl ant, its 

r el ativ e w at er cont ent or its turgor. H e  consid ered th at th e t erm w at er st atus is 
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p erh aps b est us ed to d escrib e turgor or rel ative w at er cont ent (RWe), r ath er th an 

w at er pot enti al . Tot al w at er pot enti al (Sl aty er, 1 967) is th e usu al m easurem ent of 

w at er st atus b ec aus e it is rel ativ ely easy to m easure, but it h as not b een prov ed 

th at it is d irectly l inked with physiologic al proc ess es (Turn er, 1 981 ; P assioura, 

1 982). On th e oth er h and, control syst ems should h av e  a sign al th at ch ang es ov er 

a tim e sc al e  simi lar to th e proc ess b eing controll ed.  Cons equ ently, as w at er 

pot enti al c an abruptly ch ang e, it do es not app ear to b e  an appropri at e  control 

sign al for d ev elopm ent al proc ess es th at t ake  pl ac e  in respons e to w at er d eficits 

(O avi es and Zh ang, 1 991 ) .  Som e b asic th eory relat ed to p l ant w at er r el ations, as 

w el l  as th e m ethods us ed to m easu r e  w at er cont ent and w at er pot enti al 

compon ents, are pres ent ed in App endix 2. 1 . 

It is import ant for th e short-t erm productivity of a pl ant to m aint ain its 

photosynth etic tissu e at a high w at er st atus whil e its stom at a  rem ain op en .  I n  ord er 

to do this it is vit al for th e pl ant to m aint ain positiv e turgor and ,  as discuss ed b elow, 

p l ant tissu e s eems to ad apt to w at er stress by d ecreasing symp lastic osmotic 

pot enti al as w at er pot enti al d ecreas es, al lowing turgor to rem ain positiv e 

(P assiour a, 1 982) . Exp erim ent al evid enc e supports th e hypoth esis th at turgor and 

osmotic compon ents of tot al w at er pot enti al are th e physiologic ally activ e on es 

(Turn er, 1 981 ) .  

Th e rel ationship b etw een RWe and w at er pot enti al h as b een us ed as a 

m easure  of th e d ehydration tol eranc e of tissu es. It h as b een sugg est ed th at thos e 

tissu es c ap abl e of m aint aining a high RWC as w at er pot enti al d eclin es are more 

tol erant to d ehydration ( I rigoy en et al. , 1 992) . 

P l ants growing in dry soil show ed reduc ed growth rat es, ev en though th ey 

m aint ain ed a high turgor (O avi es and Zh ang, 1 991 ) .  Hsi ao et al. ( 1 976) obs erv ed 

th at c el l  ext ension w as more s ensitiv e th an photosynth etic activity to w at er d eficit. 

As a r esult, it h as b een propos ed th at m easurem ents such as l eaf stom at al 
conduct anc e and l eaf ext ension rat e  wou ld b e  good indic ators of pl ant w at er d eficit 

stress (O avi es and Zh ang,  1 991 ) .  In addition, Whit e et al. ( 1 992b) obs erv ed th at 

l eaf rol l ing score w as a good ind ex to estim at e  t al l  f escu e w at er st atus, and 

p ropos ed its us e as a s el ection crit erion inst ead of more laborious w at er pot enti al 
m easurem ents. 
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2.6.1 . Water stress adaptation 

Three str at egi es for ad apt ation to w at er stress h ave b een d escrib ed by Turn er 

(1 986) . Th ey are: drought esc ap e, drought tol eranc e with low w at er pot enti al and 

d rought tol er anc e w ith h igh w at er pot enti al .  Drought esc ap e  is repres ent ed by 

annu al pl ants which compl et e  th eir lif e cycl e b efore critic al soil and pl ant w at er 

d eficit occurs ,  and in p erenni als which avoid drought by b ecoming dorm ant. P l ants 

with th e s econd m ech anism c an p ersist und er wat er d eficit b ec aus e th ey c an 

tol erat e  d ehydrat ion , eith er by turgor m aint en anc e or by d esicc ation tol er anc e. In 

turn ,  th e prim ary m ech anism of turgor m aint en anc e is osmotic adjustm ent. 

D es icc ation tol er anc e app ears to b e  rel at ed to th e abi l ity of th e c el ls to support 

m ech anic al injuri es, m embran e  d egrad ation and m embran e  and cytopl asm prot ein 

d en aturation, and ag ain ,  shoot osmotic adjustm ent s eems to b e  involv ed .  Fin al ly, 

p l ants th at tol erat e drought with high w at er pot enti al are thos e th at c an m aint ain 

a h igh w at er st atus by, for ex ampl e, d el aying d ehydration. This c an result from an 

increas ed w at er int ak e  or a reduc ed w at er loss. Th e w at er int ake  c an b e  increas ed 

by m eans of osmot ic adjustm ent, wh ich p ermits root growth , allowing th e p l ant to 

explore a great er volum e of soil ,  or by ch ang ed hydrau l ic resist anc e to w at er flow 

in th e pl ant. Among th e f actors th at h av e  b een found to r educ e w at er loss are: 

stom at al closure ( app arently und er th e control of both abscisic acid and 

cytokin ins), l eaf rol l ing (und er th e control of l eaf turgor) , g l auc esc enc e, 
pub esc enc e and r educt ion in l eaf area (Turn er, 1 986) . 

It h as b een propos ed th at w at er av ail abil ity in th e soil is s ens ed by th e roots and 

th at th is d et ection involves th e transf erenc e of ch emic al inform ation from roots to 

shoots . Low soil w at er av ail abil ity and high soil bulk d ensity h av e  shown simil ar 

eff ects on pl ant growth indic ating th e possibil ity of soi l w at er cont ent b eing s ens ed 

by a ch ang e in soil str ength (D avi es and Zh ang, 1 991 ) .  

Abscisic acid (ABA) synth esis i n  th e roots and conc entration in p l ants increas es 

in respons e to ev en mild soi l d rying (Turn er, 1 986; D av ies and Zh ang, 1 99 1 ) .  

Som e exp erim ent al evid enc e sugg ests ABA not only modu l at es stom at al 

b eh aviour (Qu arri e, 1 989) ,  and d evelopm ent al proc ess es ( e.g .  l eaf initi ation and 

exp ansion), but also increas es prolin e accumul ation (Aspin al l  and P al eg ,  1 981 ) .  

From th e l att er respons es, thos e th at reduc e th e rat e  of pl ant siz e increas e would 

h elp th e pl ant to m aint ain its w at er st atus by d ecreasing th e w at er d em and 
(Qu arri e, 1 989) . 

R educt ions in stom at al ap erture initi ally aff ect w at er loss more th an c arbon 

dioxid e (C02) upt ak e  b ec aus e of th e diff erenc es in th eir  d iffusion p athways. For 
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th at re ason, an incre ase in endogenous ABA levels would tend to incre ase w ater 

use efficiency (WUE), but the response would ultim ately depend on the b al ance 

between the effect of ABA on stom at al aperture and photosynthetic processes 

(Qu arrie, 1 989) .  

2.6.2. Osmotic adjustment 

Osmotic adjustment is an import ant mech an ism of pl ant ad apt ation to w ater deficit. 

It consists of the accumul ation of solutes with a concomit ant decre ase in the 

osmotic potenti al (lJJ o) and an incre ase in the turgor pressure (lJJ p) of cells. It allows 

the m ainten ance of met abolic processes (Thom as,  1 987; Kramer and Boyer, 

1 995) through the preserv ation of stom at al opening, photosynthesis, and the 
postponement of le af rol l ing and le af de ath (Turner, 1 986). However, osmotic 

adjustment is not necess ari ly associ ated with m ainten ance of growth (Thom as, 

1 987) . When dehydration progresses, photosynthesis becomes inhibited, solute 

supply is diminished and osmotic adjustment is curt ailed. As a consequence, 

under continued w ater l imit ation , osmotic adjustment c an del ay dehydration but 

c annot prevent it (Kramer and Boyer, 1 995) . Simil arly, Elmi and West ( 1 995) 

suggested th at turgor m ainten ance might del ay i rreversible cel l  membrane injury 

and m aint ain the app aratus necess ary for rapid recovery of growth after allevi ation 
of the stress. They also hypothesised th at, under w ater stress, osmotic adjustment 

m ay be more import ant in tissue survival th an in tissue growth, the fi rst being 

critic al for the persistence of perenni al grasses. B arker et al. ( 1 993) observed a 

lower abil ity for osmotic adjustment in C3 th an in C4 grasses, but the former 

h ad less rigid cel l  w alls th at helped to m aint ain turgor in spite of lower w ater 
potenti al .  

I t  h as been proposed th at osmotic adjustment i n  the meristem atic and 

elong ating le af tissues m ay en able surviving ti l lers to h ave sufficient turgor in the 

growing zone to del ay dehydration and permit rapid resumption of le af growth 

upon rel ief of stress (West et al. , 1 990; West and Gwinn, 1 993) . Also root tip 

osmotic adjustment, which h as been observed in some species (Sh arp and 

D avies, 1 979; Wullscheger and Oosterhuis, 1 991 ) ,  w as thought to be of prime 

import ance bec ause of the role of root tips as desicc ation sensors, as reported 
above (Turner, 1 986) . 

Munns and Weir ( 1 981 ) considered th at decre ases in growth (growth being 

defined as incre ase in protein or eth anol-insoluble dry weight) are expected to t ake 

pl ace during drought bec ause osmotic adjustment occurs at expense of org anic 
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solut es. Th es e  work ers found th at al l c arbohydrat e  pools w er e  exp anding in 

r espons e to w at er d eficit and obs erv ed a great er osmotic adjustm ent in elong ating 

tissu e th an in ful ly exp and ed tissu e. How ev er, although increas es in solubl e sug ars 

in wh eat p l ants are consid er ed an import ant compon ent of respons e  to w at er 

str ess, it is not known wh eth er th es e  ch ang es in solubl e sug ar conc entration are 

a r espons e to norm al m et abolic controls rel at ed to th e supply and d em and, or if 

th ey are a sp ecific condition associ at ed with w at er d eficit (Munns and W eir, 1 98 1 ) .  

Whit e et al. ( 1 992b) obs erv ed osmotic adjustm ent of around 0 .25 M P a  in l eaf 

b l ad es of thr ee t al l  f escu e popul ations. Simil arly, W est et al. (1 990) found th at 

osmotic adjustm ent occurred in all l eaf tissu e of t al l  f escu e s ampl ed and th e 

m agnitud e of th e adjustm ent d ecreas ed from young est to old est tissu es. Th e 

osmotic adjustm ent rem ain ed in imm ature tissu es for three to six d ays aft er 

r ew at ering. How ever, th e m ech anism of solut e accumul ation in t al l  f escu e b as al 

l eaf tissu e acclim at ed to w at er stress is not known. In this reg ard , th e m agnitud e 

of th e d eclin e in w at er pot enti al (llJ w) of b as al l eaf tissu e w as consid ered unl ik ely 

to b e  th e sign al th at promot es solut e accumul ation . 

Osmotic adjustm ent w as found to b e  h ighly h erit abl e in ry egrass 

(Thom as , 1 990) . Th e accumul ation of c arbohydr at e, amino acids, prol in e and 

inorg anic ions w as involv ed.  How ev er, s el ection for improv ed osmotic adjustm ent 

and turgor m aint en anc e did not imply improv ed l eaf growth during w at er d eficit 
(Thom as and Ev ans, 1 989 ; Thom as, 1 990) . Thom as and Ev ans (1 991 ) consid ered 

th at it w as ov er-simplistic to b el i ev e  th at s el ection on th e b asis of bulk tissu e 

osmotic pot enti al (which is a m easure of cytosol, vacuol e and apopl ast solut e 

cont ents) would improv e growth and surviv al during w at er d eficits . 

2.6.2.1 . Fructans 

Th e great er p art of th e world flora accumul at es st arch as th e m ajor r es erv e  

c arbohydrat e, but a signific ant group of pl ants accumul at e  fruct ans inst ead 

(H endry, 1 987) . How ev er, fruct an pres enc e do es not app ear to h av e  any 
corr el ation with th e pres enc e or abs enc e of st arch (Pontis and d el C ampil lo, 1 985) .  

Grass es of tropic al and subtropic al origin accumul at e  st arch, but grass es of 

t emp erat e  origin accumul at e  fruct ans and conc entrations h igh er th an 50 % of th e 

d ry  w eight of a p articul ar tissu e h av e  b een report ed (Pontis and d el C ampil lo, 

1 985). A differenc e b etw een fruct ans and st arch l i es in th eir subc el lu l ar loc ation, 

whi l e st arch is accumul at ed in th e chloropl asts in th e short t erm and in th e 

amylopl asts in th e long-t erm (H endry, 1 987) , fruct ans are said to be stored 
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exclusively in the vacuole (Hendry, 1 987; Pollock, 1 986) . Large quantities of 

fructans were found in elongation zones of wheat ( Triticum aestivum L.) , tall fescue 

and timothy (Phleum pratense L.) by Spollen and Nelson ( 1 988). 

Fructans are polymers of O-fructose carrying a O-glucosyl residue at the end 

joined by a (2� 1 )  l inkage as in sucrose and they are commonly represented by the 

formula G-F-(F)m where G-F refers to the sucrosyl group and n denotes the 

number of fructose units in the molecule (Axelrod, 1 965; Pontis and del Campillo, 

1 985) . The number of fructose units has been found to vary with plant species and 

their l ife cycle, but up to 260 have been reported (Pontis and del Campil lo, 1 985) . 

Physical and chemical properties of fructans were summarised by Pontis and del 

Campillo ( 1 985) . 

According to Hendry ( 1 987) and Pol lock ( 1 986) conditions that favour 

biosynthesis and accumulation of fructans are those that promote photosynthesis 

(e.g. long day length) but do not favour growth (e.g. Iow temperature ,  low N 

fertil iser treatment, drought, fungal infection and removal of ti l lers or fruits, 

infrequent cutting or grazing). Thus, accumulation of storage carbohydrates would 

be expected when the supply through photosynthesis exceeds the plant demand 

for growth (Brown and Blaser, 1 965) . 

The distribution of fructans within plants varies significantly. I n  grasses, a 

d ifferential distribution appeared to occur with respect to the degree of 

polymerization within the p lant. Tall fescue has short-chain fructans (Smith, 1 973). 

However, Volenec (1 986) found a positive association between the degree of 
polymerization of fructans and their concentration during the fructan accumulation 

phase in newly formed tall fescue leaf sheath tissue .  He also observed relatively 

short-chain fructans in the base of elongating leaves and, simi lar to the report of 

Smith ( 1 973) , relatively long-chain fructans in leaf sheaths, suggesting that a 

separate function may exist for these compounds. He hypothesised that while the 

long-chain fructans may be merely part of the carbohydrate storage, the short­

chain fructans could be used in osmoregulation or transient carbohydrate storage. 

It has been suggested that fructans may increase resistance to freezing or 

desiccation since they are present in plants that tolerate a cold or a dry period 

during their l ife cycle (Pontis and del Campil lo, 1 985) . Polymerization or 
breakdown of fructans would modify vacuolar 4J 0' and then alter turgor pressure 

(Pollock, 1 986) . Another function that has been attributed to fructans is un loading 

of sucrose from phloem (Spol len and Nelson , 1 988) . 
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I n  an experiment carried out by Spollen and Nelson ( 1 994) changes in the 

water-soluble carbohydrates, especially fructan , in the basal 25 mm of expanding 

tall fescue leaf blades were examined. The contents of both low- and high-degree 

of polymerization fructans were reduced during water deficit. The timing in the 

changes of both pools and the differences in their magnitude suggested that the 

regulation of the size of these two pools were specific. The authors also observed 

that the decrease in fructan was very l ikely correlated with increases in sucrose 

and hexose, which have a greater contribution to lJJ 0 than fructans. It remained 

unclear whether the decrease in fructan content was due to decreased synthesis, 

increased depolymerization, or both. The results obtained lead to the conclusion 

that although fructan metabolism may be closely associated with the leaf base 

osmotic adjustment, hexose and sucrose contributed in a more direct way. 

Virgona and Barlow ( 1 991 ) studied changes in non-structural carbohydrate 

composition of wheat stems after anthesis. They found that under drought 

conditions fructans were depolymerised and promoted osmoregulation and 

maintenance of lJJ p' However, the researchers were not able to elucidate whether 

this depolymerization was a response to water stress or just an incidental 

consequence of fructan depolymerisation related to maturation . 

2.6.3. Morphological changes under water stress 

Usually, a major mechanism for control of water economy in a plant is the 

regulation of leaf area and morphology. The control of leaf area has been 

suggested as a more efficient means for conserving water than varying stomatal 

conductance. It has frequently been observed that drought increases the root : 

shoot ratio (Passioura, 1 982) . A higher root : shoot ratio helps the plant to obtain 

more water to meet the evaporative demand on its leaves, but also implies a 

higher respiratory cost which may reduce the WUE. An explanation for this change 

in root : shoot ratio is that as water stress affects shoot growth more than 

photosynthesis, resulting in increased assimilate being available for the roots 
(Passioura, 1 982) . 

Cruz et al. ( 1 992) observed that severe water stress in the upper portion of 

sorghum rooting medium encourages l ignification and suberization closer to the 
root apex. The workers suggested that these changes helped to maintain the bulk 

turgor in the basal root regions by l imiting the loss of water to the surrounding 

medium. 
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2.7. Tall Fescue and endophyte 

Some species of grasses like L. perenne, F. arundinacea, F. versuta Beal . and 

Stipa robusta (Vasey) Scribn. are known to establish mutualistic associations with 

Neotyphodium Glenn, Bacon, & Hanlin endophytes (formerly Acremonium Link 

sect. albo-Ianosa Morgan-Jones & Gams) . In this association stromata have not 

been found on infected plants and presumably are not produced (White et al . ,  

1 993) . The endophyte i s  transmitted solely by penetration of mycel ium into the 

embryo within the seed. These endophytes cannot be considered pathogens since 

no evidence of any detrimental impact on host plants has been shown. The 

prevalence of the seed-borne process within species of genera like Festuca, 
Lolium, Poa and Stipa suggest that their mutual istic relationship originated before 

speciation within the genera (Clay, 1 990) and then the relationship became a 

coevolutionary one (White et al., 1 993). The mechanism of endophyte seed 

transmission is explained in detai l  by White et al. (1 993) . 

The associations between Neotyphodium endophytes and tall fescue (F. 

arundinacea) and perennial ryegrass (L. perenne) have been widely studied. The 

mutualism confers on both the host and microbe a higher ecological fitness, which 

sustains the association against many abiotic and biotic stresses (West and 

Gwinn , 1 993) . In the specific case of tall fescue, infected plants have shown 

enhanced pest and drought resistance (Bacon, 1 993) . I t  is expected ,  however, that 

the behaviour described for single clones studied in isolation wil l  be different from 

that of a pasture where the diversity of expression shown by each seed and its 

endophyte wil l reflect the entire genotypic range of each constituent within the 

cultivar complex (Arachevaleta et al. ,  1 989) . This implies that different responses 

wil l also be expected among contrasting tall fescue populations,  for example 

between temperate and Mediterranean cultivars. 

According to Bacon (1 993) , the association of tall fescue and Neotyphodium 
coenophialum (Morgan-Jones & Gams) Glenn, Bacon & Hanlin can be 

summarised as a defensive mutualism characterised by specificity, biotrophic 

nutrition , and possible genetic and metabolic interactions with the grass. The 

endophyte receives nutrients, protection, reproduction and dissemination , while the 

plant is assisted by toxin production which deters herbivores (Arachevaleta et al. , 

1 989) , by an enhanced mineral acquisition under mineral nutrient stress 

(Mal inowski et al. , 1 998) and by an increased drought tolerance (De Battista, 

1 989). 
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Mycelium of Neotyphodium spp. is typically in close association with vascular 

elements of the host (Belesky et al. ,  1 989) and it is highly abundant intercel lularly 

in leaf sheaths and stems, and usually sparsely present in leaf blades. It seems 

to be absent in roots of grasses (White et al. ,  1 993) and pollen (De Battista, 1 989) .  

I t  i s  expected that all p lants grown from seeds of an  endophyte-infected grass 

wil l  contain the same endophyte present in the maternal plant. However, in some 

ti l lers,  shoot meristems may elude the infection, thus producing endophyte-free 

seed (White et al. ,  1 993) . Since seed-borne Neotyphodium endophytes do not 

sexually reproduce and they are reproductively isolated from other  endophytes, 

they become genetically differentiated by the accumulation of random mutations. 

In this respect, it has been proposed that artificial selection of cultivated grasses 

has eradicated much genetic variation of endophytes (Clay, 1 990) . 

The ecological significance of endophytes was first documented in 1 977 when 

Bacon and associates in Georgia reported the relationship between presence of 

an endophyte in tall fescue and poor cattle performance (White et al. , 1 993) . This 

poor animal performance was a consequence of the presence of fungal alkaloids 

in infected grasses. Four  alkaloid classes have been associated with fungal 

endophytes: the ergot alkaloids (e.g. lysergic acid and ergovaline) , the 

indolediterpenes (e.g. paxil l ine and lol itrem B), a pyrrolopyrazine (peramine) and 
the saturated aminopyrrolizidines (Ioline, norlol ine, N-aceti l lol ine, and N­

forrnil lol ine, etc. known as 'Iolines'). All these alkaloids show anti-insect activities, 

while activities against mammals have been found for all but peramine. Peramine 

and lol ines are the most potent against insects, and indolediterpenes and ergot 

alkaloids are the most potent against grazing mammals (Schardl and Phi l l ips, 

1 997) . Lolitrem B is the alkaloid associated with the malady 'ryegrass staggers' , 

commonly observed in sheep grazing perennial ryegrass in New Zealand , and 

ergovaline is the alkaloid related to a group of maladies collectively called '(tall) 

fescue toxicosis' often observed in cattle grazing endophyte-infected tall fescue 
(Schardl and Phi l l ips, 1 997) . 

2.7. 1 . Morphological and physiological responses of tal l  fescue to 

Neotyphodium coenophialum 

Some studies have demonstrated variabil ity in response to the endophyte among 

grass genotypes of the same species, suggesting that it is not possible to 

generalize about the endophyte influence upon tall fescue productivity and 

persistence at a popu lation level (Belesky et al. ,  1 989; De Battista et al. ,  1 990; 
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Belesky and Fedders, 1 996; Elbersen and West, 1 996; Marks and Clay, 1 996, 

Mal inowski et al. , 1 998) . Interactions between the grass, fungus and the 

environment, enlarge phenotypic variation among symbiotic plants. For instance, 

Hi l l  et al. ( 1 990) found that responses of five tall fescue genotypes to endophyte 

were inconsistent for the measurements they performed (ti l ler production , crown 
weight, dry matter production , specific leaf weight, ergovaline production and total 

nonstructural carbohydrates concentration or quantity) . Simi larly, the endophyte 

effect on biomass production varied depending on plant genotype (Richardson et 

al. , 1 990) and fungus infection (De Battista et al. , 1 990) , indicating genotypic 

differences among individuals of both plant and endophyte. In addition, the fungus 

was found to promote tall fescue survival but dry matter production was variable 

between years (Read and Walker, 1 990) . The endophyte seems to generate an 

increased phenotypic expression that would allow mixed populations of endophyte­

infected (E+) and endophyte-free (E-) tall fescue to increase the phenological 

d iversity of the population without increasing genetic variabil ity (Hi l l  et al. , 1 990) , 

and while not all the infected plants will have all the mechanisms of fitness 

imparted by the endophyte, the sum of all the plants in the population should 

express fitness characteristics which will give symbiotic grasses more plasticity and 

adaptabil ity (Bacon, 1 994) . 

As the endophyte is located intercel lu larly and it does not have any structure to 
absorb nutrients, it has been suggested that the endophyte may uti l ize apoplasmic 

nutrients, which are mainly sugars and N compounds that diffuse out of the 

cytoplasm (Bacon, 1 993) . For instance, Belesky et al. (1 991 ) observed that the 

endophyte did not affect tal l  fescue acid-extractable carbohydrate concentration 

or yield (concentration x dry matter) which led to the conclusion that endophyte 

was not harmful to the tall fescue host. However, Chepl ick et al. ( 1 989) found that 

endophyte-infected tall fescue seedlings exhibited a significant decrease in plant 

growth at the lowest nutrient availabi l ity level, while the opposite was found at high 

nutrient levels. In the case of adult plants, E+ plants were more productive at all 

nutrient levels, but the differences were smaller at low nutrient levels.  This was the 

first experimental evidence of any detrimental effect of endophyte in tall fescue. 

The workers specu lated that the diminished growth at low nutrient concentrations 

could involve a competition between the fungus and the plant for the scarce supply 

of photosynthate or nutrients. However, Cheplick et al. ( 1 989) considered that 

under most circumstances, the maintenance cost of the endophyte should be 

counterbalanced by increased plant vigour and herbivore resistance. Nevertheless, 
in the case of seedlings growing in non-fertile environments, endophyte may slow 

seedl ing growth, without confering an increased vigour to the plant. Malinowski et 

al. ( 1 998) observed an increased cumulative herbage yield in tall fescue E+ plants 
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at low soil phosphorus (P) levels, while the opposite was found at high P levels. 

De Battista et al. ( 1 990) found that tall fescue responded simi larly to Nui  

ryegrass plants (Latch et al. , 1 985) . Endophyte increased ti l ler number, herbage 

growth , and root yield, but shoot : root ratio was not changed. Arachevaleta et al. 

( 1 989) also observed a higher production of ti l lers in E+ tall fescue plants, but only 

at a high N level .  

The endophyte seems to modulate the leaf growth-zone dynamics resulting in 

the alteration of cell size. However, Elbersen and West (1 993; quoted by West and 

Gwinn ,  1 993) found that this effect was different in two clones studied. In  one 

clone, young cell size was reduced while, in the other clone, final cell size was 

reduced by endophyte. Arachevaleta et al. ( 1 989) found that leaf blades of E+ 

KY31 tall fescue plants were thicker and narrower than E- plants. It was suggested 

that this attribute may facil itate leaf roll ing in E+ plants, which may reduce the loss 

of water under drought conditions. They also observed that the u ltrastructural 

morphology of mesophyll tissue of E+ leaf sheaths of young plants d iffered from 

that of E- plants in that the former had intercellu lar air spaces, which was a 

characteristic of mature plants. It was concluded that endophyte may accelerate 

plant maturation rate by the production of an unknown plant growth regulator. That 

E+ plants used in the experiment flowered two weeks earlier than E- p lants, 
supports this hypothesis. 

Hill et al. (1 990) reported that in a glasshouse experiment, crowns of tall fescue 

E+ plants were deeper in the soi l .  It was conjectured that a deeper crown location 

would make the plant more cold hardy in winter and heat tolerant during summer. 

These workers also observed that yield per ti l ler was greater in E+ plants than in 

their E- clones wh ile, generally, total nonstructural carbohydrate concentrations 

were either the same or lower in the E+ clones than in E- clones, suggesting that 

the fungus provided a mechanism by which regrowth was increased such that 

carbohydrate reserves were uti l ized more efficiently. 

Carbon exchange rate (CER) of tal l  fescue plants at high temperature (above 

35 QC and in short-term acclimation to temperature) , was higher in E+ than in E­

plants (Marks and Clay, 1 996) . However, the h igher CER was not the result of 

d ifferences in leaf conductance or availability of carbon dioxide. Consequently, it 
was suggested the fungus presence could diminish photorespiration,  or that the 

fungus could act as a sink for sucrose (e.g. to synthesise sugar alcohols) , and 

thereby would reduce or prevent the inhibitory feed back of photosynthates on 

photosynthesis rates. On the other hand, De Battista et al. ( 1 990) reported that 
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Lyons found an increased glutamine synthetase activity in E+ tall fescue plants, 

suggesting an improved reassimilation of ammonium released by deamination or 

photorespiration . Moreover, an increased carbon assimi lation into amino acids was 

observed in E+ plants by Lyons et al. ( 1 990) while protein concentrations remained 

unchanged. 

It is  not known how the fungus alters plant physiology, but a hormonal 

mechanism could be involved since N. coenophialum isolates with variable abil ity 

to produce indole acetic acid (IAA) in vitro have been found (Hi l l  et al. ,  1 990) . I t  

was proposed that ti l lering rate would be stimulated or inhibited depending on the 

amount of IAA produced by the endophyte, and that this effect could vary, also, 

with plant genotype (Hill et al., 1 990) . 

2.7.2. Endophyte and water stress 

Read and Camp (1 986) reported the first evidence that tall fescue with a high rate 

of endophyte infection maintained a higher plant density than low-endophyte tall 

fescue during a drought. Since then much research has investigated the 
mechanisms involved, to develop agronomically superior associations that are 

harm less to l ivestock (West and Gwinn, 1 993). However, Bacon ( 1 993) proposed 
that when deal ing with a mutualistic symbiosis, l ike the one between tall fescue 

and N. coenophialum, specific stress tolerances are not expected to be present in 

al l  endophyte-infected individuals because the different fungal and plant 

associations exhibit different physiological and biochemical responses as reported 

above (Section 2.7). 

Belesky et al. (1 989) hypothesised that as water stress modifies transpiration 

and photosynthate flow, endophyte activity could be affected in a way that can 

influence host growth and development. While the mechanisms by which the 

endophyte increases host survival during drought are not yet ful ly understood, 
West and Gwinn ( 1 993) have proposed that the endophyte induces a kind of 

incipient stress that preconditions the plant to drought so it wou ld be able to 

d isplay earlier adaptive responses. 

2.7.2.1 . Morphological and growth effects 

West et al. ( 1 993) reported that endophyte-infected ful ly establ ished tall fescue 

stands (80 % infection) had a greater ti l ler density recovery when a short term 
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drought stress was relieved, and also exhibited a lower rate of ti l ler density decline 

during a subsequent drought in mid- to late-summer. Later, after an autumn 

recovery period, til ler density of endophyte-free stands was only 62 % that of 

endophyte-infected stands and remaining ti l lers were usually less vigorous. West 

and Gwinn ( 1 993) suggested that these results indicate that endophyte infection 

raises the water-deficit threshold , measured by ti l ler and plant survival, for inducing 

stress in tall fescue. Similarly, Bouton et al. ( 1 993) observed a h igher mortal ity of 

E- tall fescue plants because of their lower summer drought tolerance, wh ich 

resulted in greater infection levels of the sward, when percentages were based on 

the remaining plants. In addition , Arachevaleta et al. ( 1 989) , in a glasshouse 

experiment, found that while under severe water stress the endophyte d id not 

provide any benefit in yield, three out of four E- replicates died while al l E+ plants 

survived, demonstrating that the endophyte presence in tall fescue was sti l l  an 

advantage. 

The influence of endophyte on perenn ial ryegrass leaf extension rate was 

variable and general ly not significant (Eerens et al. , 1 993) . However, in agreement 

with results of Belesky et al. ( 1 989) in tal l  fescue, E- plants had, in most cases, 

similar or slightly greater leaf extension rate than E+ plants. Belesky et al. ( 1 989) 

hypothesised that the maintenance of leaf elongation under stress could have an 

adverse consequence on plant persistence. They considered that production of a 

greater evaporative surface, produced by a higher leaf extension , may make a 

p lant more l iable to perish in a long term or successive stress events. However, as 

endophyte status did not affect al l accessions consistently it was concluded that 

developing agronomically productive and persistent endophyte-free tall fescue 

genotypes wou ld be possible (8elesky et al. , 1 989). 

Maclean et al. (1 993), in a growth cabinet experiment, compared combinations 

of three tall fescue 'Grassland Roa' plants, each infected with one of three different 

endophyte strains, and found no morphological effect of endophyte under water 

stress. Their results corroborate previous findings in that endophyte seemed to 

favour plant growth under more favourable conditions (Arachevaleta et al. , 1 989) ,  

but this was in contrast with Hume et al. ( 1 993) , who found no effect of endophyte 

on t i l lering rate. Hume et al. ( 1 993) considered that the lack of response was 

because water stress was only moderate, and that the plants had been artificially 

infected with endophyte strains from different host plants, which could have 

resulted in poor mycelium growth and partial infection of the plant ti l lers.  

Arachevaleta et al. ( 1 989) observed that cloned E+ tal l  fescue plants showed 

leaf rol l ing sooner than E- plants under water deficit in the glasshouse. According 
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to West and Gwinn (1 993) , the significance of endophyte in the stimulation of leaf 

rol l ing is unclear, however, they speculate that it is probably of transitory benefit 

and not essentially associated with crown survival. Nevertheless no difference in 

leaf roll ing between E+ and E- plants was observed by Elmi and West ( 1 995) or 

by White et al. ( 1 992a). 

Evidence of greater root biomass production in wel l-watered E+ tall fescue 

KY31 plants was provided in a series of experiments performed by Kelrick et al. 

( 1 990) . Their  results also suggested that hormone-like compounds may leak from 

E+ plants stimulating root growth of plants in the vicin ity. The workers conjectured 

that, when E+ plants predominate in the mixture, their relative and absolute 

investment in root production would give them an advantage that would al low them 

to suppress the growth of local E- plants, despite the potential supply of a root­

growth-promoting compound. However, as the ratio of E+ plants to E- plants 

declines, the capacity of E+ plants to suppress growth of neighbour E- plants 

should be expected to decrease accordingly and the effect of the hypothetical root 

growth promoter would be observable in E- plants. 

I nconsistent results have also been found between experiments that studied 

root g rowth . For example, Richardson ( 1 992) observed a greater root growth under 

water stress in E+ tal l  fescue plants than in E- plants. Belesky et al. ( 1 989) found 

that root dry matter varied among accessions of KY31 tall fescue, but endophyte 

status and water regime did not affect shoot : root ratio. On the other hand, De 

Battista et al. ( 1 990) found that endophyte infection tended to increase root dry 

matter in tall fescue. 

2.7.2.2. Physiological effects 

Belesky et al. ( 1 987) reported lower stomatal conductance in E+ than in E- tall 

fescue genotypes subjected to water stress and a concomitant reduction in 

transpiration rate. Similar results were found by Elmi et al. ( 1 990) and Elmi ( 1 992; 

quoted by West and Gwinn, 1 993) . It was specu lated that early stomatal closure 

might originate either by some phytohormone signal from root-to-shoot of soil 

drying, or via fungal secretion of antitranspirant compounds into the apoplasm 

(West and Gwinn, 1 993) . However, results of a later experiment did not indicate 

convincingly that endophyte enhanced drought tolerance by inducing stomata 
closure (Elmi and West, 1 995) . In the same way, Richardson et al. ( 1 993b) found 

no endophyte effect on stomatal conductance in two genotypes subjected to water 

stress. Moreover, in a field experiment conducted by West et al. ( 1 988),  E+ tall 
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fescue plants seemed to have a h igher stomatal conductance than E- plants when 

water supply decreased ,  as indicated by the difference between canopy and air 

temperature .  

I n  a glasshouse study, Bates and Joost ( 1 990) found that E- plants showed 

h igher instantaneous water use efficiency (WUE),  measured as the ratio between 

photosynthesis and transpiration rates, but this difference disappeared at low 
water availabil ities when E+ and E- showed similar low WUE values. It was 

concluded , that when water was available, the infection of tall fescue by N. 

coenophialum takes place at the expense of the plant. Conversely, West and 

Gwinn ( 1 993) found no endophyte effect on 1
3
C discrimination , implying no real 

endophyte effect on WUE. The latest results are in agreement with Richardson et 

al. ( 1 990) who suggested that, in symbiotic tall fescue, water use efficiency and 

drought resistance may be unrelated . They argued that WUE under water stress 

is maintained despite a high stomatal conductance, because of an increased 

photosynthesis, which in tum,  may confer other drought resistance mechanisms 

(e .g .  promote root growth or osmotic adjustment) that would g ive E+ plants a 

greater fitness during drought periods. 

Elmi et al. ( 1 989; 1 990) and Elmi and West ( 1 995) reported that tall fescue E+ 

plants exhibited osmotic adjustment in leaves and basal vegetative growing zones 

relative to E- plants in KY31 populations and in clonal material .  Th is phenomenon, 

that seemed to be common in plants derived from KY31 populations (Elmi et al. , 
1 990; Elmi and West,  1 995) , was also observed by Maclean et al. ( 1 993) in plants 

of cultivar 'Grassland Roa'. Elmi ( 1 992; quoted by West and Gwinn ,  1 993) , found 

positive correlations between growing-zone osmotic adjustment during two drying 

cycles and percentage of til lers surviving severe drought in a single genotype. 

However, Hi l l  et al. ( 1 996) and White et al. ( 1 992a) found no endophyte mediated 

change in osmotic potential in tall fescue. Nevertheless, a difference was found 

between E+ and E- plants in the bulk modulus of tissue elasticity and in the ratio 

of turgid weight to dry weight, suggesting that Neotyphodium endophytes modify 
tall fescue cell wall characteristics (White et al. , 1 992a) . Because of these findings 

the authors hypothesised that the endophyte-mediated drought resistance may 

arise from modification of the drought avoidance strategy. 

Richardson et al. ( 1 992) observed that E+ tall fescue plants accumulated higher 

concentrations of glucose and fructose in leaf sheaths and glucose in blades 

compared to E- clones, and that they were accumulated at a level that could 

contribute to osmotic adjustment, but not account completely for it (Richardson , 

1 992) .  Simple sugars, derived from depolymerised fructans, provide a more 
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effective osmoticum than fructans (Richardson , 1 991 ) .  Furthermore,  Richardson 

et al. ( 1 992) observed that arabitol was found only in water-stressed E+ plants. 

Although hexoses were more important than sugar alcohols in accounting for the 

osmotic adjustment, sugar alcohols may have contributed to protection of host 

enzymes and membranes from desiccation damage and also served as 

antioxidants (Bacon , 1 993) . 

I nterestingly, Richardson et al. (1 993a) studied growth characteristics and water 

relations of an isolate of N. coenophialum obtained from a population of KY31 tal l 

fescue and found that the fungal hyphae osmotically adjusted . It was suggested 

that under water stress the endophyte might induce changes in host plant 

metabolism despite its extracellular nature. The authors pointed out, however, that 

the chemical compounds responsible for the fungal osmotic adjustment remain 

unknown . 

Turgor pressure in E+ plants was also found to be enhanced in stressed plants 

and the increase was larger in the basal 2-cm growing zone than in the leaf blade 

(Elmi ,  1 992; quoted by West and Gwinn, 1 993). However the basis of the turgor 

maintenance in E+ tall fescue is sti l l  unknown (Richarson et al. , 1 993b) . Elbersen 

and West ( 1 996) reported an increase in sheath water content of E+ plants. This 

effect might contribute to a postponement of the desiccation of the enclosed 

growing zone and apical meristem, extending ti l ler survival during water deficit. 

2.8. Summary and conclusions 

Tall fescue is the most important cool season forage grass in USA (van Santen,  

1 992) , and in Argentina (Mazzanti and Arosteguy, 1 985) . In  New Zealand i t  has 

been recommended as an alternative grass species in areas where summer 

drought (Wright et al. , 1 985) and grass grub damage (Judd et al. , 1 990) l imit 

ryegrass persistence. 

Mediterranean and temperate populations of tall fescue differ in their seasonal 
production (MacColI and Cooper, 1 967; Frame et al. ,  1 970) . Mediterranean 

populations show a greater growth rate during winter and early spring, while 

temperate ones grow more actively during summer, when Mediterranean 

populations remain relatively dormant (Morgan , 1 964) . Mediterranean 

germplasms, however, have the disadvantage of being frost sensitive, which 

makes them unsuitable for environments characterised by very hard winters ,  l ike 

Britain (Frame, 1 972) .  
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Many experiments have been conducted to compare the morphological and 

physiological responses of Mediterranean and temperate tall fescues to 

envi ronmental factors (Chatterjee, 1 961 ; Robson and Jewis, 1 968 a and b;  etc.) .  

However, although tall fescue is known as a drought tolerant species, comparisons 

of the effect of water deficit on these contrasting populations are scarce. 

Winter growth is of great interest since alternative strategies for producing 

additional feed, such as winter forage crops, are expensive and involve risk. In  this 

regard, tall fescue of Mediterranean origin persists very wel l  in regions 

characterised by mild winters like the S .E. of Buenos Aires Province. In this region , 

Mediterranean cultivars have shown a greater winter growth than temperate ones 

(Mazzanti and Arosteguy, 1 985) . Furthermore, the feeding value in winter and 

spring seems higher in Mediterranean cultivars (Escuder et al. ,  1 992) . 

Consequently, if the Mediterranean and temperate cultivars were used in a 

complementary way, a more stable forage supply than that produced by either of 

the cultivars alone could be obtained (Mazzanti and Arosteguy, 1 985). I n  addition , 

because of a low N availabil ity in the soil of the above region during winter 

(Navarro, 1 966) , forage growth could be improved if N was applied (Fernandez 
G recco et al. , 1 995, Marino et al. , 1 995) . However, detailed field studies of shoot 

tissue turnover, root production and animal production comparing tall fescues of 

Mediterranean and temperate origins, and their response to N fertil isation , have 
not yet been carried out. 

The presence of endophyte N. coenophialum has been reported as beneficial 

for the plant to tolerate drought (Read and Camp, 1 986; West and Gwinn, 1 993) . 

However, the studies reported suggest that the grass response to the endophyte 

is not consistent, and depends on plant genotype, endophyte strain and 

environmental factors (e.g. nutrient availabi l ity) . Novel strains of endophyte that 

seem harmless to l ivestock have been identified (West and Gwinn, 1 993) . Again, 

it seems that no information is available about endophyte infected Mediterranean 

tall fescues, or about Mediterranean popu lations artificially infected with 

agronomically superior endophyte strains. 
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CHAPTER 3. MORPHOLOGICAL AN D PHYSIOLOGICAL RESPONSES 

TO WATE R D E F I C I T  OF E N D O P H YTE- F R E E  

M EDITERRANEAN AND TEMPERATE TALL FESCUES 

3.1 . Introduction 

Tall fescue (Festuca arundinacea Schreb.) is the most important perennial cool 

season forage in the south-eastern USA (van Santen ,  1 992; De Battista, 1 989) . 

In  Argentina, tall fescue is the most widely grown perennial grass, (Molina, 1 988; 

INDEC, 1 993) and is cultivated mainly in the Pampa region (Gonzales and 

Gardner, 1 977; Mazzanti and Arosteguy, 1 985) . Because of the variabi l ity in 

ecological areas of the humid and sub-humid Pampa region (Barsky, 1 991 , 

Soriano et al. ,  1 992) , tall fescue occupies areas that can experience winter 

drought (e .g .  C6rdoba Province) or summer drought (e.g. Buenos Aires) . In New 

Zealand tall fescue has been recommended as an option where summer drought 

l imits the persistence of ryegrass (Anderson, 1 982, Anderson et al. ,  1 982, Brock, 

1 982) . 

Tal l fescues of Mediterranean origin have shown a higher winter and early 

spring growth than those from European origin (MacColI and Cooper, 1 967; Frame 

et al. , 1 970) . Although Mediterranean tall fescues were frost sensitive (Delgado 

and Tanco, 1 980) , in mi lder climates, l ike in the Argentinean Pampa, pastures of 

Mediterranean tall fescues have persisted for more than 1 4  years in good 

condition. Similarly, in studies conducted in Australia, the Mediterranean fescues 

have not been killed by winter cold (Neal-Smith and Wright, 1 969; Schil ler and 

Lazenby, 1 975) .  

As reported in  Chapter 2, previous research has compared the growth 

responses to temperature, especially to low temperature (Chatterjee, 1 961 ; 

Morgan ,  1 964; MacColI and Cooper, 1 967; Robson, 1 967; Robson and Jewiss 

1 968a, b), and daylength (Robson, 1 967, Robson and Jewiss 1 968b) of 
Mediterranean and temperate tall fescue populations. However, there is rather less 

information available (Neal-Smith and Wright, 1 969) about the comparative 

responses of Mediterranean and temperate tall fescues to water deficit. 



37 

3.2. Objective 

The objective of this experiment was to compare morphological and physiological 

responses of one Mediterranean and two temperate tall fescues cultivars during 

optimal and sub-optimal soil water availability. 

3.3. Materials and Methods 

3.3.1 . Experimental design and statistical analysis 

The experiment comprised three cultivars (see below) subjected to two watering 
treatments (ful ly watered and water deficit) with sequential destructive harvests 

over time. A randomised complete block design with three replicates was used to 

control environmental differences created by the position of the ventilators in the 

glasshouse . Re-randomisation of pots within b locks did not take place because of 

their size and weight. The treatments were combined in a factorial arrangement: 

cultivars (3) , water treatment (2) and harvest time (4). The first harvest preceded 

imposition of the water treatments, so only the three replicates for each cu ltivar 

were harvested . Hence, Harvest 1 was analysed separately as a RCB (Steel and 

Torrie, 1 980) to compare cultivars at time zero. Data from Harvests 2 to 4 were 

combined and analysed as a RCB. The SAS General Linear Models (GLM) 

procedure was used for both analyses. Weighted ANOVAs were run for variables 

in which variance heterogeneity between water treatments was found when the 

mean square errors, from preliminary analyses carried out on each individual water 

treatment and harvest combination , were analysed by Bartlett's test (Steel and 

Torrie, 1 980) . The reciprocals of the above error variances were used as weight. 

Percentages were arcsin square root transformed for statistical analysis. Means 
were separated using the LSD (Steel and Torrie, 1 980) at the 5 % significance 

level .  Where weighted analyses were used, to simplify tables layout, the standard 

error shown is the average standard error, calculated as ..[('L:;=, (s.e. ) 12 In) ,  where n is 

the number of standard errors (s.e.)  involved in the calculation .  Quadratic 

regressions were fitted using SigmaPlot for Windows Version 4. 

The experimental management schedule, conditions of plant culture and 

harvest dates are shown in Fig. 3. 1 .  Photographs i l lustrating part of the 
experimental layout in the glasshouse and close-up views of plants from the 

different treatments are shown in Plate 3. 1 .  
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Plate 3.1 . Experimental conditions in the g lasshouse (a,b) and water treatment effects 

on the three cultivars (c-h) .  
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3.3.2. Plant culture 

The tall fescue cultivars studied in this experiment were: Grasslands Advance 

(AgResearch, New Zealand) and El Palenque ( INTA 1 Pergamino, Argentina) of 

temperate origin, and cultivar Maris Kasba (from INRA2, France) of Med iterranean 

origin . Seeds were incubated at 47 QC and 45 % relative humidity for 25 days to 

ki l l  the endophyte Neotyphodium coenophialum (Bouton et al. , 1 993; D r. G. Latch , 

personal communication) . They were then germinated and seedlings were 

transferred to root-trainers. After approximately 1 5  days of growth, on 23 October, 
the seedlings were transplanted to pots of 1 50 mm diameter and 1 ,000 mm height, 

f i l led with a mixture of Karapoti si lt loam soi l (B horizon) and sand (1 : 1 by 

volume), fertil ised with 'Osmocote' (NPK 1 5-4.8-1 0.8) at 3 g 1-1 soil . Four seedlings 

were planted in each pot. Plants were located in a glasshouse at Massey 

University, Palmerston North (40.3 Q Lat. S), under natural photoperiod that during 

the experimental period ranged from approximately 1 3h 30min to 1 5h .  The 

glasshouse used in this experiment had limited temperature control .  Cool ing was 
set to operate above 20 QC and heaters to operate when temperature fell below 

1 0  QC. 

Plants were examined to ensure that endophyte el imination was successful 
(Latch and Christensen, 1 982) . P lants were sprayed to control aphids with 

InsectigaS® (dichlorvos in l iquid carbon dioxide aerosol) for six seconds on 5 
November, with 1 g Orthene®75 (750 g kg-1 acephate in the form of a soluble 
powder) per l itre H20 on 25 November and with 1 .0 ml  Attack® (25 g 1-1 permethrin 

plus 475 g 1-1 pirimiphos-methyl in the form of an emulsifiable concentrate) per litre 
H20 on 1 4  and 1 8  December. P lants were also treated to control mildew with 3 g 
Benlate (500 g kg-1 benomyl in the form of a water dispersible powder) per l itre 

H20 on 25 November. 

Pots were watered in the morning with 250 ml water por1 d-1 until 22 December, 
then with 350 ml water por1 d-1 until 28 December and from then on 500 ml water 

por1 d-1 for Control plants only (see below) . Pots were weighed every 3-6 days 

between 1 2  December and 6 January, and water was added as required to bring 
the pot weight to estimated soil f ield capacity. 

An initial harvest of one pot per cultivar per block was carried out (Harvest 1 ) . 

1 Instituto Nacional de Tecnologfa Agropecuaria. 

2 Institut National de la Recherche Agronomique. 
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Blocks were harvested on consecutive days from 26 December because of the 

practical difficulty of harvesting the three blocks on the same day. Fol lowing this 
harvest water was completely withheld from water deficit pots. Three more 

harvests were carried out (Le. Harvest 2 from 30 December-1 January, Harvest 3 

from 3 to 5 January and Harvest 4 from 7 to 9 January) .  

Maximum and minimum daily temperatures were recorded from 20 December 

to 9 January (Fig. 3.2) . 
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3.3.3. Measurements 

The fol lowing were measured at each of the four harvests. 

• Relative water content 

Pots were covered with plastic bags ovemight and plants sampled at 9 :00 am. The 

youngest fully expanded leaf of two ti l lers per pot was cut and weighed (fresh 

weight, FW) ,  floated in disti l led water, re-weighed (saturated weight, SW) and 
dried to constant weight. Relative water content (RWC) was determined as 

described in Appendix 2 . 1 , Eq. A2. 1  O. 

• Stomatal resistance and transpiration 

Stomatal resistance, stomatal conductance and transpiration on adaxial (upper) 

and abaxial (lower) surfaces of the youngest fu l ly expanded leaf of two ti l lers per 

pot were measured with a steady state porometer (U-1 600, U-COR, Lincoln ,  
Nebraska) at midday. 

• Water, osmotic and turgor potentials 

Water potential (4.1 w) , osmotic potential (4.10) and full turgor osmotic potential (4.1 O(t)) 
were measured with a thermocouple psychrometer (SC1 OA, Decagon Devices Inc. 

Pul lman , WA) on a sample comprising the combined youngest ful ly expanded 

leaves of two ti l lers per pot col lected at midday. Conversion of thermocouple 
output (�V) to osmotic potential (MPa) was made from standard curves prepared 

from KCI each time the psychrometer was used. Samples for LIJ w and LIJ 0 were cut 

into small pieces, put in the psychrometer chambers and immediately sealed with 

Sellotape®. Samples for 4.1 o(t) determination were floated in Petri dishes fil led with 
distil led water overnight, dried with tissue paper, cut and kept in the psychrometer 

chamber as described above. Chambers with samples for LIJ 0 and LIJ o(t) 
determinations were frozen with l iquid air and stored in a freezer. They were later 
thawed and put in warm water until they reached room temperature, at which point 
readings were taken .  Leaf pressure potential (4.1 p) was estimated as the difference 

between leaf LIJ w and leaf LIJ o. 

• Dry weight 

Two plants of each pot were harvested and separated into stem base and leaf 
sheath (pseudostem) , leaf blade and dead tissue. Each component was dried 
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ovemight at 60°C in a forced-air oven and weighed (DW) . 

After harvesting of above-ground materia l ,  pots were stored at 2°C unti l 

sequential harvests were completed. Roots were then washed and frozen.  Coarse 
root length, total root length and organic matter were determined separately by soil 

depth for 0-75 mm, 75-1 50 mm, 1 50-300 mm and below 300 mm segments of the 
pots. Results were expressed on a per pot basis (Le. four  plants) . Root length was 

measured by an experienced technician using the grid intersect method (Tennant, 
1 975) .  As a 'control' selected samples were recounted by a supervisor to ensure 

consistency. Samples were counted twice. I n  the first count, only the main axes 

of the roots in the sample were counted (Le .  about 1 .0 mm diameter or more ,  

coarse root length) .  In  the second count a l l  roots were counted (total length) .  To 

determine root mass (organic matter, OM), samples were dried ovemight at 70 °C, 
weighed to determine DW, then ashed for four hours at 650 °C, and ash weight 
subtracted from DW. Mean root diameter and root surface area were calculated 

as shown in Appendix 3 . 1  . 

• Carbon isotope d iscrimination 

Samples from the youngest fu l ly expanded leaf of each of two ti l lers per pot were 

combined, dried, ground and submitted to Waikato University Stable Isotope Unit , 
for carbon isotope analysis. Carbon discrimination (�) was calculated according 
to Eq. A 2. 1 5, Appendix 2 . 1 . 

3.4. Results and discussion 

3.4.1 . Plant structure 

This section deals with plant morphology and the changes that took place with 
time, fol lowing the application of water treatments. It is divided in three 

subsections: shoot characteristics, root characteristics, and root : shoot ratio. Each 
subsection begins with a cu ltivar comparison of the variables measured before the 

water treatments were imposed. To have a better understanding of the treatment 

effects in relative terms, some variables are expressed as percentages of the total . 



3.4.1 .1 . Shoot characteristics 

• Before water treatments were imposed 
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The mean p lant dry weight (DW) before the water treatments were imposed 

differed between cultivars (P<0.05) . Maris Kasba (MK) plants were smal ler than 

Grasslands Advance (GA) and El Palenque (EP) plants (Table 3 . 1 ) . However, the 

proportions of sheath , leaf blade and dead tissue of the plants, and ti l ler n umber 

per p lant (Table 3 . 1 )  were the same for al l  cultivars (P>0.05) . 

Table 3.1 . Plant dry weight (DW),  percentages of shoot DW as leaf b lade, sheath 

and dead tissue, and mean ti l ler number per plant for the cultivars MK, 

GA and EP before the water treatments were imposed (Harvest 1 ) . 

Plant DW % DW as leaf % DW as % DW as 
Cultivar (g) blade sheath dead tissue 

M K  3.41 b1 64.4 (53.4) 33.9 (35.6) 1 .B (7.2) 

GA 6.77 a 62.9 (52.5) 34.7 (36. 1 )  2.4 (B.O) 

EP 7.07 a 60.9 (51 .3) 35.4 (36.5) 3.7 ( 1 0.0) 

s.e.2 0.23 (0.6) (0.6) ( 1 .5) 

Data within  brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 

• After water treatments were imposed 

Til ler 
number 

23.5 

1 B.2 

1 6.2 

2.2 

After water treatments commenced, overal l  mean plant DW did not change 

between harvests (Table 3.2), although by Harvest 4, Control p lants were 30 % 

heavier than Stressed plants (Table 3.3). The harvest x water treatment 

interaction was significant (P<0.05) because Control p lants showed an increase 
in DW from Harvest 2 to Harvest 4 (P<0.05) while DW of Stressed p lants tended 

to decrease (P>0.05) during the same period. 

The differences between harvests indicate that wh i le the percentage of DW as 
leaf blade decreased with time, the percentage of DW as sheath and dead tissue 

increased (P<0.05, Table 3.2). MK showed a h igher percentage of DW as leaf 
blade than GA, and the latter cultivar higher than EP (P<0.05 ,Table 3.2) .  The 

percentage of DW as sheath was lower for MK than for EP (P<0.05) , wh ile GA had 

an intermediate percentage (P>0.05). Consequently, the percentage of DW 
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as dead tissue was lower in MK compared with the other cultivars (P<0.05) . 

Stressed p lants had a h igher percentage of dead tissue and a lower percentage 

of leaf blade than Control plants (P<0.05). Simi larly, there was a significant 

harvest x water treatment interaction for the proportion of DW as dead tissue 

(P<0.05, Table 3.3) showing that while this shoot component did not change 

significantly with time in Control plants, it increased significantly in Stressed 

plants. This response was expected since the reduction in leaf area has been 

suggested as one of the most efficient means for the plant to conserve water 

(Passioura, 1 982). 

The duration of water treatments was insufficient to expect a large change in t i l ler 

number per plant between harvests (P>0.05 , Table 3.2) . However, the higher 

number of ti l lers per plant in MK seems to be characteristic of Mediterranean tall 

fescues. For instance, Morgan ( 1 964) observed that Mediterranean fescues had 

more ti l lers than the British cultivar S 1 70 under similar environmental conditions 

to those in the present experiment (high air temperature, h igh l ight intensity and 

long days) . No statistically significant differences were found in t i l ler number 

between Control and Stressed treatments and none of the interactions was 

sign ificant (P>0.05). 
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Table 3.2. Main effect means for plant dry weight (OW) and percentages of shoot 

OW as leaf blade, sheath and dead tissue, and mean til ler number per 

p lant after imposition of water treatments. 

Plant % DW as leaf % DW as % DW as Tiller 
DW blade sheath dead tissue number 

Harvest (g) 

2 6.69 60.7 (51 .2) a1 37. 1  (37.5) b 2.2 (7.5) c 1 9.7 

3 7.92 55.5 (48.2) b 40.4 (39.4) a 4.1  ( 1 0.4) b 1 9.7 

4 7.23 53.4 (46.9) b 40.7 (39.6) a 5.9 (1 3 . 1 ) a 1 9.9 

s.e.2 0.42 (0.7) (0.7) (0.6) 1 . 1 

Cultivar 

M K  4.72 b 60.4 (51 . 1 ) a 37.2 (37.5) b 2.4 (7.4) b 24.3 a 

GA 8.69 a 56.7 (48.9) b 38.9 (38.6) ab 4.4 ( 1 1 .2) a 1 8.8 b 

EP 8.43 a 52.5 (46.5) c 42. 1  (40.4) a 5.4 ( 1 2.4) a 1 6. 1  b 

s.e. 0.42 (0.7) (0.7) (0.6) 1 . 1 

Water 

Control 8.29 a 58.9 (50.2) a 39. 1  (38.7) 2.0 (7.5) b 20.8 

Stressed 6.26 b 54. 1  (47.4) b 39.7 (39.0) 6.2 ( 1 3.2) a 1 8.7 

s.e. 0.34 (0.6) (0.5) (0.5) 0.9 

Interactions (P =) 

Cult. * Water 0.795 0.350 0.797 0.232 0.798 

Harvest * Cult. 0.320 0.757 0.932 0.637 0. 1 96 

Harvest * Water 0.0 1 7  0. 1 21 0.236 0.004 0.845 

Harv. *Cult. *Water 0.506 0.758 0.809 0.1 38 0.358 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05 within harvests, 

cu ltivars or water treatment. 
2 Standard error. 
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Table 3.3. Plant dry weight (OW) and percentage of p lant OW as dead tissue for 
harvests and water treatments. 

Plant DW (g) 

Harvest 

2 

3 

4 

Control 

6.68 b1 

9.62 a 

8.58 a 

Stressed 

6.70 b 

6.23 b 

5.87 b 

0.60 

% DW as dead tissue 

Harvest 

2 

3 

4 

s.e. 

Control 

1 .4 (6.4) c 

1 .8 (7.2) c 

2.7 (8.8) c 

(0.9) 

Stressed 

2.9 (8.6) c 

6.4 ( 1 3.5) b 

9 . 1  (1 7.3) a 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 

3.4.1 .2. Root system characteristics 

• Before water treatments were imposed 

The salient feature of root measurements made prior to imposing water treatments 

was that, independently of the differences in shoot dry weight, the three cultivars 

had similar total root mass (Table 3.4) . However, the amount and proportion of 

total root mass in the uppermost stratum (0-75 mm) was lower for MK (P<0.05, 
Table 3 .4 and Appendix 3.2) . 

Whi le no differences were found in root length between cultivars (P>0.05, Table 

3.4), GA showed the lowest percentage of total root length (P<O.05 , Appendix 3.2) 

in the lowest stratum (below 300 mm) . 

The coarse root length of MK was lower than for the other cu ltivars in the 

uppermost stratum (P<0.05 , Table 3.4) . However, MK showed a higher percentage 

of total root length as coarse root (P<0.05, Appendix 3.2) in al l  strata below 

75 mm. 

No differences were found between cultivars in mean root diameter for any of 

the strata, nor for the average mean root diameter (P>O.05, Table 3 .4) . However, 

in the uppermost stratum , the mean surface of GA was higher than that of MK 

(P<0.05, Table 3.4 ) , while EP had an intermediate value 
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Table 3.4. Root mass, root length, coarse root length, mean root diameter and 

root surface area for the cu ltivars MK, GA and EP before water 

treatments were imposed (Harvest 1 ) . 

Root mass (g OM) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Total 

MK 1 .37 b1 0.87 1 . 1 5  2 . 1 1 5.50 
GA 2.07 a 1 .01 1 .08 1 .84 6.00 
EP 1 .90 a 0.97 1 . 1 0  2.34 6.31 
s.e.2 0.06 0.04 0. 1 2  0.24 0.36 

Root length (m) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Total 

MK 94.0 1 1 1 .9 1 23.6 227.0 556.4 

GA 21 8.9 1 65.4 1 62.2 229.0 775.5 
EP 1 66.6 1 1 6.0 1 42.7 306.9 732. 1 
s.e. 33.7 21 .4 23.6 42.8 1 09.7 

Coarse root length (m) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Total 

MK 1 0.4 b 7.0 7.6 1 3. 1  38.3 
GA 1 9.3 a 6.6 7.6 8.8 42.4 
EP 1 4.0 ab 7.3 5.6 7.9 34.9 
s.e. 1 .6 1 .2 0.7 1 .9 2.7 

Mean root diameter (mm) 

0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Entire 
Cultivar profile 

MK 0.52 0.36 0.38 0.40 0.40 
GA 0.40 0.32 0.33 0.36 0.35 
EP 0.44 0.37 0.35 0.36 0.38 
s.e. 0.05 0.02 0.02 0.02 0.02 

Root surface area (m2) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Total 

MK 0.1 4 b 0. 1 2  0. 1 5  0.27 0.69 
GA 0.26 a 0. 1 6  0. 1 7  0.26 0.85 
EP 0.22 ab 0. 1 3  0.1 6 0.33 0.85 
s.e. 0.02 0.01 0.02 0.04 0.09 

� Letters indicate groupings of means that are significantly different at P<O.05. 
Standard error. 



• After water treatments were imposed 

- Harvest effect 
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After water treatments were imposed, an increase in total root mass (P<0.05) was 

found between harvests, reflecting the increase measured in each of the three 

lower strata (P<0.05, Table 3.5). Consequently, the percentage of total root mass 
recovered in the uppermost stratum at Harvest 4 was significantly lower (P<0.05, 
Appendix 3 .3) . Conversely, total root length , root length of the four  strata and their 
percentages showed no differences between harvests (P>0.05, Table 3.6 and 
Appendix 3.5) .  

The coarse root length increased sign ificantly with time in the th  ree lowest strata 
(P<0.05,Table 3.7) . Similarly, the percentage of coarse root in each stratum also 
showed a trend to increase with time (Appendix 3.8) .  In addition, mean root 
diameter, in the strata between 75 and 300 mm (Table 3.8), and total root surface 
area (Table 3 . 1 1 )  increased significantly (P<0.05) with t ime. 

- Cultivar effect 

As for Harvest 1 ,  no significant differences were found between cultivars in total 
root mass (P>0.05, Table 3.5) . However, the total root length was the lowest for 

MK and the h ighest for EP,  while GA showed an intermediate value (P<0.05, 
Table 3.6) .  It was found that the cultivars d iffered in the distribution and 
characteristics of their root systems. GA tended to have a shallow root system , 
concentrating a greater root weight (Table 3.5 and Appendix 3.3) and root length 

(Table 3.6 and Appendix 3.5) in the uppermost stratum (0-75 mm). For the same 
stratum, GA also showed higher coarse root length (Table 3 .7) and root surface 
area (Table 3. 1 1 )  than MK and EP. Another characteristic of GA was a higher 

coarse root length than the other cu ltivars below 300 mm (P<0.05, Table 3.7) .  
Coincidental ly, i n  the same stratum, mean root diameter of GA showed a trend 
to increase with time (Table 3.9) .  

In  contrast to GA, EP had the highest root mass, length and surface area below 
300 mm ( P<0.05, Table 3.5 and 3.6, and Appendices 3.3 and 3.5) . Though in the 
lower stratum, root length was not different from GA (P>0.05) but the percentage 
of total root length was (P<0.05, Appendix 3.5). Percentage of total root length in 
the uppermost stratum, was lower for EP than for the other two cu ltivars (Appendix 

3.5) . In contrast with MK and GA, mean root diameter tended to decrease with 
time in EP below 300 mm (Table 3.9) .  
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M K  had the greater proportion of its root mass and length in the strata between 
7S and 300 mm (Appendices 3.3 and 3.S). Despite this, MK sti l l  had the lowest 
actual root length in the 7S-1 S0 mm stratum. Moreover, in the lowest three strata 

the Mediterranean cultivar had the highest percentage of coarse root length and 
the h ighest mean root diameter (P<O.OS , Appendix 3.8 and Table 3.8) . The total 
mean root diameter was also higher in MK than in GA or EP (P<O.OS, Table 3.8), 

and consequently, MK had the lowest total root surface area (P<O.OS , Table 3 . 1 1 ) . 

The percentage of total root length showed a significant harvest x cultivar 

interaction for two of the strata (P<O.OS) . In the 7S-1 S0 mm stratum EP had an 

unexpectedly high value in Harvest 3 (Appendix 3 .6). The interaction reflected an 

increase in root length percentage below 300 mm, from Harvest 2 to Harvest 3 in 

MK, while the other cultivars did not show significant change in the root length 

percentage between harvests (Appendix 3.6). 

- Water treatment effect 

Whi le total root mass and root mass in the two uppermost strata were higher in 

Control plants than in Stressed ones (P<O.OS, Table 3.S) , the percentage of total 

root mass in the lowest stratum (below 300 mm) was higher in Stressed p lants 

(Appendix 3.3) .  In the latter stratum, it was found that the percentage of total root 

mass tended to increase in MK and AG, but the opposite took place in EP 
(Appendix 3.4). In  agreement with the trend showed by root mass, the total root 

length and percentage of root length in the uppermost stratum was higher in 

Control P lants (Table 3.6 and Appendix 3.S). In  the 0-7S mm and below 300 mm 

strata a significant cultivar x water treatment interaction was found for the root 

length percentage (P<O.OS) . For the uppermost stratum, the root length 

percentage of MK and EP plants tended to decrease under water deficit (Appendix 

3.7) . For the lowest stratum , GA plants showed a greater increase in the 

percentage of root length in the Stressed treatment, compared with Contro l ,  than 
the other cultivars (Appendix 3.7). 

The coarse root length and surface area were higher in the two uppermost 

strata in Control plants (P<O.OS, Tables 3.7 and 3 . 1 1 ) . In the 1 S0-300 mm stratum, 

the percentage of coarse root length tended to increase in MK plants, to decrease 

in EP,  and remain unchanged in GA (Appendix 3.9). The mean root diameter was 

higher in Stressed p lants in the uppermost stratum (P<O.OS, Table 3.8) . The 

average root diameter of the four strata, tended to decrease in EP,  but did not 
change in the other cultivars (Table 3 . 1  O) . 
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The higher root diameter of Stressed plants i n  the uppermost stratum was 

consistent with results of Evans (1 973) , who reported that h igh temperature and 

low soil water content, which usually occur near the soil surface, p romote root 

aging. This process was characterised by a thickened endodermis and by 

deposition of suberin on the epidermis resulting in an increased root diameter. 

Although at high water availabil ity water uptake occurs mainly in the youngest 

parts of the roots, the opposite occurs under low water availabil ity (Evans, 1 973) . 

Moreover, the changes associated with root aging seem to l imit the loss of water 

to the surrounding medium (Cruz et al. , 1 992) . 

Table 3.5. Total root mass and root mass recovered from the four soil strata 

after water treatments were imposed. 

Harvest 

2 

3 

4 

s.e.2 

Cultivar 

MK 

GA 

EP 

s.e. 

Water 

Control 

Stressed 

s.e. 

Interactions (P=) 

0-75 mm 

2.00 

2.26 

2.47 

0. 1 3 

1 .84 b 

2.74 a 

2. 1 6  b 

0. 1 3 

2.40 a 

2.09 b 

0.1 1 

Cult. * Water 0.1 26 

Harvest * Cult. 0.937 

Harvest * Water 0.359 

Harvest*Cult.*Water 0.872 

Root mass (g OM) 

75-1 50 mm 

1 .01 b1 

1 . 1 8  ab 

1 .38 a 

0.07 

1 . 1 4  

1 .23 

1 . 1 9  

0.07 

1 .31 a 

1 .06 b 

0.06 

0.305 

0.91 6 

0.081 

0. 1 21 

1 50-300 mm 

1 .31 b 

1 .50 b 

1 .85 a 

0. 1 1  

1 .56 

1 .61 

1 .49 

0. 1 1  

1 .67 

1 .43 

0.09 

0.1 53 

0.675 

0. 1 47 

0.496 

below 300 m m  

2.36 b 

2.56 b 

3.29 a 

0 . 1 3 

2.46 b 

2.52 b 

3.22 a 

0 . 1 3 

2.86 

2.61 

0 .1 1 

0.720 

0.289 

0.088 

0.535 

Total 

6.68 b 

7.50 b 

8.99 a 

0.38 

7.00 

8. 1 0  

8.06 

0 .38 

8.25 a 

7. 1 9  b 

0.31 

0.352 

0.695 

0.1 1 1  

0.593 

1 Letters indicate groupings of means that are significantly different at P<0.05 within haNests, 
cultivars or water treatment. 

2 Standard error. 
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Table 3.6. Total root length and root length recovered from the four soi l strata 

after water treatments were imposed. 

Root length (m) 

Harvest 0-75 mm 75-1 50 mm 1 50-300 m m  below 300 m m  Total 

2 1 71 .3 1 22.2 1 66.2 273.2 732.9 

3 1 94.2 1 25.9 1 59.0 281 . 1  760.3 

4 1 75.0 1 26.9 1 87.7 51 5.3 1 004.9 

s.e.1 1 3.9 9.3 1 6. 1  1 23.4§ 1 24.6§ 

Cultivar 

M K  1 43.3 b2 1 04.5 b 1 40.7 1 79.2 b 567.6 b 

GA 229.4 a 1 36.0 a 1 91 .3 31 9.0 ab 875.7 ab 

EP 1 67.8 b 1 34.5 a 1 81 .0 571 .5 a 1 054.8 a 

s.e. 1 3.9 9.3 1 6. 1  1 23.4 1 24.6 

Water 

Control 203.2 a 1 35.6 1 75.9 299.4 81 4.2 

Stressed 1 57.2 b 1 1 4.3 1 66.0 41 3.6 851 . 1  

s.e. 1 1 .4 7.6 1 3. 1  1 00.7§ 1 01 .7§ 

Interactions (P =) 
Cult. * Water 0.324 0.088 0.204 0.71 1 0.653 

Harvest * Cult. 0.701 0.883 0.91 5 0.241 0.996 

Harvest * Water 0.444 0.837 0.746 0.292 0.609 

Harvest*Cult. *Water 0.691 0.303 0.458 0.435 0.271 

, Standard error. 
§ Mean standard error. 
2 Letters indicate groupings of means that are significantly different at P<O.05 within harvests, 

cultivars or water treatment. 
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Table 3.7. Total coarse root length and coarse root length recovered from the 

four soil strata after water treatments were imposed . 

Coarse root length (m) 

Harvest 0-75 mm 75-1 50 mm 1 50-300 mm below 300 mm Total 

2 1 1 .0 5.9 b1 7.2 b 9.3 b 33.5 b 

3 1 1 .7 6.8 ab 6.8 b 8.4 b 33.8 b 

4 1 4.0 8.2 a 1 0.9 a 25.3 a 58.4 a 

s.e.2 0.9 0.5 0.7 5.0 5.4§ 

Cultivar 

M K  1 0.2 b 7.3 9 .1  1 3.9 40.6 

GA 1 5.4 a 7.0 8.0 1 0.2 40.6 

EP 1 1 .2 b 6.6 7.8 1 8.9 44.4 

s.e. 0.9 0.5 0.7 5.0 5.4 

Water 

Control 1 3.4 a 7.8 a 8.6 1 1 .4 41 .2 

Stressed 1 1 . 1 b 6.2 b 8.0 1 7.3 42.6 

s.e. 0.8 0.4 0.6 4 . 1  4.4§ 

Interactions (P=) 

Cult. * Water 0.377 0. 1 77 0. 159 0.339 0.542 

Harvest * Cult. 0.455 0.596 0.737 0.569 0.552 

Harvest * Water 0.646 0. 1 09 0.394 0.304 0.1 20 

Harvest*Cult. *Water 0. 1 99 0. 1 55 0.6 17  0.240 0.2 1 7 

1 Letters indicate groupings of means that are significantly different at P<0.05 within harvests, 
cultivars or water treatment. 

2 Standard error. 
§ Mean standard error. 
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Table 3.8. Mean diameter of roots recovered from the four soil strata and for the 

entire profi le after water treatments were imposed . 

Mean root diameter (mm) 

0-75 m m  75-1 50 mm 1 50-300 mm below 300 mm Entire 
Harvest profile 

2 0.44 0.37 b' 0.36 b 0.40 0.39 

3 0.44 0.40 ab 0.39 a 0.38 0.40 

4 0.49 0.42 a 0.40 a 0.41 0.42 

s.e.2 0.01 0.01 0.01 0.01 0.01 

Cultivar 

M K  0.47 0.43 a 0.42 a 0.48 a 0.45 a 

GA 0.44 0.38 b 0.36 b 0.36 b 0.38 b 

EP 0.46 0.38 b 0.37 b 0.36 b 0.38 b 

s.e. 0.01 0.01 0.01 0.01 0.01 

Water 

Control 0.44 b 0.40 0.39 0.40 0.40 

Stressed 0.47 a 0.40 0.38 0.39 0.40 

s.e. 0.01 0.01 0.01 0.01 0.01 

Interactions (P =) 
Cult. * Water 0.700 0.063 0.056 0.1 44 0.033 

Harvest * Cult. 0.321 0.705 0.423 0.031 0.053 

Harvest * Water 0.708 0.426 0.451 0.549 0.256 

Harv. *Cult. *Water 0.747 0.745 0.361 0.090 0.254 

1 Letters indicate groupings of means that are significantly different at P<0.05 within harvests, 
cultivars or water treatment. 

2 Standard error. 
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Table 3.9. Mean diameter of roots recovered below 300 mm stratum, averaged 

for cultivars and harvests, after the appl ication of water treatments. 

Mean root diameter of the below 300 mm stratum 

Harvest MK GA EP 

2 0.50 a1 0.33 e 0.37 be 

3 0.42 b 0.36 e 0.37 be 

4 0.52 a 0.38 be 0.34 e 

s.e.2 0.02 

1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 

Table 3.1 0. Mean diameter of roots recovered from the entire profi le, averaged 

for cultivars and water treatments. 

Cultivar 

MK 

GA 

EP 

Average mean root diameter 

Control Stressed 

0.43 a1 

0.39 e 

0.40 be 

0.01 

0.47 a 

0.37 e 

0.36 e 

1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 
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Table 3.1 1 .  Total root surface area and root surface area for the four soil strata 

after the imposition of water treatments. 

Root surface area (m2) 

Harvest 0-75 m m  75-150 m m  1 50-300 m m  below 300 mm Total 

2 0.23 0. 1 4  0. 1 8  0.31 0.87 b1 

3 0.26 0. 1 5  0.1 9 0.33 0.94 b 

4 0.26 0. 1 6  0.23 0.45 1 . 1 3  a 

s.e.2 0.01 0.01 0.02 0.04§ 0.05 

Cultivar 

MK 0.20 b 0. 1 4  0. 1 8  0.26 b 0.79 b 

GA 0.31 a 0. 1 6  0.22 0.35 b 1 .05 a 

EP 0.24 b 0. 1 6  0.20 0.49 a 1 . 1 1  a 

s.e. 0.01 0.01 0.02 0.04 0.05 

Water 

Control 0.27 a 0. 1 7  a 0.21 0.36 1 .02 

Stressed 0.22 b 0. 1 4  b 0. 1 9  0.37 0.94 

s.e. 0.01 0.01 0.01 0.03§ 0.04 

Interactions (P=) 

Cult. * Water 0. 1 72 0. 186 0.202 0.686 0.072 

Harvest * Cult. 0.874 0.91 5 0.880 0.363 0.707 

Harvest * Water 0.298 0.344 0.380 0. 1 33 0.668 

Harvest*Cult. *Water 0.758 0.1 96 0.502 0.331 0.288 

1 Letters indicate groupings of means that are significantly different at P<0.05 within harvests, 
cultivars or water treatment. 

2 Standard error. 
§ Mean standard error. 
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3.4.1 .3. Root : shoot ratio 

- Before water treatments were imposed 

The root : shoot ratio before the water treatments were imposed (Harvest 1 )  was 

higher for MK than the other cultivars (P<O.05, Table 3. 1 2) .  

Table 3.1 2. Root : shoot ratio (g OM/g DM) for the cu ltivars MK, GA and EP 

before water treatments were imposed (Harvest 1 ) . 

Cultivar Root : shoot ratio 

MK 0.40 a' 

GA 0.22 b 

EP 0 .22 b 
s.e.2 0.02 

, Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 

- After water treatments were imposed 

The root : shoot ratio after water treatments were applied was significantly higher 

for Harvest 4 than for Harvests 2 or 3 (P<O.05,  Table 3 . 1 3) .  Similar to the trend 

observed in Harvest 1 ,  MK had a significantly h igher root : shoot ratio (P<O.05, 

Table 3. 1 3) .  On the other hand, Stressed plants also had a higher ratio than 

Control plants (P<O.05) . This response seemed to result from a greater reduction 

in shoot growth rate than in root growth rate in Stressed plants. This agreed with 

results of Brouwer (1 983) and Passioura ( 1 982) who found that under drought, leaf 

elongation was reduced more than photosynthesis, leaving an increased proportion 

of assimilate available for the roots. 
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Table 3.1 3. Mean root : shoot ratio (g OM/g DM) after water treatments were 

imposed . 

Harvest 

2 

3 

4 

s.e.2 

Cultivar 

MK 

GA 

EP 

s.e. 

Water 

Control 

Stressed 

s.e. 

Interactions (P=) 

Cult. * Water 

Harvest * Cultivar 

Harvest * Water 

Harvest*Cultivar*Water 

Root : shoot ratio 

0.29 b1 

0.27 b 

0.33 a 

0.02 

0.40 a 

0.24 b 

0.25 b 

0.02 

0.27 b 

0.32 a 

0.01 

0.231 

0.333 

OA08 

0.91 2 

1 Letters indicate groupings of means that are significantly different 
at P<0.05 within harvest, cultivars or water treatments. 

2 Standard error. 

3.4.2. Plant water relations 

At Harvest 1 , before the water treatments were imposed, no differences were found 
between cultivars for RWe, lIJW' lIJo' lIJO(f)' and lVp (P>0 .05, Table 3 . 1 4) .  
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Table 3.1 4. Relative water content (RWC) , water potential ( lV  w) , osmotic potential 
( lV  0) ' osmotic potential at full turgor ( lV  off)) and pressure potential ( lV  p) 
for the cultivars MK, GA and EP before water treatments were 
imposed (Harvest 1 ) . 

RWC lIJw lIJo 
Cultivar (%) (MPa) (MPa) 
M K  96.6 (80.2) - 1 .42 -2.04 

GA 95.7 (78.9) - 1 .52 -2.21 

EP 90.9 (72.8) - 1 .75 -2.23 

s.e. 1 (1 .9) 0. 1 7  0.1 5 

Data within brackets are arcsin square root transformed percentages. 
1 Standard error. 

(���) lIJ (MPa) 
- 1 .92 0.62 

-2.32 0.70 

-2.32 0.47 

0. 1 7  0.23 

When the plants were exposed to the different water treatments, a significant 
decrease in RWC, lV w and lV 0 was observed from Harvest 2 to Harvest 4 (P<O.05, 

Table 3. 1 5) .  MK showed a higher RWC, lIJ IV' lV 0 and lV off) than GA and EP (P<O.05, 

Table 3. 1 5) .  A significant harvest x cultivar interaction was found for lV 0 (P<O.05 , 

Table 3 . 1 6) .  The latter was because the decrease in lV 0 with time was higher for 
GA and EP than for MK. 

As expected, Stressed plants had a lower RWe, lVlV' and liJo (P<O.05, Table 

3 . 1 5), but no differences were found between water treatments for lV off) (P>O.05, 

Table 3 . 1 5). Tu rgor of Stressed plants was lower than that of Control plants 

(P<O.05, Table 3. 1 5) .  

The harvest x water (Table 3 . 1 7) and cultivar x water (Table 3. 1 8) interactions 

were significant for RWC, lV IV' lV 0 and lV p (P<O.05). The harvest x water interaction 
for RWC and liJ 0 was because these variables showed a sl ight decrease in Control 
plants from Harvest 2 to Harvest 4, and a sharp decrease in Stressed plants during 

this period (Table 3 . 1 7). A similar response was observed for lVw in Stressed 
plants, but no differences between harvests were observed in Control plants (Table 

3 . 1 7) .  As in Control plants lV w did not change between harvests and lV 0 decreased, 

lV p increased between harvests, but in line with the rest of the variables mentioned 
above, lV p decreased in Stressed plants (Table 3 . 1 7). These changes in Stressed 
plants were expected, given that they had not received water since the day prior 

to Harvest 1 ,  and reflected decreased soil water availabi lity with time. The 
decrease in RWe and lV 0 of Control plants with time (Table 3 . 1 7) raised the 
possibil ity that the plants were receiving insufficient water by Harvest 4. However, 
as no differences were observed in lV 0' and lV p indeed showed an increase , any 

stress on Control plants cannot have been very severe. The decrease in lV 0 with 



60 

time, in Stressed plants agreed with findings of West et al. ( 1 990) and White et al. 

( 1 992b) in that leaf blades of tall fescue had adjusted osmotically in response to 

water deficits. However, as in the present experiment the llJ off) did not decrease 

significantly in Stressed plants, the decrease in llJ 0 might have been due to a loss 

of water, and thus, to a concentration of solutes already present in the cell , more 

than to a genuine accumulation of solutes ( i .e. osmotic adjustment) . 

The cultivar x water interaction (Table 3. 1 8) observed for RWC, llJ w and llJ 0 was 

due to a greater decrease in the value of these variables in GA and EP plants than 
in MK between Control and Stressed water treatments. Interestingly, MK showed 

a higher value than the other cultivars for these variables in both water treatments, 

though in the Control treatment RWC and llJ w of MK were similar to GA plants. 

Moreover, in MK-Stressed plants, the value of llJ 0 was similar to MK-Control plants, 

the value of RWC was similar to GA- and EP-Control plants, and the value of llJ w 

was similar to EP-Control plants. The latter finding suggested that MK-Stressed 

plants had succeeded in postponing the water deficit in relation to the other 

cultivars due to MK having small plant size and a high root : shoot ratio. Both these 

factors, would tend to reduce the level of physiological stress on MK plants 
compared with GA or EP plants. In the case of llJ P' the cultivar x water treatment 

interaction was significant because GA showed a higher value (P<0.05) than MK 

and EP in Control plants, but a lower value similar to the latter cultivars in Stressed 
plants, consequently, the decrease in lJJ p between Control and Stressed water 

treatments was higher for GA plants (Table 3. 1 8) .  

The RWC measurements were taken in plants that had been watered the 
previous morning and had been exposed to temperatures of around 37 QC during 
the day. Therefore, at the time the samples were taken, the water content of the 

pots had reached the daily minimum. This partly explained why the RWe of Control 

plants was always below 1 00 % even though the plants had been covered 
overnight with a plastic bag and had been receiving amounts of water calculated 

to ensure that pots were as close as possible to soil field capacity. 

Quadratic regressions were fitted for the response of llJ wo llJ 0' llJ off) and lJJ p to 

RWe. Graphing the quadratic curves in this case has led to fits which had points 
of h igh leverage at lower values of RWC. Because of this, the curves relied heavily 
on the placement of only one or two points, were therefore difficult to interpret, and 
will not be presented here.  Nevertheless, while, lJJ wo lJJ 0' llJ off) and llJ P' increased with 

increasing RWe, there was no indication of any difference between cultivars. This 

latter observation was confirmed in Chapter 5 for MK and EP cultivars (Fig. 5. 1 4) .  
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Table 3.1S. Relative water content (RWe), water potential (lJJ w) , osmotic potential 

(lJJ 0) ' osmotic potential at full turgor (lJJ Off)) and pressure potential (lJJ p) 
after water treatments were imposed . 

RWC lVw lVo lVo (f) lV 
Harvest (0/0) (MPa) (MPa) ( MPa) (MPa) 
2 91 .6 (75.6) a 1 -1 .95 a -2.47 a -2. 1 0  0.52 

3 82.6 (68.2) b -2.57 b -3. 1 9  b -2.08 0.62 

4 72. 1 (60.8) c -3. 1 6  c -3.72 b -2.31 0.56 

s.e.2 ( 1 .3) 0. 1 8§ 0.21§  0 . 1 1 0.07 

Cultivar 
M K  93. 1 (77.3) a -1 .83 a -2.31 a - 1 .91 a 0.48 
GA 79.0 (65.4) b -2.77 b -3.40 b -2.27 b 0.62 
EP 74.2 (61 .8) b -3.07 b -3.67 b -2.31 b 0.60 

s.e. ( 1 .3) 0. 1 8  0.21 0 .1 1 0.07 

Water 
Control 94.5 (77.6) a -1 .46 a -2.33 a -2. 1 2  0.88 a 
Stressed 69.7 (58.7) b -3.66 b -3.92 b -2.21 0.26 b 
s.e. ( 1 . 1  ) 0. 1 4§ 0. 1 7§ 0.09 0.06 

Interactions (P =) 

Cult. * Water 0.001 0.000 0.01 1 0.624 0.003 

Harvest * Cult. 0.323 0.491 0.042 0.337 0.907 

Harvest * Water 0.001 0.000 0.005 0.555 0.000 

Harvest*Cult. *Wat. 0.675 0.599 0.774 0.884 0.882 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05 within harvest, 

cultivars or water treatments. 
2 Standard error. 
§ Mean standard error. 
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Table 3.1 6. Osmotic potentia! (\.V 0) averaged for cultivars and harvests after water 
treatments were Imposed.  

\.VO (MPa) 

Harvest MK GA EP 

2 -1 .93 a' -2.65 ab -2.82 ab 
3 -2.21 ab -3.31 be -4.05 e 
4 -2.80 b -4.23 e -4. 1 5  e 
s.e. 2 0.37 

, Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 

Table 3.1 7. Relative water content (RWe) , water potential (\.V w) , osmotic potential 
(llJ 0) and pressure potential (llJ p) averaged for harvests and water 
treatments. 

Harvest 

2 

3 

4 

s.e.2 

Harvest 

2 

3 

4 

s.e. 

Harvest 

2 

3 

4 

s.e. 

Harvest 

2 

3 

4 

s.e. 

RWC (%) 

Control Stressed 

97.6 (81 .6) a' 
94.0 (76.7) ab 
92.0 (74.6) be 

85.6 (69.7) e 
71 .2 (59.6) d 
52.3 (47.0) e 

(1 .8) 

\.VW (MPa) 

Control Stressed 

-1 .46 a -2.44 b 
-1 .49 a -3.64 e 
-1 .42 a -4.90 d 

0.25§ 

\.VO (MPa) 

Control Stressed 

-2. 1 3  a -2.81 abe 
-2.31 a -4.07 cd 
-2.57 b -4.88 d 

O.30§ 

\.Vp (MPa) 

Control Stressed 

0.67 be 0.38 e 
0.82 b 0.42 c 
1 . 1 5  a -0.02 d 

0.1 0 

Data within brackets are arcsin square root transformed percentages. � Letters indicate groupings of means that are significantly different at P<O.05. 
Standard error. 

§ Mean standard error. 
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Table 3.1 8. Relative water content (RWC) , water potential (lIJ w) , osmotic potential 

(lIJ 0) and pressure potential (lIJ p) averaged for cultivars and water 

treatments. 

RWC (%) 

Cultivar Control Stressed 

MK 97.5 (81 .5) a1 88.72 (73.0) b 

GA 94.5 (77.2) ab 63.61 (53.6) c 

EP 91 .6 (74. 1 )  b 56.77 (49.6) c 

s.e.2 (1 .8) 

lVw (MPa) 

Cultivar Control Stressed 

MK -1 .31 a -2.35 b 

GA -1 .38 a -4. 1 7 c 

EP -1 .68 b -4.46 c 

s.e. 0.25§ 

lVo (MPa) 

Cultivar Control Stressed 

MK -1 .96 a -2.66 ab 

GA -2.53 b -4.26 c 

EP -2.51 b -4.84 c 

s.e. 0.30§ 

lVp (MPa) 

Cultivar Control Stressed 

M K  0.65 b 0.31 c 

GA 1 . 1 5  a 0.09 c 

EP 0.83 b 0.38 c 

s.e. 0. 1 0  

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05. 
2 Standard error. 
§ Mean standard error. 
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Stomatal resistance and transpiration rate for both leaf blade surfaces at Harvest 
1 are shown in Table 3. 1 9. The abaxial leaf surface stomatal resistance was the 

lowest in MK and the h ighest in EP (P<0.05) , while GA was intermediate. Stomatal 

resistance on the adaxial leaf surface was around half the values observed for the 
abaxial surface which also had a lower density of stomata. The abaxial leaf surface 

had 35-55 % the stomata number of the adaxial surface for the cultivars studied. 

Although the same trend was shown for both leaf surfaces, no significant 

differences in stomatal resistance (P>0.05) were found between cultivars on the 
adaxial surface. 

The transpi ration rate showed h igher values on the adaxial surface consistent 

with the lower stomatal resistance (Table 3. 1 9) and higher stomata density 
observed. Although for both leaf surfaces the transpiration rate of MK was higher 

than fOT the other cultivars, only for the abaxial surface this difference became 

sign ificant (P<0.05) . These resu lts show that with high water availabi l ity, MK plants 

tended to have a lower stomatal resistance and , consequently, a h igher 

transpiration rate than GA or EP. 

Table 3.1 9. Stomatal resistance and transpiration for the cultivars MK, GA and EP 
before water treatments were imposed (Harvest 1 ) . 

Stomatal resistance Transpiration 
(s cm-1) (�g cm-2 S-1) 

Cultivar abaxial adaxial total abaxial adaxial 

MK 2.81 c1 1 .70 1 .03 6.63 a 9.50 

GA 5.89 b 2.85 1 .85 3.45 b 6.93 

EP 8.79 a 3.44 2.34 2.30 b 6.66 

s.e. 0.80 0.69 0.34 0.59 1 .55 

Abaxial: lower leaf surface, adaxial: upper leaf surface, total: (abaxial-1+adaxiarl1•  
1 Letters indicate groupings of means that are significantly different at P<O.05 within the same 

col umn. 
2 Standard error. 
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• After water treatments were imposed 

After water treatments were imposed, the same ratio between stomatal resistance 
values of both sides of the leaf as for Harvest 1 was observed. The stomatal 

resistance increased from Harvest 2 to Harvest 4 (P<0.05, Table 3.20). MK 

stomatal resistance was lower than for EP and AG (P<0.05 , Table 3.20). On the 

other hand, as expected (Turner, 1 986 ; Farquhar et al. , 1 989; Davies and Zhang, 

1 99 1 ) Stressed plants had a significantly higher stomatal resistance than Control 

plants (P<0.05, Table 3 .20) on both leaf surfaces, and consequently the same 

response was found for the total leaf resistance. 

The cultivar x water interaction was significant for the stomatal resistance of both 

leaf surfaces and, consequently for the total stomatal resistance (P<0.05, Table 

3.21 ) .  The three interactions were due to a lower difference between the stomatal 

resistance of Control and Stressed plants of MK cultivar compared with the 

differences shown by the other cultivars. Moreover, the stomatal resistance of both 

surfaces in MK-Stressed plants was not statistically different from the stomatal 

resistance of Control plants of other cultivars. 

The transpiration rate of both surfaces decreased with time because of the 

increased stomatal resistance (P<0.05 , Table 3.20) . MK transpiration rate was 
higher than GA or EP for both leaf surfaces (P<0.05, Table 3.20) . Stressed plants 

showed lower transpiration rates on both leaf surfaces (P<0.05) . The harvest x 

water treatment interaction was sign ificant for the transpiration rate of both 

surfaces (P<0.05, Table 3.22) . This was because, while no d ifferences in the 

transpiration rate were found between harvests in Stressed plants, Control plants 
showed a decrease in the lower leaf surface from Harvest 3 to Harvest 4, and in 

the adaxial leaf surface from Harvest 2 to Harvest 3. 
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Table 3.20. Abaxial leaf surface, adaxial leaf surface and total stomatal resistance, 
and abaxial and adaxial leaf surfaces transpiration rate after water 
treatments were imposed. 

Stomatal resistance Transpiration 

(s cm·1) (J.lg cm·2 S·1) 

Harvest abaxial adaxial total abaxial adaxial 

2 1 8.27 b1 8.05 b 5. 1 4  b 2.80 a 4.77 a 

3 22.57 ab 1 1 .34 ab 6.98 b 2.30 a 3. 1 0  b 

4 31 .62 a 1 5.44 a 9.30 a 1 .32 b 2.47 b 

s.e.2 3.44§ 1 .46§ 0.75§ 0.29§ 0.41 

M K  1 2.55 b 6.58 b 3.73 b 3. 1 6  a 4.66 a 

GA 34.61 a 1 5.22 a 9.67 a 1 .57 b 2.46 b 

EP 25.31 a 1 3.02 a 8.01 a 1 .70 b 3.23 b 

s.e. 3.44 1 .46 0.75 0.29 0.41 

Control 7.65 b 4. 1 7  b 2.29 b 3.49 a 5.39 a 

Stressed 40.66 a 1 9.05 a 1 1 .98 a 0.79 b 1 .5 1  b 

s.e. 2.81 § 1 . 1 9§ 0.61 § 0.24§ 0.34 

Interactions (p=) 
Cult. * Water 0.01 6 0.01 0 0.000 0.363 0.71 7 

Harvest * Cult. 0. 1 59 0.240 0.1 78 0.683 0.222 

Harvest * Water 0.773 0. 1 47 0.082 0.005 0.039 

Harv.*Cult.*Wat. 0.482 0. 1 01 0.071 0.939 0.384 

Abaxial: lower leaf surface, adaxial: upper leaf surface, total:  (abaxiar1+adaxiarl1 • 
1 Letters indicate groupings of means that are significantly different at P<0.05 within 

harvest, cultivars or water treatments. 
2 Standard error 
§ Mean standard error. 
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Table 3.21 . Abaxial leaf surface, adaxial leaf surface and total stomatal resistance 

averaged for cultivars and water treatments. 

Stomatal resistance (s cm" ) 

abaxial adaxial total 

Cultivars 

MK 

GA 

EP 

Control 

3.73 c' 

1 0.74 bc 

8.48 bc 

Stressed Control 

21 .37 b 2.47 c 

58.47 a 4.96 bc 

42. 1 4  a 5.07 bc 

Stressed Control Stressed 

1 0.70 b 1 .40 d 6.07 b 

25.47 a 2.68 c 1 6.66 a 

20.98 a 2.81 c 1 3.22 a 

2.81 2.06 1 .05 

Abaxial: lower leaf surface, adaxial: upper leaf surface, total:  (abaxiar'+adaxiarl'. 
, Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 

Table 3.22. Transpi ration rate of both leaf surfaces averaged for harvests and 

water treatments. 

Harvest 

2 

3 

4 

Transpiration (�g cm-2 s·' ) 

abaxial 

Control Stressed 

4.82 a' 

3.61 a 

2.04 b 

0.79 c 

0.98 c 

0.60 c 

adaxial 

Control Stressed 

7.59 a 

4.71 b 

3.86 b 

0.58 

1 .94 c 

1 .50 c 

1 .08 c 

, Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 
§ Mean standard error. 
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3.4.4. Carbon isotope discrimination 

The 6. at Harvest 1 was higher for MK than for the other cultivars (P<0.05, Table 

3 .23) , consistent with the tendency for MK to have a lower stomatal resistance, that 
consequently, allowed a h igher discrimination against the l3C isotope (Farquhar et 

al. , 1 989) . 

Table 3.23. Carbon isotope discrimination (6.) for the cultivars MK, GA and EP 

before water treatments were imposed (Harvest 1 ) . 

Cultivar 
Carbon isotope 
discrimination 

MK 20.93 a' 

GA 1 8.74 b 

EP 1 8.44 b 

s.e.2 0.40 

, Letters indicate groupings of means that are significantly different at P<O.OS. 
2 Standard error. 

The difference between cultivars was maintained after water treatments were 

imposed (P<0.05, Table 3 .24) . No differences were found between harvests or 
between water treatments. The lack of response was because the treatments were 

imposed for a short time (Farquhar et al. ,  1 989). The harvest x water and harvest 

x cultivar x water treatment interactions were sign ificant (P<0.05 , Tables 3.25 and 
Appendix 3 . 1 0) .  

The harvest x water interaction was significant because, in  Control p lants, 6. 
decreased (P<0.05) from Harvest 3 to Harvests 4 to a value similar to that of 

Stressed plants in Harvest 2 (Table 3.25). On the other hand, 6. did not change 

significantly (P>0.05) with time in Stressed plants. The harvest x cu ltivar x water 
treatment interaction was due to a decrease in 6. of Control plants as the 
experiment progressed. Also, in Stressed plants the difference between MK and 

the other  cultivars diminished because of a slight decrease in MK b. and an 

unexpected increase in b. of EP plants (Appendix 3 . 1 0) .  
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Table 3.24. Carbon isotope discrimination (il) after water treatments were 

imposed. 

Harvest 

2 

3 

4 

s.e.1 

Cultivar 

MK 

GA 

EP 

s.e. 

Water 

Control 

Stressed 

s.e. 

Interactions (P =) 

Carbon isotope 
discrimination 

1 9.02 

1 9.02 

1 8.48 

0. 1 8  

20.32 a2 

1 8.01 b 

1 8. 1 9  b 

0. 1 8  

1 8.81 

1 8.87 

0. 1 5  

Cult. * Water 0. 15 1  

Harvest * Cultivar 0.443 

Harvest * Water 0.048 

Harvest*Cultivar*Water 0.043 

, Standard error. 
2 Letters indicate groupings of means that are significantly different 

at P<0.05 within harvest, cultivars or water treatments. 



70 

Table 3.25. Carbon isotope discrimination (�) averaged for harvest and water 
treatments. 

Carbon isotope discrimination 

Harvest Control Stressed 

2 1 9.27 a1 1 8.76 ab 

3 1 9.07 a 1 8.97 a 

4 1 8.08 b 1 8.88 a 

s.e.2 0.26 

1 Letters indicate groupings of means that are significantly different at P<O.05. 

2 Standard error. 

3.5. Summary 

3.5.1 . Water deficit effects 

• Plants subjected to water deficit showed a decrease in shoot DW, and in green 
tissue percentage mainly due to a reduction in proportion of leaf b lade. Stressed 

p lants also had thicker roots in the uppermost stratum causing a reduction in 

root surface area at this level and a higher proportion of total root length in the 

lowest stratum of the soil profi le. 

• Stressed p lants showed a h igher root : shoot ratio than Control plants. The 
RWC, lJ.Iw. lJ.I 0 and lJ.I p decreased in the Stressed water treatment. 

• As expected, the responses to water deficit were more pronounced with time. 

3.5.2. Cultivar effects 

• MK plants had a lower shoot DW, similar total root mass and h igher root : shoot 
ratio and number of ti l lers per plant than cultivars GA and EP. MK roots tended 

to be thicker resulting in a lower root surface area than the other cultivars. 

• Although MK plants showed higher 13C discrimination, lower stomatal resistance 

and higher transpiration rate, they tended to maintain a higher water status than 

GA and EP under the Stressed treatment. The smaller shoot size and higher 
root : shoot ratio in MK plants would have helped the plant to delay dehydration . 
Conversely, the temperate cultivars with a bigger evaporative surface would 

have depleted the avai lable water more rapidly. 
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CHAPTER 4. PLANT G ROWTH AND RESPONSES TO WATER DEFICIT 

O F  E N DO P H YTE-F R E E  M E DITE R RAN EAN A N D  

TEMPERATE TALL FESCUES 

4.1 . Introduction 

In the previous chapter, it was found that under the Stressed treatment, Maris Kasba 

(MK) tended to maintain a higher water status than the temperate cultivars. It was 
suggested that this response was due to the smaller shoot size and higher root : shoot 

ratio of the Mediterranean cultivar, and that these traits allowed it to delay dehydration. 
On the other hand, the temperate cultivars, with a higher evaporative surface, and 

consequently, a higher water demand, would be expected to more rapidly deplete the 
water available in the pot. 

In order to have more information on the physiological and morphological 

responses of these contrasting tall fescue cultivars to water deficit, a second 

glasshouse experiment was carried out. To avoid differences in plant water status 

resulting from a higher pot water availability, because of a lower use of water, the 

cultivars were grown together in the same pot. Thus the water availability was as 

similar as possible for the contrasting cultivars. Unlike the previous experiment 
(Chapter 3), where water was completely withheld, water deficit treatments in this 
experiment comprised a proportional reduction in the amount of water added to the 

pots compared with the Control treatment. The reason for the change in methodology 

was to measure the plant water relations when the equilibrium at different water 
availabilities had been reached, rather than conduct measurements against a 

background of steady deterioration . Finally, as responses of temperate cultivars to 

water deficit were similar in the previous experiment (Chapter 3) , only El Pal en que 
(EP) and MK cultivars were studied here. 

4.2. Objective 

The objectives of this experiment were to compare morphological and physiological 

responses of a Mediterranean and a temperate tall fescue cultivar to controlled soil 
moisture deficit. 
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4.3. Materials and Methods 

4.3.1 . Experimental design and statistical analysis 

The experiment included two tall fescue cultivars, Maris Kasba (MK) and El Palenque 
(EP), subjected to four watering treatments and three replicates as complete blocks. 

A split plot design was used with watering treatments as main units and cultivars as 

subunits. Variables measured at dawn and at midday were analysed individually and 

the difference between measuring times was analysed using the dawn measurement 

as a covariate, when the latter was significant. Consequently, the difference values 
shown in the tables are, when applicable, adjusted for the covariate and to simplify 

tables layout, the standard error shown was calculated as in Section 3.3. 1 . 
Percentages were arcsin square root transformed for statistical analysis. Means were 
separated using the LSD (Steel & T orrie, 1 980) at 5 % significance level. Linear 

regressions were fitted using the SAS REG procedure. 

The experimental management schedule, conditions of plant culture and periods 

of measurements are shown in Fig. 4. 1 . Photographs showing the layout of part of the 

trial at different stages are presented in Plate 4. 1 .  

4.3.2. Plant culture 

Seeds of both cultivars were incubated at 47 QC and 45 % relative humidity for 25 
days to kill the endophyte Neotyphodium coenophialum (Bouton et al. , 1 993; Dr. G.  

Latch,  personal communication). They were then germinated and seedlings 

transferred to root-trainers filled with vermicul ite. Plants were irrigated three times a 

week with 0.5 M Hoagland's solution (Hoagland and Amon, 1 938) and were grown in 
a glasshouse at Unidad Integrada INTA-FCA Balcarce, under natural photoperiod 
(3]0 45' S). The glasshouse used in this experiment had limited temperature control. 

Heaters operated during winter. Maximum and minimum daily temperatures were 

monitored only from 1 0  October to 1 4  November (Fig. 4.2) during the water deficit 
experimental period. On 8 July, after a period of growth of approximately 70 days, 

plants were transplanted,  after removal of all daughter tillers, to polystyrene pots of 

305 x 375 x 323 mm, covered with a plastic bag with holes at the bottom and filled 

with soil .  The soil characteristics were analysed at Soil Department, I NTA Balcarce 
and are shown in Table 4. 1 .  Each pot contained four rows of five plants (main tiller 
only) with the two cultivars arranged in altemate rows. EP til lers were defoliated to 

achieve similar leaf areas in both cultivars when transplanted. Plants were checked 

for infection by N. coenophialum by examining sheath (Latch & Christensen,  1 982 ) ,  

to ensure that endophyte elimination had been successful . Pots were watered daily 
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and once a week received 250 ml of 0.5 M Hoagland's solution . 

From 1 7  to 1 9  October four water treatments were imposed on consecutive days 

in blocks 1 to 3, respectively. The treatments were: Control = 1 ,000 ml water day·1 
por1 , 8 = 800 ml water day-1 por1 , 82 = 650 ml water day-1 por1 and 83 = 500 ml 

water day-1 por1 . 

1996 

• 
8"Id:l!::t¥e 
infedicrl test 

• 

Tiller appear.roce rate 

• 

April MIy Jlfl9 July Aug.Jst Sejtertber 

heat-treated ard 0.5 M �s soll.tio1 Dai
ly

v.e!erirg 
M< ard EP seeds 

r Dai
ly

..a . I gerrrOna!ed � three tines a 'MIlk � � 250 ni 0.5 M I-tlagards soIuticn weddy 

Tiller rurt>er 
• 

Seedlings transfered 
to root trainers (""""cul«e) 
Heated gasshouse 
(t�,",...ah .. e nd 1T'a1�cred) 

Palts transpl<ned to poIS (soil, 3:l5 x 375 x 323 nm) 
2 alternate rtMoS a 5 plans per cUtivar per pot 
3 bIod<s a 4 pots 

IlJ'4XlSition a v.e!er treatrnEJlts 
Catrol = 100Jni H:Ppot,1 
81 =8:Xlni H:Ppot,1 
82=650ni H:Ppot,1 
53 = 500 ni H:P pot' 1 

Figure 4.1 .  Experimental management schedu le, conditions 
of plant cu lture and measurements for the 
second water deficit experiment. Unidad 
Integrada Balcarce INTA-FCA, Argentina, 
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a 

b 

c 

Plate 4.1 . Experiment in progress. a: Blocks 1 and 2 after transplanting (8 July). b: Blocks 

1 and 2 before the imposition of the water treatments (1 6 October). c: Block 1 after 

the imposition of the water treatments ( 1 1 November) ,  from left to right Control, 
82, 81 , and 83 treatments. 



�.---------------------------------------------. 

50 

0 40 
0 

� ::s 
'tU 30 ... 8. 
E 
{!!. 20 � 

1 0  

O�r------.------.------.------.-------r-----� 
15110 20/10 25110 30110 4/1 1 9/1 1 1411 1 

Date (1996) 

Figure 4.2. Daily maximum and minimum glasshouse temperature 
during the application of the water treatments. 

Table 4.1 .  Soil characteristics 

Clay 28.23 % 

Fine silt 21 .45 % 

Coarse silt 1 7.25 % 

Sand 33.07 % 

Texture Friable loam 

Phosphate 29.90 ppm 

Nitrate 47.30 ppm 

Carbon 3.72 % 

Organic matter 6.41 0/0 

75 
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4.3.3. Measurements 

Tiller appearance rate was measured before the application of water treatments, while 

tissue turnover was measured during the application of the water treatments. Other 

physiological and dry weight measurements were performed at harvest from 1 2  to 1 4  
November, on consecutive days in blocks 1 to 3 ,  respectively, consistent with the 

staggered introduction of the water deficit treatments (see Section 4.3.2). 

• Tiller appearance rate 

On three plants of each cultivar per pot, daughter tillers were labelled with coloured 

plastic wire at soil level fortnightly from 8 July to 25 September, before the water 

treatments were imposed, to calculate tiller appearance rate (TAR) and relative tiller 

appearance rate (RT AR, calculated on loge transformed tiller number) by l inear 

regression. Tillers were counted again on 1 1  November to determine average tiller 

number per plant during the period water treatments were applied. 

• Tissue turnover 

On one til ler of three plants of each cultivar per pot, tissue tumover measurements 

were carried out from 1 5  October to 1 1  November, during the application of the water 
treatments. The method was adapted from those described by Oavies (1 993), and 
Mazzanti and Lemaire (1 994) . Leaf extension rate and leaf senescence rate, 
expressed in mm tiller-1d-1 , were converted to gross growth rate (GGR) and 

senescence (SR), respectively, and expressed in mg OM tiller-1 d-1 by using the dry 
weight (OW) per unit of leaf length (i.e. specific leaf weight per unit length, mg mm-1) 

estimated from the plants harvested to perform dry weight determinations (see below) . 

Net growth rate (NGR) was calculated as the difference between GGR and SA. GGR, 
SR and NGR were also expressed as mg OM planr1 d-1 by using the average number 

of tillers per plant. 

• Relative water content 

Plants were sampled pre-dawn at 5:30 am. The youngest fully expanded leaf of two 
til lers per cultivar per pot was cut and weighed (fresh weight, FW),  floated in distilled 

water, re-weighed (saturated weight, SW) and dried to constant weight (dry weight, 
OW). Relative water content (RWe) was determined as described in Apenddix 2 . 1 , 
Eq. A2. 1 0. 
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Water potential (lIJw) was measured on the youngest fully expanded leaf of two til lers 

per cultivar per pot using a pressure chamber (Scholander, Hammel, Bradstreet & 
Hemmingsen, 1 965) at dawn and midday. The leaves used to determine water 
potential were stored by freezing in individual 2.5 ml plastic syringes, the tip of which 

was sealed with a flame after introducing the leaf. The syringes were later thawed,  the 
tip cut, and leaf sap squeezed out into a test tube. Osmotic potential (lIJ 0) was 
determined by vapor pressure osmometry (model 5500, Wescor, Logan, Utah) as 

described by Tumer ( 1 98 1 ) . Osmolalities (mmol kg-1) were converted into osmotic 

pressure (MPa) by multiplying by a factor of 2.48 x1 0-3 according to van't Hoff's 

equation (Hohl and Schopfer, 1 99 1 ) . Leaf turgor potential (lIJ p) was estimated as the 

difference between leaf water potential and leaf osmotic potential. 

• Water soluble carbohydrates 

On two tillers per cultivar per pot, reducing and fructosyl sugar content at midday was 
determined. The extracts were prepared by boiling the fresh sample twice in alkaline 
water (2 drops of 0 . 1  M NH3 solution per 1 25 ml water) for 1 0  minutes. The 

approximate ratio for each partial extraction was 1 ml water : 0 . 1  g sample fresh 

weight. Reducing sugars (glucose and fructose) were determined by Somogyi­
Nelson's method (Somogyi, 1 952) and fructosyl sugars (fructose, sucrose and 

fructans) by Kulka's method (Kulka, 1 956) . The methods am described in Appendix 
4. 1 .  

• Dry weight 

One plant of each cultivar per pot, on which no destructive measurements had been 

carried out, was harvested at midday and separated into green leaf sheath 

(pseudostem),  green leaf blade and dead tissue. The total length of green leaf blades 
of each plant was determined to calculate leaf weight per unit leaf length (g DW mm-l 
Each component was dried ovemight at 60 QC in a forced-air oven and weighed. 
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• Carbon isotope discrimination 

Combined samples of the youngest fully expanded leaf of the plants used for fresh 

and dry weight determinations were dried, ground and submitted to Waikato 

University Stable Isotope Unit, for carbon isotope analysis. Carbon discrimination (b.) 
was calculated according to Eq. A 2. 1 5, Appendix 2. 1 .  

4.4. Results and discussion 

4.4.1 . Shoot characteristics 

MK plants were smaller than EP plants (Table 4.2) , as in the previous experiment 
(Chapter 3). However, in the present experiment, MK plants showed greater signs of 

water deficit, having a higher percentage of dead tissue and sheath, and a lower 
percentage of leaf blade than EP plants, and a lower number of tillers per plant 

(P<O.05, Table 4.2). 

Table 4.2. Shoot dry weight (DW) and percentages of shoot DW as leaf blade, 

sheath and dead tissue, and mean tiller number per plant. 

Shoot DW % DW as leaf % DW as % DW as Tiller 
Cultivar 9 blade sheath dead tissue number 

MK 4.02 b' 46.8 (43. 1 )  b 39.7 (39.0) a 1 3.5 (21 .2) a 8.8 b 

EP 1 1 .71 a 60.3 (51 .0) a 32.0 (34.4) b 7.7 (1 5.9) b 1 4.3 a 

s.e.2 0.70 (0.7) (0.6) (1 .0) 1 . 1 

Water 

Control 7.29 54.8 (47.8) 35. 1  (36.3) b 1 0.1 (1 8.0) 1 2.0 

51 7.61 56.3 (48.6) 35.2 (36.3) b 8.5 (1 6.9) 1 1 .8 

S2 7.97 52.3 (46.3) 34.7 (36.1 )  b 1 3. 1  (20.6) 1 1 .7 

S3 8.58 50.8 (45.5) 38.4 (38.3) a 10.8 ( 1 8.8) 1 0.7 

s.e. 0.96 (0.7) (0.4) (1 .4) 1 .6 

Interaction (P=) 

Cultivar* Water 0.2 19  0.753 0.41 9 0.324 0.705 

Data within brackets are arcsin square root transformed percentages. 
, Letters indicate groupings of means that are significantly different at P<0.05 within cultivars or water 

treatment. 
2 Standard error. 
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The fact that cultivars perfonned differently here, compared with the experiment 

reported in Chapter 3 probably results from the difference in experimental design. In  

the previous experiment cultivars were in individual pots, while in  this experiment both 
cultivars were in the same pot. This would have negated the drought avoidance 
strategy of MK, seen when plants of this cultivar were grown in isolation. In addition, 

the water treatments were imposed differently. While in the experiment of Chapter 3, 

water was withheld for 1 2  days in the water deficit treatment, in the present 

experiment plants were watered daily, though under the most severe water treatment, 

pots were receiving only half the total amount of water of the Control treatment, for 26 

days. Finally, there were differences in temperature and in daylength between 
experiments. Here maximum and minimum mean temperatures were more extreme 

and daylength was shorter than in the experiment of Chapter 3 

There was less evidence of an effect of water treatments on the morphological 
characteristics of the plants than was observed in Chapter 3. This result was probably 

due to the fact that, even under the most stressful water treatment, pots were watered 

daily. However, the percentage of sheath increased under 83 water treatment 
(P<0.05). This result could have been due to the elongation of the pseudostem. 

Apparently, while stress delays flowering in perennial plants, conditions of extreme 

stress may promote flowering (Bazzaz et al. , 1 987) . However, despite the sheath 

biomass per plant showing a tendency to increase with water deficit, the differences 
were not significant (Control = 2.46 g OW, 81  = 2.55 g OW, 82 = 2.65 g OW and 
84 = 3. 1 7  g OW, s.e. = 0.34, P>0.05) . lncreased sheath percentage in 83 (Table 4.2) 
would partly reflect these increased sheath weights, but also the reduction in leaf 

lamina (Table 4.2). 83 sheath may also have had a higher dry matter content because 
of carbohydrate accumulation (Brouwer, 1 966). 

4.4.2. Tiller appearance rate 

MK had lower TAR than EP (0.096 ± 0.007 ti ller d·l c.f. 0. 1 66 ± 0.01 3 tiller d-l for MK 

and EP, respectively. P<0.05) . This result was opposite to that expected since MK is 
a cultivarcharacterised by having small plant size, but a high tiller number (Tables 3.2, 
5.2 and 5.5) .  Consequently, a higher TAR in MK could have been expected_ Indeed, 

by 8 July, when plants were transferred to the polystyrene pots, MK appeared to have 
more tillers per plant than EP, suggesting a higher TAR for MK prior to transplanting. 

The reason for the unexpectedly low TAR in MK compared with EP after 

transplanting is unclear. It appeared that MK plants suffered a check to growth 

following removal of daughter tillers at transplanting and it is possible that such an 
effect resulted from pathogen invasion of wounds. Competitive effects due to 
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increased stress on MK when the two cultivars were grown together would likely also 

have been partly responsible. A third possible explanation is that MK has greater 

reliance than EP on carbon from older daughter tillers and therefore was more 

affected by removal of these tillers at transplanting (Quinlan and Sagar, 1 962; 

Marshall, 1 967; Clifford et al. , 1 973). 

It is worth noting though, that observed differences in TAR arose from only small 

differences in RTAR (MK = 0.027 ± 0.004 tiller til ler-1 d-1 and EP = 0.032 ± O.OOS ti l ler 

til ler-1 d-1 , P>O.OS). Also, during subsequent tissue tumover measurements, 

MK-Control plants had a lower leaf appearance rate than EP-Control plants (0.024 

and 0.041 leaves tiller-1 d-1 ,  respectively) indicating that the site usage (Skinner and 

Nelson, 1 992) would have been higher in MK than in EP. 

4.4.3. Tissue turnover 

The GGR and NGR, expressed per tiller or per plant, were higher for EP(Fig. 4.3}. 

Conversely, the SR tended to be lower in MK plants, however this difference was 

significant only when the SR was expressed per plant (Fig. 4.3b). Lower growth rates 
for MK were expected because of the high temperatures recorded during the 

measuring period (Fig. 4.2). Although MK summer growth is considered acceptable 
(Oelgado and Tanco, 1 980) , it is known that Mediterranean cultivars are relatively 
dormant during periods of high temperature, as observed during the present 
experiment, because they have evolved in environments where summer coincides 

with the dry season (Morgan, 1 964). The relative growth rate (RGR) was estimated 

as the ratio between net growth rate (g planr1 d-1 )  and final plant size (g planr1) and 

was also consistently greater for EP than for the Mediterranean cultivar 
(EP = 0.S3 % OW d-1 and MK = 0.40 % OW d-1 , s.e. = 0.03 % OW d-1 , P<O.OS) . 

Water deficit decreased leaf growth rate in this experiment (Fig. 4.4) . This decrease 
was significant (P<O.OS) only for GGR when expressed on a per til ler basis, but it was 

significant for GGR and NGR when expressed on a per plant basis. However, the SR 
did not show any significant effect of water treatments when expressed on a per tiller, 

nor when expressed on a per plant basis. The lack of response of SR to water deficit 

was reported earlier by Barker ( 1 983). 

The above rates should be considered specific for the period and environmental 

conditions present at the time of the measurements. The calculation of the total plant 

OW, from the 8 July to the end of the experiment, using the estimated GGRs 
(assuming that the dead material remains attached to the plant and that the 

transference of material to new leaves or decomposition during the whole period is 
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nil) , resulted i n  average around 47 % and 55 % of the measured plant OW for MK and 

EP, respectively. This result suggests that both cultivars had higher growth rates at 

earlier stages of the experimental period. 
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Figure 4.3. Gross growth rate (GGR),  senescence rate (SR) 
and net growth rate (NGR) for MK and EP 
cultivars. a: Expressed per tiller (mg DM tiller-1 d-1) .  
b :  Expressed per plant (mg OM planr1 d-1 ) .  Vertical 
lines represent standard errors. 
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Figure 4.4. Gross growth rate (GGR), senescence rate (SR) and 
net growth rate (NGR) for the four  water treatments. 
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4.4.4. Plant water relations 

No differences were found between MK and EP cultivars in RWC, I.JJ Wl I.JJ 0 or I.JJ P' either 

for dawn, midday or for the difference between these sampling times (P>O.05, Table 
4.3) . These findings contrast with the results reported in Chapter 3, which showed that 

MK had a higher RWC, I.JJ w and I.JJ 0 than EP. 

RWC along with the I.JJ w and its components, both for dawn and midday sampling 

times, decreased as the intensity of the water deficit increased from Control to 83 

treatment (P<0.05, Table 4.3), as in Chapter 3. In contrast with the results of the first 

experiment (Chapter 3), here the cultivar x water treatment interaction was not 

significant, i .e. both cultivars responded similarly to the water treatments. This is 

consistent with 8tressed-MK plants in the previous experiment being able to maintain 

a higher water status because of the morphological characteristics that reduce water 
use and delay water deficit, but not in the present experiment when growing in 

association with EP plants. 

As in the first experiment, the RWC of Control plants was always below 1 00 % 
because RWC samples were taken in plants that had been watered the previous 

moming and had been exposed to temperatures of around 40°C during the day. 

I.JJ Wl I.JJ 0 and I.JJ p were always lower at midday than at dawn, as expected. However, 
no significant differences were found between cultivars or water treatments for 

I.JJ w-difference and I.JJ p-difference (P>0.05, Table 4.3), indicating the change was 

uniform for both cultivars and for the four water treatments. On the other hand, the 
l.IJ o-difference decreased with increasing water deficit (P<0.05, Table 4.3) . Two 
possible reasons for the decrease in I.JJ o-difference are a higher concentration of the 

vacuolar sap as a consequence of the lower RWC of 83 or accumulation of solutes 

in response to the water deficit, i .e. osmotic adjustment, as has been observed in tall 
fescue by West et al. ( 1 990). In order to investigate this further, the I.JJ 0 at midday was 

analysed using RWC as a cova ri ate , and a significant difference between 83 and 

Control and 81 was found (Control = -1 .97 ± 0. 1 2, 81  = -2. 1 3 ± 0.09, 
82 = -2.37 ± 0.08 and 83 = -2.60 ± 0. 1 3, P<0.05), indicating that osmotic adjustment 
took place. In addition, the cultivar x water treatment interaction for I.JJ o-difference was 
significant (Table 4.4). The latter result arose because while I.JJ o-difference decreased 

significantly from Control to 83 treatment in EP, there was no response to water 

treatments in MK, indicating a higher osmotic adjustment in EP. 



Table 4.3. Relative water content (RWe) and water potential (\.V w) , osmotic potential ( lV  0) and pressure potential (\.V p) at dawn, at midday and the 

difference. 

RWC (%) lVw (MPa) lVo (MPa) lVp (MPa) 

Cultivar dawn dawn midday difference 1 dawn midday difference dawn midday difference 

MK 90.5 (74.0) - 1 .90 -2.61 -0.74 - 1 .99 -2.22 -0.23 0.09 -0.39 -0.53 

EP 91 .9 (74.3) -1 .82 -2.58 -0.73 -2.02 -2.32 -0.30 0.20 -0.26 -0.41  

s.e.2 (0.9) 0.09 0.07 0.07 0.04 0.04 0.04 0.07 0.05 0.06 

Water 

Control 95.7 (79.4) a3  - 1 . 1 7 a -1 .91 a -0.28 -1 .78 a -1 .90 a -0. 1 2  a 0.61 a -0.01 a -0. 1 9  

S1 93. 1 (76.9) ab -1 .54 ab -2.31 a -0.56 -1 .87 ab -2.09 a -0.23 a 0.33 ab -0.22 ab -0.37 

S2 89.5 (71 .5) bc -2. 1 1 bc -2.82 b -0.88 -2. 1 1 bc -2.40 b -0.29 ab 0.00 bc -0.42 bc -0.55 

S3 86.5 (68.8) c -2.62 c -3.34 c -1 .24 -2.26 c -2.68 b -0.42 b -0.37 c -0.66 c -0.77 

s.e. (2.2) 0.22 0. 1 2  0.20§ 0.09 0.08 0.05 0. 1 3  0. 1 0  0. 1 6§ 

Interaction (P =) 

Cultivar*Water 0.31 2 0.51 4 0.464 0.602 0.344 0.1 62 0.024 0.576 0.622 0.733 

pata within brackets are arcsin square root transformed percentages. 
Differences for lj.J w and lV p fail to sum due to covariate adjustment (p. 72). 

2 Standard error. : Letters indicate groupings of means that are significantly different at P<0.05 within cultivars or water treatment. 00 Mean standard error. � 
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Table 4.4. Osmotic potential ( lV  0) difference between dawn and midday for MK and 

EP and the four water treatments. 

lV a·difference (MPa) 

Water MK EP 

Control -0.1 6 ab' -0.08 a 

S1 -0.31 ab -0. 1 4  ab 

S2 -0.21 ab -0.37 ab 

S3 -0.24 ab -0.61 c 

s.e.2 0.07 

1 Letters indicate groupings of means that are significantly 
different at P<O.05. 

2 Standard error. 

Negative values of lV p are presumed to be measurement artefacts since lV p was 
calculated as the difference between lV wand lV 0' and these potentials were measured 

using different instruments. Furthermore, in water stressed plants lV w and lV 0 tend to 

be very similar, so the experimental error involved in their measurement could easily 

give rise to negative values. In addition ,  no corrections were made in the lV 0 to 
account for the possible dilution of the symplastic sap by apoplastic water. Because 
of this, measured values of lV 0 were less negative than they should have been. 

Nevertheless, the negative lV p values have been presented assuming that, in relative 
terms, they reflect the actual differences between treatments. 

4.4.4.2. Carbon isotope discrimination 

The results of this experiment (Table 4.5) were consistent with those of Chapter 3 in 

that MK showed a higher discrimination against 13C than EP, indicating that the 
Mediterranean cultivar had a lower stomatal resistance (Farquhar et al. , 1 989) . In  
contrast to  Chapter 3 ,  in the present experiment a significant difference between water 
treatments was found. However, there was again no consistent response to water 

treatments with there being an unexpectedly high 11 value in 82. It has already been 
reported that this technique was not appropriate to detect responses arising from 

short term effects (Farquhar et al. , 1 989) . 



Table 4.5. Main effects means for carbon isotope discrimination (b.) . 

Cultivar 

MK 

EP 

Water 

Control 

Sl 

S2 

S3 

s.e. 

Interaction (P =) 

Cultivar*Water 

1 8.86 a1 

1 8.31 b 

0. 1 5  

1 8.74 ab 

1 8.23 b 

1 9. 1 7  a 

1 8. 1 9  b 

0.20 

0.1 06 

1 Letters indicate groupings of means that are significantly different 
at P<0.05 within cultivars or water treatments. 

2 Standard error. 

4.4.5. Reducing sugar and fructosyl sugar concentrations 
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The concentrations of reducing and fructosyl sugars were, respectively, 24 % and 1 27 
% higher for EP than for the Mediterranean cultivar MK (P<0.05, Table 4.6) .  Eagles 

(1 967b) compared the simple sugar and fructan concentrations of two populations of 
cocksfoot (Dactylis g/omerata L.), one from a North European environment (Norway) 

and the other from a Mediterranean environment (Portugal) in response to different 

temperatures. In  contrast with our results, he found no significant difference in simple 
sugar content between populations. However, for fructan content, the differences 
between populations and the interaction between temperature and population were 
significant. 

The latter was a consequence of a more rapid reduction of fructan content in the 
Norwegian population at high temperatures and in the Mediterranean population at 

low temperatures, corresponding with their active period of growth (Morgan, 1 964; 

Robson and Jewiss, 1 968a). The lower content of fructans was attributed to the 

utilisation of simple sugars in processes such as leaf expansion, resulting in a lower 
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concentration of sugars available for conversion to fructans. This behaviour was not 

observed in the cultivars of tall fescue compared here. Under the elevated 

temperatures measured in the glasshouse (Fig. 4.2), the temperate cultivar EP had 

a significantly greater net growth rate than the Mediterranean cultivar (Fig. 4.3), in 
agreement with Morgan (1 964), although at the same time, EP had a h igher fructosyl 

sugar concentration. 

In  the present study no systematic trend was observed in reducing sugar 

concentration in response to water stress (Table 4.6) . The fructosyl sugar 

concentration in 81 tended to be lower than in Control treatment, while 82 and 83 

tended to be higher, however, the variability was such that no definitive interpretation 

can be placed on these trends (Table 4.6). The tendency for a h igher amount of 

sugars to be found in Control plants than in 81  is most likely the result of a higher 

photosynthetic rate in non·stressed plants. 

The contribution of fructosyl sugars to the osmotic adjustment (calculated from the 

concentration of fructosyl sugars in the total volume of the tissue at 1 00 % relative 

water content and assuming that 40 j.Jmol g-1 H20 = -0.1  MPa, according to Munns 
and Weir, 1 981 ) did not differ between water treatments (Table 4.7) .  This finding was 

consistent with that of 8pollen and Nelson (1 994) in that fructosyl sugars did not 

appear to be involved directly in osmotic adjustment. Moreover, it should be noted that 

the osmotic contribution has been overestimated because it was calculated without 
taking into account the differential contribution of fructose polymers of different 

molecular weight. As the osmotic contribution of the fructosyl sugars to lV 0 did not 

differ between water treatments (Table 4.7), and the contribution of reducing sugars 
was small because of the lower concentration of these sugars, it is assumed that 
solutes other than the sugars measured were involved in the osmotic adjustment. 



Table 4.6. Reducing sugar and fructosyl sugar concentrations. 

Cultivar 

MK 

EP 

Water 

Control 

Si 

S2 

S3 

s.e. 

Interaction (P=) 

Cultivar*Water 

Reducing sugars 

IJrnol glucose g,l FW 
38.23 b' 

47.46 a 

1 .96 

43.36 

37.82 

45.55 

44.67 

6.35 

0.565 

Fructosyl sugars 

IJrnol fructose g,1 FW 
98.43 b 

223.66 a 

1 1 .99 

1 61 .59 

1 06. 1 7  

1 74.51 

201 .91 

22. 1 2  

0.224 

, Letters indicate groupings of means that are significantly different at P<0.05 
within cultivars or water treatments. 

2 Standard error. 

Table 4.7. Fructosyl sugar contribution to the osmotic potential at midday. 

Cultivar 

M K  

EP 

s.e.2 

Water 

Control 

Si 

S2 

S3 

s.e. 

Interaction 

Cultivar*Water 

Fructosyl sugar contribution 

MPa 0/0 
0.29 b' 

0.67 a 

0.04 

0.49 

0.32 

0.52 

0.60 

0.07 

0.1 83 

1 2.84 (20.60) b 

29.28 (32.1 3) a 

( 1 .27) 

25.71 (29.24) 

1 5.70 (22.40) 

20.85 (26.55) 

21 .99 (27.27) 

(2.03) 

0.454 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different 

at P<0.05 within cultivars or water treatments. 
2 Standard error. 
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4.5. Summary 

4.5.1 . Water deficit effects 

• The morphological change observed in response to water deficit was an increase 

in sheath percentage. 

• As expected , the growth rate, RWC, lIJ w, lIJ 0 and lIJ p decreased with reduced water 

availability . 

• Reducing and fructosyl sugars do not appear to be directly related to the osmotic 

adjustment of these tall fescue cultivars. 

4.5.2. Cultivar effects 

• In this experiment, MK plants grown together with EP plants at high temperature 

had a lower shoot DW, leaf percentage and tiller number, and a higher sheath 

percentage and dead tissue percentage than EP plants. 

• No differences were found between cultivars for the measures of plant water 

status. However, EP plants showed a decrease in the lIJ o-difference from Control 
to 83 treatment, indicating a greater adaptation to water deficit than MK. 

• MK plants showed a higher 13C discrimination, which suggests a lower stomatal 
resistance. 

• A higher concentration of reducing and fructosyl sugars was found in EP plants. 
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CHAPTER 5. P LANT GROWTH AN D R ESPONSES TO WATER 

DEFICIT OF EUROPEAN AND MEDITERRANEAN TALL 

FESCU ES WITH AN D WITHOUT E N DOPHYTE 

5.1 . Introduction 

Recent experiments have aimed to understand the association between tall fescue 

and its endophyte, Neotyphodium coenophialum (Morgan-Jones & Gams) G lenn, 

Bacon & Hanlin. It has been postulated that the association gives both the plant and 
the fungus a higher ecological fitness (West and Gwinn, 1 993). For instance, 

enhanced pest and drought resistance has been observed in infected tall fescue 

plants (Bacon, 1 993). However, in most of the water stress experiments carried out 

(Belesky et al. , 1 989; De Battista et al., 1 990; Hill et al. ,  1 990; Belesky and Fedders, 

1 996; Elbersen and West, 1 996; Marks and Clay, 1 996) , the physiological and 

morphological responses have been inconsistent, with a strong interaction between 

the plant genotype and fungal strain (Bacon, 1 993) . Furthermore, no information 

seems to be available with respect to endophyte-infected Mediterranean tall fescues. 

New N. coenophialum strains, that appear to have advantages over the most 

commonly studied Kentucky-31 (KY31 ) wild type endophyte have been isolated 

recently. For example, a novel endophyte, designated AR501 , is currently under study 
at AgReseach, New Zealand. This particular strain appears to be capable of 

conferring on the plant the ecological advantages of the association, without the 
alkaloids associated with 'tall fescue toxicosis' symptoms, often shown by cattle 
grazing E+ tall fescue. 

For these reasons, a water stress experiment was carried out to compare the 

morphological and physiological responses of two tall fescue cultivars, one 
Mediterranean and one temperate, endophyte-free or artificially infected with a known 

strain of N. coenophialum. The cultivars were Maris Kasba and El Palenque, and the 
endophyte strains were isolates of KY31 (wild type) and AR501 . As in the previous 

experiment (Chapter 4) the water deficit treatments consisted of a proportional 

reduction in the amount of water added to the pots with respect to the Control 
treatment, rather than a complete withholding of water, but in this case small pots 

contained only one plant each. 
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5.2. Objectives 

The objectives of this experiment were to compare morphological and physiological 

responses of one Mediterranean and one temperate tall fescue cultivar, infected with 

a known endophyte strain or endophyte-free, to a series of soil water availability 

conditions, and to compare KY31 and AR501 endophyte strains. 

5.3. Materials and methods 

5.3.1 . Experimental design and statistical analysis 

The experiment included two tall fescue cultivars, Maris Kasba (MK) and El Pal en que 
(EP); three endophyte treatments, endophyte-free (E-) or endophyte-infected (E+) with 

one of two endophyte strains (AR501 or KY31 ) ;  four watering treatments and four 
replicates. A split plot design in which watering treatments were main plots and 

cultivars were subplots was used (Steel and Torrie, 1 980). This design was necessary 

to simplify watering, while different cultivar-endophyte combinations could be allocated 

easily within main plots. The SAS General Linear Models (GLM) procedure was used. 

Weighted ANOV As were run for variables in which variance heterogeneity between 

water treatments was found. The reciprocal of the error variances of preliminary 

analysis carried out for each water treatment were used as the weight. Variables 
measured in two periods were analysed individually by period and the difference 
between periods was analysed using the first period measurement as covariate. 
Consequently, the difference values shown in the tables are, when applicable, 
adjusted for the covariate and to simplify tables layout, the standard error shown was 
calculated as in Section 3.3. 1 . Percentages were arcsin square root transformed for 

statistical analysis. Means were separated using the LSD (Steel & T orrie, 1 980) at 5 % 

significance level. Quadratic regressions were fitted using SigmaPlot for Windows 
Version 4. Eight variables were analysed using SAS multivariate PRINCOMP 
procedure (Le. principal component analysis - PCA) and SAS GLM procedure with the 

MANOVA statement and canonical option. 

The experimental management schedule, conditions of plant culture and periods 
of measurements are shown in Fig. 5 . 1 . Photographs showing the layout of part of the 

trial at different stages are presented in Plate 5 . 1 . 
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5.3.2. Plant culture 

Tall fescue seeds of cultivars EP and MK were treated to kil l  the endophyte as 
described in Chapter 3. From November 1 995 to February 1 996 several sets of seeds 

were surface-sterilized (Appendix 5. 1 ) , germinated and seedlings were inoculated with 

one of the two endophyte strains according to Method 1 (iii) described by Latch and 
Christensen (1 985). The endophytes used were KY31  wild type and a novel strain, 

AR501 , both supplied by AgResearch, New Zealand.  Plants were transferred to a 

glasshouse, and were grown first in root trainers and later in 1 00 mm diameter pots 

fil led with a peat-sand mixture (3 : 2 by volume) supplemented with a mixture of 3 slow 

release ferti lisers at a rate of approximately 7.2 kg m-3 of potting mix. Plants were 

periodically examined for endophyte infection. Six E+ plants of each 

cultivar-endophyte combination and six E- plants of each cultivar were split on 1 7  
February 1 997 to obtain several sets of two tillers from each plant. Each of these sets 

was transferred to a 1 00 mm pot filled with the peat-sand mixture as above. After 
seven weeks of growth, four plants of each cultivar-endophyte combination were 

transferred to individual 1 50x1 50x1 40 mm pots filled with the peat-sand mixture as 
above. On 1 3  May 1 997 pots were sorted into their respective blocks and water 

treatments. Plants arising from the same mother plant were randomly assigned to one 

block and then randomly allocated to the water treatments. In this design the effect 
of cultivar variability was confounded with block effect. Because of the number of pots, 

two glasshouses had to be used. Blocks one and four were allocated to one 
glasshouse, and blocks two and three to the other. 

Plants were sprayed to control aphids with 1 .5 ml of Lannate® L (200 g 1-1 methomyl 

in the form of a water soluble concentrate) per l itre H20 on 1 5  April and against mites 

with 4 ml of Yates Mite Kille� (80 g 1-1 dicofol in the form of a suspension concentrate) 
per litre H20 five times (on 5 May after cutting the plants to 200mm, and again on 25 
May, 5 June, 1 5  June and 25 June) and with 4g of Omite® 30 W (300g kg-1 Propagite 

in the form of wettable power) per litre H20 on 1 5  May. Plants were trimmed to 1 50 
mm, beginning with blocks 1 on 31 May and concluding with block 4 on 3 June, 
following the staggering imposition of the water treatments (see below). 

Maximum and minimum daily temperatures were registered in both glasshouses 

from 28 May to 1 7  July 1 997 (Fig. 5.2). The glasshouse where blocks one and four 

were allocated tended to be colder and registered comparatively lower temperatures 
from 26 June to 28 June because of a failure in the heating system. 

From 29 May to 1 June 1 997 four different water treatments were imposed in 
blocks 1 to 4, respectively. The treatments were: Control=1 50 ml water por1d-1 ; 
8 1 =1 1 3  ml  water por1d-1 ; 82=75 ml water por1d-1 ; and 83=38 ml water por1d-1 • 
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Plate 5.1 . Plants after transplanting (a) and photographs showing the layout of part of the 

trial within the glasshouses (b and c) . b: Block 2 at the imposition of the water 

treatments (1 June). c: Block 4 before Period 2 of measurements ( 1 3  July) , 

from left to right 83, 82, 81 , and Control treatments. 
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5.3.3. Measurements 
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All pots were weighed on 24 June and again from 1 4  July to 1 7  July for blocks 1 to 4, 

respectively. Gravimetric water content was calculated as g water per g dry rooting 
media, (soil plus roots) measured prior to daily watering (i.e. the lowest diurnal water 
content). 

• Tissue turnover 

On each pot two tillers were labelled on 28 May with coloured plastic wire and tissue 
turnover measurements were taken. The method was described in Chapter 4, Section 

4.3.3. On each til ler, green length of individual leaves was recorded twice a week from 

3 June to 27 June. GGR, SR and NGR were expressed as mg OM tiller1d-1 and as mg 
DM planr1d-1 by multiplying by the average number of tillers per plant. Tiller number 
was determined twice, first at the application of the water treatments and later when 

plants were harvested. Leaf appearance rate (LAR, leaf tiller-1 d-1) was calculated from 

the number of leaves appearing in the period studied. 



• Photosynthesis rate and stomatal resistance 
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Photosynthesis rate and stomatal resistance were measured on one youngest fully 

expanded leaf per plant at midday using a LI- 6200 portable photosynthesis meter 

(LI-COR, Lincoln , Nebraska) . One block per day was measured from 1 July for four 

successive days. The portion of leaf that was held inside the chamber during the 

measurement was cut, placed in a labelled plastic bag and dried to constant weight 

in order to convert the photosynthesis rates calculated on a leaf area basis 

(j.Jmol CO2 m-2 S-l ) to leaf DW basis (j.Jmol CO2 g-l S-l ) .  

The following measurements were carried out in two successive four-day periods 

(8-1 1 July and 1 4-1 7 July) in which one block per day was sampled. 

• Relative water content 

At 5:00 am one youngest fully expanded leaf per pot in treatments Control, 81 and 

82, or one elongating leaf in 83 was cut and weighed (fresh weight, FW), floated in 

distilled water, re-weighed (saturated weight, 8W) and dried to constant weight (dry 

weight, DW). Relative water content (RWC) was determined as described in Appendix 

2 . 1 , Eq. A2. 1 O. In some plants in the 83 treatment, the elongating leaf was the only 

one alive. 

• Water, osmotic and turgor potentials 

Water potential (lJJ w) was measured with a pressure chamber (8cholander, Hammel, 
Bradstreet & Hemmingsen , 1 965) at predawn on the youngest fully expanded leaf of 

one til ler per pot in treatments Control, 8 1  and 82, and in the elongating leaf in 83. 

Preliminary data, obtained in spare control plants, showed that for both cultivars the 
lJJ w measured at midday in elongating leaves was approximately 0.2 MPa lower 

(P<0.05) than in the youngest fully expanded leaves, no differences were found 

between cultivars (P>0.05) and the interaction between cultivar and leaf type was not 
significant (P>0.05). These results suggest that the measurements of 83 plants could 

have underestimated lJJ w by around 0.2 MPa if the difference in lJJ w between the 
expanding and the youngest fully expanded leaf was similar predawn to that 

measured at midday. The leaves used to measure lJJ w were wrapped with cling-film 
and aluminium foil , immersed in dry ice and transferred to a -1 8°C freezer where they 

were kept until osmotic potential (llJ 0) measurements were carried out using a 

thermocouple psychrometer (8CIOA, Decagon Devices Inc. Pullman, Washington). 
Leaf turgor pressure (lJJ p) was estimated as the difference between lJJ w and lJJ o. 
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• Dry weight 

In the second period plants were harvested and separated into leaf sheath 

(pseudostem), leaf blade of the elongating leaves and leaf blades of mature leaves 

and dead tissue. Additionally, the youngest fully expanded leaves of S1  plants in the 

second block were also separated. The total length of leaf blades of six plants per 

block (e.g. Control plants in block 1 ,  S1 plants in block 2, S3 plants in block 3 and S2 
plants in block 4) was determined to calculate specific leaf weight. Each component 

was dried at 60 QC in a forced-air oven overnight and weighed. 

• Carbon isotope discrimination 

The elongating leaf fraction of all plants and the fully elongated leaf fraction of S 1 
plants in block 2 dried, ground and submitted to Waikato University Stable Isotope 

Unit , for carbon isotope analysis. Carbon discrimination (ll) was calculated according 

to Eq. A 2 . 1 5, Appendix 2 . 1 . 

5.4. Results and discussion 

5.4.1 . Water content 

The gravimetric water content of the pots on 24 June and at harvest (measured 
immediately before the scheduled daily watering, Table 5. 1 )  showed a Significant 
(P<0.05) effect of water treatment. On 24 June the cultivar x water treatment 
interaction was significant (P<0.05, Fig. 5 .3). Water content in MK tended to be higher 

than that of EP under less severe water deficit and similar to EP as water deficit 

increased. This trend was accentuated at harvest when MK pots showed a statistically 

significant increase in water content than EP pots (P<0.05, Table 5. 1 ) . Since both 

cultivars received the same amount of water per day, this probably was due to the 
smaller size of MK plants and their lower proportion of dry matter as leaf (Table 5 .2) 

which contributed to a lower transpiration and consequently to a lower soil water 

demand. This finding was in agreement with the results of the first experiment 
described in Chapter 3. 

The decline of water content between measurement dates was significantly greater 

(P<0.05) in Control water treatment. This suggested that the amount of water the 
Control plants were receiving was insufficient to meet their requirements during the 
last phase of the experiment. However, the difference in RWC between the two 
periods of measurement was not significant (P>0.05, Table 5.7) for water treatments 
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and the mean of the lV 0 -difference was positive, indicating a more positive osmotic 
potential in the Control plants during the second period (Table 5.9). This evidence 

suggested that Control plants were at a fairly constant water status despite 

decreasing soil moisture supply. 

Table 5.1 . Gravimetric water content on 24 June and at harvest, and water content 

difference. 

Water content Final water content Water content 
24 June 1 4-1 7 July difference 

Cultivar -1 
9 Hp 9 dry soil s.e. ' 9 HP 9-1 dry soil s.e. 9 HP 9-1 

dry soil s.e. 

MK 0.1 99 0.015 0.1 1 1  a 0.004 -0.073 0.008 

EP 0.1 51 0.010 0. 1 04 b 0.004 -0.062 0.008 

Water 

Control 0.303 a 0.043 0. 1 21 ab 0.01 1 -0. 1 05 b 0.012 

51 0. 1 75 b 0.027 0.1 1 7  a 0.005 -0.057 a 0.005 

52 0.1 1 9  bc 0.01 1 0. 1 01 b 0.003 -0.052 a 0.003 

53 0. 1 02 c 0.004 0.091 c 0.003 -0.055 a 0.003 

Endophyte 

Nil 0. 1 54 0.01 5 0. 1 06 0.005 -0.061 0.01 0 

AR501 0.1 91 0.01 5 0. 1 09 0.005 -0.073 0.01 0 

KY31 0. 1 79 0.01 5 0. 1 07 0.005 -0.069 0.01 0 

Interaction (P =) 

Cult.*Water 0.041 0.1 67 0.823 

Cult. * Endop. 0.729 0.909 0.1 02 

Water*Endop. 0.1 93 0.91 2 0.902 

Wat. *Cult. *Endop. 0.361 0.329 0.738 

, Standard error. 
2 Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, 

water treatment or endophyte. 
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Figure 5.3. Gravimetric water content of the pots of MK and EP 
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5.4.2. Shoot characteristics 

99 

Plant dry weight and the percentages of the different plant components are shown in 

Table 5.2. These values should be considered as indicative only, because green leaf 
samples were taken prior to destructive sampling to determine plant weight. 

Consequently, small plants or plants with less green tissue were affected relatively 
more due to this procedure than big plants or plants with a higher proportion of green 
tissue. Even so, EP plants were clearly bigger than MK plants, in agreement with 

previous experiments (Chapters 3 and 4). That the proportion of dead material was 

lower and green leaf blade and sheath percentages higher for EP contrasted with the 

findings of the first experiment (Chapter 3), where EP plants had a higher percentage 
of dead tissue. No obvious reason for this difference was apparent. 
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Plant size was significantly reduced by increased water deficit (P<0.05, Table 5.2) .  

As water deficit increased, the percentage of dead tissue increased, mainly because 

of a change in the proportion of green leaves, this diminishing from nearly 45 % in 

Control plants to around 26 % in S3 plants. A similar reduction of leaf area in 

response to water deficit was also observed in the first experiment (Chapter 3), and 

in general, it has been suggested as one of the most efficient means for the plant to 

conserve water (Passioura, 1 982). A significant water x cultivar interaction for dead 

tissue percentage was found (P<0.05, Table 5.3). MK plants showed a more 

pronounced increase in dead tissue percentage, as water deficit increased, compared 

with EP plants suggesting that MK had greater stress in this third experiment. 

Sheath percentage was significantly higher in EP than in MK (P<0.05, Table 5.2) . 

For this variable a significant water x cultivar interaction (P<0.05, Table 5.4) was 
found. Both cultivars showed similar percentages of sheath in Control, S 1  and S2 

plants, but under S3 treatment the percentage of sheath increased in EP plants while 

decreasing in MK plants. This result reflected the higher dead tissue percentage in MK 
plants in relation to EP in S3 (Table 5.3) .  However, unlike the findings of the second 

experiment, in which the sheath biomass per plant tended to increase with increased 

water deficit, in this case the reverse occurred (Control = 6.1 1 g DW planr1 , 

S = 5 .76 g DW planr1 , S2 = 4.86 g DW planr1 and S3 = 3.66 g DW planr1 , 
s.e. = 0.23 g DW planr1 ,  P<0.05) indicating that the water deficit was not sufficiently 
extreme to promote flowering (Bazzas et al. , 1 987). 

The presence of the endophyte decreased plant dry weight (P<0.05, Table 5 .2), 
which contrasts with the results of Cheplick et al. (1 989) and Latch et al. (1 985). 

Cheplick et al. ( 1 989) found that adult E+ tall fescue plants had higher biomass than 

E- plants independently of the nutrient availability. Latch et al. (1 985) observed an 
increased dry matter yield in Nui ryegrass E+ plants compared with E- plants. 
However, other experiments suggested that dry mass yield was affected by genotypic 

differences between individuals of both plant and fungus (De Battista et al. , 1 990). 

In the present experiment the endophyte AR501 decreased dead tissue 
percentage (P<0.05), and increased the percentage of green leaf blade (P<0.05 ,  

Table 5.2). Endophyte free plants had a sheath percentage similar to plants infected 

with either endophyte, however the proportion of sheath in AR501 -E+ plants tended 
to be higher than in KY31 -E+ plants (P<0. 1 O). 

As in the first experiment (Chapter 3), initial and final til ler number were 
approximately 60 % higher in MK plants (Table 5.5). The difference between both 

measurements showed that during the experimental period tiller number increased in 
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MK and decreased in EP (P<0.05, Table 5.5). Although final til ler number was not 

affected by the water treatments, the difference between tiller number at the 

beginning and end of the experiment showed that in Control and S1 treatments tiller 
number increased, while in S2 and S3 it decreased (P<0.05) . 

Endophyte-infected plants showed a reduced number of til lers, both at the start and 

end of the experiment, and the absence of any significant effect (P>0.05) of 

endophyte in the difference in tiller number between both dates, suggested that this 

tendency was not affected by the application of the water treatments. This result 

agrees with Maclean et al. ( 1 993) who found that the endophyte decreased tillering 

rate in 'Grassland Roa' tall fescue plants. On the other hand, 8elesky et al. ( 1 989) 

observed that tiller production in response to endophyte varied among different 
accessions of KY31 tall fescue. Similarly, in the present experiment, a significant 

interaction between cultivar and endophyte was observed for initial til ler number 

(P<0.05) . The presence of either of the endophytes studied diminished til ler number 

in MK plants but did not affect EP plants (Fig. 5.4). The same tendency was observed 

for final tiller number (P<0. 1 0) .  This inconsistent effect of the endophyte on til ler 

production has also been observed by Hil l et al. ( 1 990). 

Tillers of EP were significantly heavier than MK (P<0.05, Table 5.5) , and tiller size 

diminished (P<0.05) as the water deficit increased. No differences in tiller size due to 
endophyte were found (P>0.05). Conversely, Hil l et al. (1 990) reported that yield per 

tiller was greater in E+ tall fescue plants than in E- plants. 
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Table 5.2. Plant dry weight (DW) and percentages of shoot DW as leaf blade, sheath 

and dead tissue for the cultivars MK, GA and EP, the four water 

treatments and three endophytes. 

Plant DW % DW as leaf % DW as % DW as 
Cultivar (9) blade sheath dead tissue 

MK 1 3.43 b1 35.2 (36.2) b 33.6 (35.3) b 31 .2 (33.5) a 

EP 1 5.73 a 37.2 (37.4) a 36.3 (37.0) a 26.5 (30.8) b 

s.e.2 0.26 (0.47) (0.5) (0.7) 

Water 

Control 1 7.92 a 44.4 (41 .8) a 34.0 (35.6) 21 .6 (27.5) c 

S1 1 6.39 b 40.5 (39.5) b 35. 1  (36.3) 24.4 (29.3) c 

S2 1 3.59 c 33.7 (35.4) c 35.9 (36.7) 30.5 (33.4) b 

S3 1 0.43 d 26.2 (30.6) d 34.8 (36.0) 39.0 (38.5) a 

s.e. 0.40 (0.6) (0.4) (0.7) 

Endophyte 

Nil 1 5.86 a 34.5 (35.8) b 35.8 (36.6) 29.8 (32.8) a 

AR501 1 4.25 b 38.2 (38.0) a 36. 1  (36.9) 25.7 (30. 1 )  b 

KY31 1 3.63 b 35.9 (36.7) b 33.0 (34.9) 31 . 1  (33.6) a 

s.e. 0.32 (0.5) (0.6) (0.8) 

Interactions (P =) 
Cult.*Wat. 0. 1 00 0.384 0.007 0.007 

Cult. *Endop. 0.309 0.71 9 0. 1 81 0.592 

Wat.*Endop. O.n1 0.899 0.976 0.999 

Wat. *Cult. *Endop. 0.540 0.662 0.856 0.899 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, 

water treatment or endophyte. 
2 Standard error. 

Table 5.3. Percentage of shoot DW as dead tissue (%) for 

cultivars and water treatments. 

Water 
Control 
S1 

S2 

S3 

s.e.2 

MK 
21 .0 (27.0) d1 
24.8 (29.3) cd 
33.3 (35.2) b 

45.8 (42.6) a 

( 1 .38) 

EP 
22.2 (27.9) cd 
24. 1  (29.3) cd 
27.6 (31 .6) be 

32.2 (34.4) b 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05. 
2 Standard error. 
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Table 5.4. Percentage of shoot DW as sheath (%) for cultivars and water 

treatments. 

Water 

Control 
S1 

S2 

S3 

s.e.2 

MK 
34.68 (35.98) bc 1 
35.45 (36.48) ab 
34.23 (35.75) be 
29.98 (33.08) c 

(1 .04) 

EP 

33.29 (35. 1 7) bc 
34.78 (36.09) ab 

37.52 (37.73) ab 

39.67 (38.98) a 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05. 

2 Standard error. 

Table 5.5. In itial til ler number, final tiller number, tiller number d ifference and tiller size 

for the cultivars MK, GA and EP, the four water treatments and three 

endophytes. 

Initial tiller Final Tiller Tiller size 

number tiller difference (mg tille .... 1) 
Cultivar number 
MK 93.0 al 93.2 a 4.82 a 0. 1 48 b 
EP 57.1 b 58.8 b -2.98 b 0.274 a 
s.e2 2.9 2.5 1 .67 0.007 

Water 

Control 71 .5 77.8 5.33 a 0.251 a 
S1 77. 1 80.2 3.57 a 0.228 b 
S2 78.3 76.5 -0.93 b 0. 1 98 c 
S3 73.5 69.6 -4.29 b 0.1 67 d 
s.e. 3.2 2.9 1 . 1 7§ 0.004 

Endophyte 
Nil 85.5 a 84.2 a 1 .34 0.208 
AR501 72.9 b 74.9 b 1 .43 0.208 
KY31 66.9 b 69.0 b -0.02 0.21 7 
s.e. 3.5 3.0 1 .65§ 0.008 

Interactions (P =) 
Cult.*Water 0.588 0.927 0.475 0.320 

Cult. *Endop. 0.023 0.073 0.796 0.727 

Water*Endop. 0.769 0.933 0.636 0.983 

Water*Cult.*Endop. 0.954 0.976 0.826 0.973 

1 Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, 
water treatment or endophyte. 

2 Standard error. 
§ Mean standard error. 
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5.4.3. Tissue turnover 

During the period studied EP plants showed a higher GGR per tiller than MK plants 

(P<0.05), with no difference in SR per tiller (P>0.05) and consequently, NGR was 

greater in EP tillers (P<0.05, Fig. 5 .5a). Correcting for difference in number of tillers 

per plant did not remove the yield differences between the two cultivars and in 

addition, SR in MK plants was significantly greater than in EP plants (P<0.05, Fig. 

5.5b). The relative growth rate (RGR), estimated as the ratio between NGR (g planr1 

d-1) and final plant size (g planr1) ,  consistently, was also greater for EP than for the 

Mediterranean cultivar (EP = 0.71 % DW d-1 and MK = 0.36 % DW d-1 , 

s.e. = 0.05 % DW d-1 , P<0.05). 

Direct comparison between growth rates obtained for MK and EP in this experiment 

and the previous one (Chapter 4) is not valid for three reasons. First, as the cultivar 

means result from the average through all water treatments, lower mean rates should 

be expected for the present experiment. This is because in the previous experiment 

under the most severe water treatment, S3, plants received 50 % of the amount of 

water of the Control treatment, while here the proportion was only 25 %. Second, the 

glasshouse maximum daily temperatures, during the period when the tissue turnover 

measurements were taken, were higher in the experiment of Chapter 4 (about 40°C) 

than in the current experiment (about 23°C) . Third, in the experiment of Chapter 4 MK 

and EP plants were grown together in the same pots, while here isolated plants of 

each cultivar were grown in smaller pots. 

The GG R per tiller decreased significantly (P<0.05) with increasing water deficit (Fig. 

5.6a). This rate showed a significant (P<0.05) water x cultivar interaction. While EP 

differed significantly (P<0.05) between treatments, MK presented similar values of 

GGR in Control and S1 treatments and also in S2 and S3 treatments (Fig. 5.7). 

However, in relative terms, MK showed a higher reduction in GGR from Control to S3 

than EP (70 % for MK and 61 % for EP).  As shown in Fig. 5.7, maximum GGR in MK 

was similar to minimum GGR in EP. GGR per plant (Fig. 5.6b) followed the same 

pattern as GGR per tiller (Fig. 5.5a) but all water treatments were significantly different 

(P<0.05) and no water x cultivar interaction was found (P>0.05). 

SR expressed either on a per tiller (Fig. 5.6a) or per plant (Fig. 5.6b) basis, increased 

(P<0.05) with the severity of the water deficit, but no differences (P>0.05) were found 

between Control and S 1 treatments. A significant (P<0.05) water x cultivar interaction 

in SR per plant was found (Fig. 5.8). SR per plant was lower in MK plants than in EP 
plants under the Control water treatment, but tended to be higher in S1  and S2, 

difference that became significant (P<0.05) in S3. 
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NGR per tiller decreased significantly (P<0.05) with increasing water deficit (Fig. 

5.6a) . However, while NGR mean was positive in S3 when expressed on a per tiller 

basis it was negative on a per plant basis. This was because NGR per tiller was 

influenced more by the positive accumulation in the larger EP tillers whereas NGR per 

plant reflected more the larger tiller number per plant of MK (Table 5 .5) and the high 

senescence rate of that cultivar. Similarly, the RGR per plant was significantly d ifferent 

between treatments (Control = 1 .06 % DW d-1 , S1  = 0.80 % DW d-1 , 

S2 = 0.35 % DW d-1 and S3 = -0.09 % DW d-1 , s.e. = 0.08 % DW d-1 , P<0.05). 

However, for this variable the interaction cultivar x water treatment was significant 

because while both cultivars showed a simi lar RGR in Control and S1 water 

treatments, MK plants showed a lower RGR than EP plants in S2 and S3. This result 

is further evidence that the growth rate of the Mediterranean cultivar was more 

affected than the temperate cultivar by the soil water deficit. 

The GGR per til ler was lower (P<0.05) in E- plants than in AR501 -E+ or KY31 -E+ 

plants (Fig. 5.9a) . No significant differences between endophyte treatments were 

found for GGR per plant (P>0.05, Fig. 5.9b). GGR either on a per til ler or per plant 

basis showed a significant (P<0.05) cultivar x endophyte interaction (Fig. 5. 1 0) .  EP 

GGR was lower (P<0.05) in E- than in E+ EP tillers, while no endophyte effect was 

observed in MK tillers (Fig. 5 . 1  Oa) . The same pattem was observed for GGR per plant 

interaction, however, E- plants of EP d id not differ from E+ plants and, on the other 
hand, MK plants tended to have a lower GGR when they were infected by KY31 

endophyte than either when they were E- or infected by AR501 endophyte (p>0.05, 

Fig. 5 . 1 0b) . Other workers, including Richardson et al. (1 990), Eerens et al. ( 1 993) 

and Belesky et al. (1 989) have also found that endophyte influence on biomass 

production or leaf extension rate varied depending on plant genotype. 

SR per tiller of E- plants was higher (P<0.05) than for AR501 -E+ plants and 

KY31 -E+ plants were intermediate (P>0.05, Fig. 5.9a). On the other hand, SR per 
plant was greater in E- plants (P<0.05, Fig. 5.9b) . A clear advantage of E+ plants in 

NGR per tiller was observed (P<0.05, Fig. 5.9a) . However, when NGR per plant was 

calculated, KY31 -E+ plants were intermediate between AR501 -E+ and E- plants (Fig. 

5.9b) .  The RGR, on the other hand, was higher for the E+ plants and similar for both 

endophytes (E- = 0.34 % DW d-1 , AR501 == 0.66 % DW d-1 and KY3 = 0.59 % DW d-1 , 

s.e. = 0.06 % DW d-1 , P<0.05) . 
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Since LAR data were derived from counts rather than measurement of a continuous 

variable, maximum likelihood analysis techniques are often recommended as more 

appropriate (McCullagh and Nelder, 1 989) . However, the ANOVA produced such 

small standard errors (relative to the differences between cultivars and some of the 

water regimes) that the distributional assumptions could make no difference to the 

substantive conclusions. EP plants had a higher (P<O.05) LAR than MK plants (Table 

5.6) . LAR was reduced (P<O.05) by water deficit, although LAR for S3 was not 

significantly less than for S2. Endophyte effect and the interactions were not significant 

(P>O.05) . 

Table 5.6. Leaf appearance rate (LAR). 

Cultivar 

MK 
EP 
s.e.2 

Water 

Control 
S1 

S2 

S3 

s.e. 

Endophyte 

Nil 
AR501 

KY31 

s.e. 

Interactions (P=) 

Cult.r*Water 
Cult. *Endop. 
Water*Endop. 
Water*Cult.*Endop. 

0.022 b' 

0.031 a 
0.002 

0.049 a 
0.030 b 
0.015 c 
0.012 c 
0.004 

0.022 
0.031 
0.026 
0.003 

0.978 

0.933 

0.443 

0.1 52 

1 Letters indicate groupings of means that are Significantly different 
at P<0.05 within cultivars, water treatment or endophyte. 

2 Standard error. 
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5.4.4. Plant water relations 

MK plants showed a higher (P<O.05) RWC than EP plants in both periods (Table 5.7). 

As expected, RWC diminished with increases in soil water deficit (P<O.05) . In this 

experiment, no significant effect of endophyte on RWC was observed (P>O.05). 

Conversely, Elbersen and West (1 996) found that the fractional water content (e.g. 

(FW -DW)/FW), was higher in E+ plants, but in their experiment the sheath tissue was 

measured rather than leaf blade tissue as was measured here. The RWC-difference 

between periods indicated that while RWC increased in MK plants, the opposite 

occurred in EP plants (P<O.05). 

Table 5.7. Relative water content (RWe) of the two periods (1 and 2), and the 

adjusted difference between them. 

RWC 1 RWC 2 RWC-difference 

Cultivar (%) (%) (%) 
MK 82.4 (67.0) a1 86.0 (69.3) a 4.60 a 
EP 78.7 (63.9) b 78. 1  (63.2) b -1 .57 b 
s.e.2 (1 .0) (0.8) 1 .09 

Water 

Control 93.0 (75.4) a 90.8 (73.3) a 4.32 
51 86.3 (69.8) ab 85.3 (68.9) ab 2.06 
52 79.2 (63.5) b 79.7 (64. 1 )  bc -0.20 
53 63.6 (53.2) c 72.3 (58.7) c -0. 1 0 
s.e. (2.0) (1 .8) 3.48§ 

Endophyte 

Nil 78.5 (63.9) 81 .7 (65.9) 2. 1 6  
ARS01 81 .8 (66.6) 81 .7 (66.1 )  0.61 
KY31 81 .3 (65.9) 82.7 (66.8) 1 .79 
s.e. (1 .2) (0.9) 1 .32§ 

Interactions (P =) 

Cult. *Water 0.855 0.21 6 0.1 89 

Cult. *Endop. 0.364 0.569 0.556 

Water*Endop. 0.596 0.830 0.969 

Water*Cult. *Endop. 0.673 0.627 0.926 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, water 

treatment or endophyte. 
2 Standard error. 
§ Mean standard error. 
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The lV w tended to be significantly lower in EP than in MK (P<0. 1 0) in the first 

period, but not in the second (Table 5.8). As in the previous experiments (Chapters 

3 and 4) , the lVw decreased as the soil water deficit increased. In both periods lVw of 
Control and 81 treatments differed from lVwof 82 and 83 treatments (P<0.05). While 

Hill et al. ( 1 996) found that tall fescue lV w responded differently to water deficit 

depending upon endophyte isolate, White et al. ( 1 992a) found, as in this experiment, 

that endophyte presence did not affect lV w (P>0.05). The lV w-difference between 
periods indicated that lVw tended to increase in Control and 81  treatment and to 

decrease in 82 and 83 treatments (P<0. 1 0). 

Table 5.8. Water potential (lVw) of the two periods (1  and 2) , and the adjusted 

difference between them. 

It-Iw 1 It-Iw 2 It-I w -difference 
Cultivar (MPa) (MPa) (MPa) 

MK -1 .69 -1 .74 0.01 1 
EP -1 .87 -1 .82 -0.01 5 
s.e.' 0.07 0.05 0.048 

Water 

Control -1 .03 a2 -1 . 1 9 a 0.363 
51 -1 .37 a -1 .55 a 0. 1 08 
52 -2.1 2  b -2.09 b -0.204 
53 -2.59 b -2.31 b -0.274 
s.e. 0. 1 6  0.1 3  0.1 76§ 

Endophyte 

Nil -1 .78 -1 .83 -0.045 
AR501 -1 .76 -1 .75 0.025 
KY31 -1 .81 -1 .77 0.01 5 
s.e. 0.09 0.06 0.058§ 

Interactions (P =) 

Cult.*Water 0.266 0.498 0.608 

Cult. *Endop. 0.71 7 0.253 0.244 

Water*Endop. 0. 1 69 0.634 0.858 

Water*Cult. *Endop. 0.21 1 0.934 0.830 

, Standard error. 
2 Letter indicate groupings of means that are significantly different at P<0.05 within cultivars, 

water treatment or endophyte. 
§ Mean standard error. 
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The lV a was higher in MK plants, however this difference was significant (P<0.05) 

only in the second period (Table 5.9). Consequently, lV a-difference between periods 

suggested that lV a increased in MK while remaining unchanged in EP (P<0.05) . The 
water treatments affected lV a (P<0.05) in both periods. The lV a decreased as water 

deficit increased (P<0.05). When the lV a was analysed using RWC as covariate, a 

significant difference between water treatments was found for both periods (P<0.05, 

Appendix 5.2) indicating that osmotic adjustment took place. The lV a-difference 

showed an increase in lV a of the Control treatment in relation to lV a of other water 

treatments. For lV a in the second period and the lV a-difference between periods, a 

significant water x cultivar interaction was found (P<0.05, Figs. 5 . 1 1 a and 5 . 1 1 b). This 

arose because in the 83 treatment, lV a was significantly lower for EP than MK, while 

in the other three water treatments both cultivars had a similar lV a (P>0.05). 

As for lVW' no endophyte effect on lVa was observed (P>0.05). However, the 

cultivar x endophyte interaction was significant at both measurement dates (P<0.05, 

Fig. 5. 1 2) .  This was because in MK the endophyte AR501 tended to increase lV a and 

the KY31 endophyte tended to decrease lV a compared to the E- plants, while in EP, 
the opposite was observed. The experimental results reported in the literature are 

variable with respect to the effect of endophyte on lV a' Hill et al. ( 1 996) and White et 

al. (1 992a) found no effect, whereas, the endophyte decreased the lV a of KY31 

population plants (Elmi et al. ,  1 990; Elmi and West, 1 995) and the cultivar Grasslands 
Roa (Maclean et al. ,  1 993). This adds to a growing body of evidence that plant 
responses to endophyte can vary between experiments, or even between plant 

genotypes or endophyte strains within an experiment. 

The lVp calculated as the difference between lVw and lVa (Table 5. 1 0) was 
significantly different between water treatments. In the first period, the lV p of 82 plants 
was lower (P<O.05) than the lIJ p of plants subjected to Control and 81 water 
treatments. In the second period, plants subjected to both 82 and 83 water treatments 

differed from plants under Control and 81 treatments (P<O.05) . The water x cultivar 
interaction was significant for lIJ p in the second period (Fig. 5 . 1 3a) and for the 

lIJp-difference (Fig. 5 . 13b) . For EP lVp and lIJp-difference under 83 were similar to 

under 82, whereas for MK both variables showed a continuous decrease. These 
results suggest that EP was more responsive to water deficit and was able to maintain 
lIJ p by decreasing its lIJ a under more intense water deficit. The absence of an 
endophyte effect on the lIJ p contrasts with the results reported by Elmi ( 1 992; quoted 

by West and Gwinn, 1 993), who observed an increase in the turgor pressure of water 
stressed E+ plants. However, that increase was larger in the basal 20 mm growing 

zone that in the leaf blade, which was the tissue measured in the present experiment. 

Moreover, the short term nature of the present experiment could have been another 

factor contributing to the lack of a significant endophyte effect on lIJ p. 
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Table 5.9. Osmotic potential (410) of the two periods ( 1  and 2), and the adjusted 

difference between them. 

lVo 1 lVo 2 lV o-difference 
Cultivar (MPa) (MPa) (MPa) 
MK -2. 1 1 -2.04 a' 0.1 1 2  a 
EP -2.21 -2.1 9  b -0.029 b 
s.e.2 0.07 0.04 0.039 

Water 

Control -1 .58 a -1 .75 a 0.322 a 
S1 -1 .99 b -2.06 b 0.072 b 
S2 -2.23 b -2.22 b -0.047 b 
S3 -2.83 c -2.44 c -0. 1 82 b 
s.e. 0.09§ 0.07 0.078§ 

Endophyte 

Nil -2. 1 3  -2. 1 1 0.047 
AR501 -2. 18  -2. 1 1 0.052 
KY31 -2. 1 7  -2. 1 4  0.024 
s.e. 0.09 0.05 0.047 

Interactions (P =) 

Cult.*Water 0.843 0.040 0.051 
Cult. *Endop. 0.005 0.033 0.272 

Water*Endop. 0.71 8 0.790 0.8 1 0  

Water*Cult. *Endop. 0.628 0.300 0.380 

, Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, 
water treatment or endophyte. 

2 Standard error. 
§ Mean standard error. 
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Table 5.10. Pressure potential (lVp) of the two periods (1 and 2) ,  and the adjusted 

difference between them. 

lJJ 1 lJJ 2 lJJ p.difference 
Cultivar (MPa) (MPa) (MPa) 

MK 0.42 0.30 -0.081 
EP 0.33 0.37 -0.005 
s.e.1 0.07 0.06 0.057 

Water 

Control 0.55 a2 0.56 a 0. 1 78 
S1 0.62 a 0.51 a 0.1 26 
S2 0. 1 1  b 0. 1 3  b -0.240 
S3 0.24 ab 0.1 4 b -0.236 
s.e. 0. 1 2§ 0.1 2  0.1 22§ 

Endophyte 

Nil 0.35 0.28 -0.095 
AR501 0.42 0.36 -0.01 9 
KY31 0.36 0.36 -0.01 5 
s.e. 0.09 0.07 0.069 

Interactions (P=) . 

Cult.*Water 0.399 0.023 0.027 

Cult.*Endop. 0.080 0.272 0.306 

Water*Endop. 0.262 0.657 0.739 

Water*Cult. *Endop. 0.497 0.926 0.91 5 

1 Standard error. 
2 Letters indicate groupings of means that are significantly different at P<0.05 within cultivars, 

water treatment or endophyte. 
§ Mean standard error. 
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The relationships between W w' Wo and W p and RWe were investigated to check for 

cultivar differences and were found to follow quadratic responses as shown in Fig. 

S. 1 4. There was no advantage in fitting individual curves for each cultivar (P>O.OS), 

suggesting that both cultivars responded similarly to RWe. Each point is the average 

of the three endophyte treatments. It should be noted, however, that three EP points 

were omitted because their RWe value was outside the range of MK RWe values (Le. 

the three EP RWe values were lower than 60 %). 

The NGR overall means for cultivar and water treatment, expressed per tiller or per 

p lant, showed a linear response to the overall mean average RWe (Figs. S. 1 Sa and 

S . 1 Sb). This response was different for each cultivar (P<O.OS) but the cultivar curves 
were parallel (P>O.OS). EP showed a greater NGR at any RWe, both expressed per 

tiller or per plant. In addition, the evidence of curvature for EP would suggest that EP 

maintained its NGR better than MK at lower RWe. 
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Figure 5.1 4. Water potential (a) , osmotic potential (b) and 
pressure potential (c) in relation to the 
relative water content (RWC) for MK and EP 
cultivars. Each point is the average of three 
endophyte treatments. 
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5.4.5. Photosynthesis and stomatal resistance 
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MK showed a higher photosynthesis rate than EP, however the difference was 
significant only when expressed per unit leaf area (P<0.05) . This could be explained 

by the lower stomatal resistance of MK (P<0.05, Table 5.1 1 ) . The lack of significant 

differences between cultivars when expressed on a weight basis could be related to 
the slighter higher specific leaf weight (SLW) of MK than EP (MK = 4.46 mg cm-2 and 

EP = 4.29 mg cm·2, s.e. = 0.08 mg cm-2, P>0.05). Water treatment effects on 

photosynthesis rate were only evident when photosynthesis was expressed on a 
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weight basis (P<O.OS) and reflected the increase in SLW in response to water deficit 

(Control = 4.03 mg cm-2, 81  = 4. 1 6  mg cm-2, 82 = 4.S6 mg cm2 and 83 = 4.74 mg cm2, 

s.e. = 0. 1 4  mg cm-2, P<O.OS). Interestingly, no effects of water treatment on stomatal 

resistance were found (P>O.OS). None of these variables was affected by the 

endophyte presence (P>O.OS). Both the cultivar x endophyte interaction, for the 

photosynthesis rate expressed on a leaf area basis, and the cultivar x water treatment 

x endophyte interaction , for stomatal resistance, were significant (P<O.OS, Appendices 

S.3 and S.4, respectively) , but no biological interpretation for these interactions was 
evident. 

Table 5.1 1 .  Photosynthesis on leaf area basis (Pa) and o n  leaf weight basis (Pb) 

and stomatal resistance. 

Pa Pb Resistance 
Cultivar IJmol C02m·2s·' IJmol C02g·'s·' s cm·' 
MK 8. 1 6  ai 0.1 91 0. 1 53 b 
EP 6.42 b 0. 1 54 0.288 a 
s.e.2 0.44 0.01 1 0.01 1 

Water 

Control 9.81 0.245 a 0.212 
S1 8.35 0.207 ab 0.1 98 
S2 6. 1 2  0. 1 34 bc 0.240 
S3 4.87 0. 1 05 c 0.232 
s.e. 1 .28 0.031§  0.029 

Endophyte 

Nil 7.09 0. 1 63 0.221 
AR501 7.1 3  0.1 75 0.205 
KY31 7.65 0. 1 81 0.236 
s.e. 0.54 0.01 4 0.01 3 

Interactions (P=) 

Cult.*Water 0.236 0.285 0.566 

Cult. *Endop. 0.023 0.1 1 0  0.1 1 0  

Water*Endop. 0.656 0.8 1 5  0.779 

Water*Cult.*Endop. 0.678 0.652 0.050 

1 Letters indicate groupings of means that are significantly different at P<0.05 
within cultivars, water treatment or endophyte. 

2 Standard error. 
§ Mean standard error. 
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5.4.6. Carbon isotope discrimination 

MK plants showed a higher b. than EP plants (P<0.05, Table 5 . 12) .  This result was 

expected because of the lower stomatal resistance of the Mediterranean cultivar 

(Table 5 . 1 1 ). As in the previous experiments, the differences between water 

treatments were not statistically significant (P>0.05, Table 5. 1 2) ,  although there was 

a trend with b. values being lower at higher moisture deficit. In the current experiment 
newly formed leaf tissue was analysed for b. with the expectation that differences 

between water treatments were more pronounced. To check the latter assumption b. 

of the youngest mature leaves of 81 plants in block 2 were analysed and compared 

with b. of the elongating leaves in the same plants. The paired Hest between the b. of 

the two leaf categories confirmed the hypothesis (t = 5.85, degrees of freedom = 5, 

P<O.OS) . This indicated that those leaves that have grown during the water deficit 
period reflected this effect better than those that have completed their growth before 

they were applied. However, in 83 plants, it is likely that even the elongating leaves 
had been formed before the water deficit started.  This is because their leaf 

appearance interval (i .e. LAR inverse) was 83.3 days per leaf. Consequently, very few 

leaves appeared over the 26 days that the plants were subjected to water deficit and, 

it is l ikely that the proportion of tumover of chemical constituents of the leaf tissue, that 
took place during the experimental period, was not enough for detection of the higher 

proportion of 13C carbon fixed under water deficit. Therefore, significant differences 
could only have been detected if the carbohydrate fractions within leaves had been 

analysed (8rugnoli et al. ,  1 988; Farquhar et al. ,  1 989). 

While West and Gwinn ( 1 993) did not find any endophyte effect on b., in this 
experiment AR501 -E+ plants showed an increased f.::" compared with E- plants or 

KY31 -E+ plants (P<0.05). This finding reflected the comparatively lower, though not 

statistically different (P>O.OS, Table 5. 1 1 ) ,  stomatal resistance of ARS01 -E+ plants. 

This was interesting because the maintenance of a low stomatal resistance has been 
proposed as an altemative mechanism of adjustment to water stress. One hypothesis 
is that the increased photosynthesis could promote root growth or osmotic adjustment 
to counterbalance the effects of the water deficit (Richardson et al. , 1 990) . The 

increase in photosynthesis in response to this endophyte has not been observed here. 

However, the interactions between cultivars and endophyte suggested that the 
endophyte AR501 tended to increase photosynthesis (Appendix 5.3) and decrease 
tV 0 (Fig. 5 . 12) in EP plants. 



Table 5.12. Main effects means for carbon isotope discrimination (L\) 

Cultivar 

MK 
EP 
s.e.2 

Water 

Control 
S1 
S2 
S3 
s.e. 

Endophyte 

Nil 
AR501 
KY31 
s.e. 

Interactions (P=) 

Cult.*Water 
Cult. *Endop. 
Water*Endop. 
Water*Cult. *Endop. 

20.94 a' 
20.43 b 
0.07 

20.89 
20.78 
20.57 
20.50 
0. 1 5  

20.60 b 
20.91 a 
20.55 b 
0.08 

0.523 
0.483 
0.931 
0.872 
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1 Letters indicate groupings of means that are significantly different 
at P<O.05 within cultivars, water treatment or endophyte. 

2 Standard error. 

5.4.7. Multivariate analyses 

In order to find some information about the structure of interrelationships between 

some of the variables studied, multivariate analyses were carried out. The variables 
analysed were: 1 )  the average of the water content on 24 June and at the end of the 

experiment; 2) the percentage of green tissue in the plants; 3) the average of initial 
and final tiller number; 4) photosynthesis rate expressed on a leaf area basis; 5) 

stomatal resistance; 6) the average of RWC measured in periods 1 and 2; 7) carbon 

isotope discrimination (L\) ; and 8) net growth rate (NGR) per plant. Two multivariate 

analyses were performed, first, an exploratory principal component analysis (PCA), 
then a multivariate analysis of variance (MANOVA). 
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The PCA was performed using the correlation matrix. This analysis was exploratory 

because it discriminates only between observations without taking account of 

treatments. Only the first two principal components (PCs) were considered because 

the other six PCs together only explained 34 % of the variance of the data. Results 

are summarised in Table 5 . 1 3. The first PC explained around 42 % of the total 

variation in the data. The coefficient for average tiller number was nearly zero and can 

be ignored. On the other hand, the coefficient of stomatal resistance was the only 

negative one while the rest of the coefficients were all positive and of a similar 
magnitude (between 0.32 and 0.47). This showed that most of the variation in PC 1 

reflected a contrast between stomatal resistance and the other variables. From a 

biological perspective PC 1 separated water treatments. The increase in the 

availabil ity of water in the pots caused an increase in percentage of green tissue, 

photosynthesis rate, RWC, 11 and net growth, and decreased stomatal resistance. 

The second PC explained 24 % of the total variation in the data. Here, the 

coefficients of average water content and RWC were nearly zero and can be ignored. 

Most of the variation associated with PC 2 arose from a contrast between average 
number of tillers, photosynthesis rate and carbon discrimination on one hand, and 

green tissue, stomatal resistance and NGR per plant on the other hand. Biologically 
PC 2 represented the contrast between the cultivars studied. EP had lower tiller 

number, photosynthesis rate and 11, and higher green tissue percentage, stomatal 
resistance and net growth per plant than MK. 

Table 5.13. Principal component (PC) coefficients, variance (eigenvalues) and 
percentage of total variance explained. 

Variable PC 1 PC 2 

Average water content (g H20 gol dry soil) 0.473 -0.004 
Green tissue (%) 0.383 0.379 
Average tiller number 0.024 -0.453 
Photosynthesis (IJmol CO 2 m02 Sol) 0.41 4 -0. 1 54 
Stomatal resistance (cm sol) -0. 1 76 0.563 
Average RWC (%) 0.439 0.021 
11 0.325 -0.381 
NGR (mg DW plant 01) 0.359 0.405 

Variances (eigenvalues) 3.354 1 .901 

% of total variation explained 41 .920 23.760 
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The MANOVA with canonical option was performed to maximise differentiation 

between treatment effects. Only cultivar, endophyte and cultivar x endophyte effects 

were significant (P<O.OS). Unexpectedly, water treatment was not significant (P>O.OS). 

However, the standardised mean scores for water treatments showed a tendency to 
decrease as water deficit increased. The reason for the lack of significance was 

probably due to the large number of variables involved in the MANOVA (Le. 8) and the 

low number of degrees of freedom of the error term (Le. 9). For instance, removing 

any one of the variables from the model caused the water effect to be significant. The 
standardised mean scores are shown in Table 5.1 4. The total canonical structure and 

the standardised canonical coefficients for the significant effects are shown in Table 

S. 1 5. 

The total canonical structure showed the correlation between the canonical variates 
(CVs) and the original variables. The canonical structure only showed the importance 

of each variable independent of the other variables. Conversely, the standardised 

canonical coefficients indicated the mutual influence of the variables on each other. 

The cultivar canonical structure showed that the variables more correlated to the 

CV were average til ler number and, to a lesser extent, 1:::., both positively correlated, 

and stomatal resistance, negatively correlated (Table 5 . 1 5) .  The standardised 
canonical coefficients, on the other hand, showed that carbon discrimination was less 
important, while NGR and RWC were important. This CV indicated, as was observed 

in the univariate analysis, that MK, compared with EP had higher tiller number (Table 
5.5) , RWC (Table 5.7) and l:::. (Table 5. 1 2) ,  and lower stomatal resistance (Table 5 . 1 1 )  

and NGR per plant (Fig. S.5b) .  The standardised mean scores for cultivars are shown 

in Table 5. 1 4. 

Two CVs were significant (P<O.05, Table 5. 1 4) for the endophyte effect. The first 

CV separated the three endophyte treatments. The canonical structure for CV 1 

indicated that the variables that were positively correlated with CV 1 were, mainly, 1:::., 
average tiller number, green tissue and RWC, while stomatal resistance was 
negatively correlated (Table 5 . 1 5). The standardised canonical coefficients for CV 1 
showed a contrast between green tissue percentage, average tiller number and l:::. with 

photosynthesis rate and stomatal resistance. Plants infected with AR501 and KY31 

endophytes showed contrasting effects, each different from endophyte-free plants in 
different ways. While AR50-infected plants had a higher percentage of green tissue 
(Table 5.2), a h igher til ler number (Table 5.5), and h igher l:::. (Table 5 . 1 2), 
KY31 -infected plants were characterised by higher photosynthesis and stomatal 

resistance (Table 5 . 1 1 ) , although, the differences were not always statistically 
significant in the univariate analyses. Usually, photosynthesis and stomatal resistance 

tend to be negatively correlated, though in a non-linear way or with a non-zero 
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intercept (Farquhar et al. ,  1 989). Because of this effect of KY31 of positive correlation 
between both photosynthesis and stomatal resistance, an increase the plant water 
use efficiency it is expected in KY31 -infected plants, and this result is interesting in its 

own right, as is the evidence of AR501 -infected plants behaving as if they were less 

stressed. 

The second CV separated E- plants from E+ plants (Table 5. 1 4) .  The canonical 

structure for CV 2 showed that NGR per plant and green tissue percentage were 

positively correlated, and average tiller number was negatively correlated, with CV 2. 

The standardised canonical coefficients for CV 2 showed a contrast between average 

ti l ler number and NGR per plant. This was because while E+ plants had fewer tillers 
per plant (Table 5.5) they showed a higher NGR (Figure 5.8) . The standardised mean 

scores for endophyte for both CVs are shown in Table 5 . 14. 

Finally, one CV was significant (P<O.05) for the cultivar x endophyte interaction. 

The total canonical structure showed that the variables most correlated to this CV 

were RWC and average tiller number (Table 5 . 1 5). The higher standardised 

coefficients corresponded to average tiller number, followed by green tissue 

percentage and RWC, and photosynthesis, the latter being negative. The 
standardised mean scores for cultivar x endophyte are shown in Table 5 . 14. It can be 

observed that MK E- plants or MK AR501 plants had a higher mean score than 

MK-KY31 plants or any EP-endophyte combination. This indicated that MK-E- and 
MK-AR501 plants had a higher RWC (Appendix 5.5) and average tiller number (Fig. 

5.3), but it is difficult to interpret because these plants did not have a greater 

percentage of green tissue (Appendix 5.5) nor a lower photosynthesis rate than any 

endophyte-EP plant combination (Appendix 5.3) ,  as was indicated by the coefficients. 
Probably this is partially explained by the lower correlations between these two 

variables and the CV, compared with the correlations shown by RWC and average 
til ler number. 
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Table 5.1 4. Standardised mean scores for cultivar, endophyte, water and cultivar x 

endophyte interaction. 

Standardised mean scores 

Cultivar CV 1 

MK 1 .68 

EP -1 .68 

Endophyte CV 1 CV 2 

Nil 0. 1 4  -0.74 

AR501 0.69 0.47 

KY31 -0.82 0.27 

Water CV 1 

Control 4.02 

51 2.50 

52 -0.92 

53 -5.60 

Cultivar * endophyte CV 1 

MK-Nil 1 . 19  

MK-ARS01 1 .25 

MK-KY31 -0.63 

EP-Nil -0.74 

EP-ARS01 -0.55 

EP-KY31 -0.52 
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Table 5.1 5. Total canonical structure and standardised canonical coefficients of the 

first canonical variate (CV) for cultivar and cultivar x endophyte 
interaction, and of the first and second canonical variate for endophyte. 

eultivar 

Average water content (g H20 g-l soil) 

Green tissue (%) 

Average tiller number 

Photosynthesis (IJmol CO 2 m-2 S-l) 
Stomatal resistance (cm S-l) 

Average RWe (%) 

11 
NGR (mg DW plant -1) 

Endophyte 

Average water content (g H20 g-l soil) 

Green tissue (%) 

Average tiller number 

Photosynthesis (IJmol CO 2 m-2 S-l) 
Stomatal resistance (cm S-l) 
Average RWe (%) 

11 
NGR (mg DW plant -1) 

eultivar * Endophyte 

Average water content (g H20 g-l soil) 

Green tissue (%) 

Average tiller number 

Photosynthesis (IJmol CO 2 m-2 S-l) 
Stomatal resistance (cm S-l) 

Average RWe (%) 

11 
NGR (mg DW plant -1) 

Total canonical 

structure 

eV 1 

0.2692 

-0. 1 574 

0.7566 

0.301 3 

-0.71 1 1  

0.3937 

0.5767 

-0.2838 

eV 1 eV 2 

0.321 0 

0.4543 

0.4679 

0.201 0 

0.3228 

0.4562 

-0.71 95 

0.1 409 

-0.5752 

0.41 69 

0.6357 

0.2179 

-0.01 1 3  

0.2729 

0.2087 

0.61 1 1  

eV 1 

0.2936 

0.4532 

0.5429 

-0.0047 

-0.0571 

0.6523 

0.3690 

0.3607 

Standardised 

canonical coefficients 

CV 1 

0.1796 

0. 1 61 5  

1 . 1 487 

-0.0809 

-0.5464 

0.8059 

0.4079 

-0.9865 

eV 1 eV 2 

-0.3486 

1 .3393 

0.7477 

-0.6337 

-0.0624 

-0.2852 

-1 .3605 

-0.3335 

-0.8638 -0.5943 

-0.0220 -0.0680 

0.71 68 

0.0402 

eV 1 

-0. 1 1 48 

0.9595 

0.9808 

-0.7977 

0.2662 

0.921 4 

0.4555 

-0.2776 

0.4843 

1 .2879 
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5.5. Summary 

5.5.1 . Water deficit effects 

• The water deficit treatments induced a reduction in plant dry weight and leaf blade 

percentage, tiller number and tiller size, and produced an increase in dead tissue 

percentage.  There was also a decrease in plant growth and in LAA. 

• The RWC, llJ wand its components, and photosynthesis rate were reduced as water 

deficit increased. 

5.5.2. Cultivar effects 

• MK plants were smaller, with a higher number of tillers and a higher percentage of 
dead tissue than EP plants. MK plants showed a higher increase of dead tissue 

percentage than EP in response to water deficit. 

• Plant growth rate for MK was lower than for EP and was relatively more reduced 

with increase in water deficit, because of a higher SA. MK plants also showed a 
lower LAR. 

• The RWC was higher and the llJ 0 tended to be higher in MK than in EP plants. The 
llJ p of EP plants was maintained along the water gradient because of a decrease 

in llJ 0 from Control to S3 water treatment. No differences were found between 
cultivars for the relationship between RWC and llJ w and its components. At the 
same RWC, MK plants showed lower NGRs than EP plants. Photosynthesis rate 
was higher and stomatal resistance lower in MK plants. Consequently, MK plants 

showed a higher /). than EP plants. 

5.5.3. Endophyte effects 

• Endophyte presence reduced plant dry weight and tiller number per plant, while the 

percentages of leaf blade and dead tissue were affected differently depending on 
the endophyte strain. 

• NGR per til ler was higher in E+ plants. 

• The results related to plant water status did not show any endophyte effect. The 
cultivar x endophyte interaction was significant for llJ 0 and photosynthesis rate. 

• Plants infected with AR501 showed a higher b... 
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CHAPTER 6. GENERAL DISCUSSION OF WATER DEFICIT EXPERIMENTS 

This chapter provides a general d iscussion that relates the main findings of the 

three water deficit experiments carried out as part of this study. It is divided into 

three sections. The fi rst section deals with the responses to water deficit, the 

second compares the cultivars evaluated and the third refers to the endophyte 

effects and compares the strains studied. For brevity, experiments reported in 

Chapter 3, Chapter 4 and Chapter 5 are referred to as Experiment 1 ,  Experiment 

2 and Experiment 3 ,  respectively. The fol lowing table summarises the main 

characteristics of each experiment. 

Table 6.1 . Summary of details of the three water deficit experiments carried out. 

Site 

Experimental period 

Pots 

Number of plants per 
pot 

Cultivars: 
• Mediterranean 

Maris Kasba (MK) 
• Temperate 

El Palenque (EP) 
Grasslands Advance (GA) 

Water treatments 
• Water added daily 

(1 00% = field capacity) 

Endophyte 

Measurements 
• Plant mass 
• Root mass and length 
• Tiller number 
• RWC 
• tlJw,tlJo and tlJp 
• Stomatal resistance 
• Photosynthesis 
• Transpiration 
• 13C discrimination (b) 
• Tissue turnover 
• Sugars 

Experiment 1 

Massey University, 
Palmerston North, 
New Zealand 

1 2  days 

1 50mm diameter x 
1 m  

4 plants of the same 
cultivar 

.I 
.I 
.I 

Control: watered 
(1 00%) 

Stressed: unwatered 
(0%) 

Ni l  

.I 
.I 
.I 
.I 
.I 
.I 
.I 
.I 

Experiment 2 Experiment 3 

Unidad Integrada AgResearch, 
Balcarce INT A-FCA, Palmerston North, 
Argentina New Zealand 

26 days 46 days 

305 x 375 x 323 mm 1 50 x 1 50 x 1 40mm 

20 plants, 2 rows of 1 plant 
5 plants of each 
cultivar 

.I .I 
.I .I 

Control: 1 00% Control: 1 00% 
S1 : 80% S1 : 75% 
S2: 65% S2: 50% 
S3: 50% S3: 25% 

Ni l  N i l ,  AR501 , KY31 

.I .I 
.I .I 
.I .I 
.I .I 

.I 
.I 

.I .I 
.I .I 
.I 
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6.1 . Water deficit effects 

Morphological and physiological changes occur under water deficit that al low 

plants to diminish water loss and improve their water uptake. I n  this respect, 

morphological changes have been considered the most efficient means of 

conserving water (Passioura, 1 982) . The morphological changes observed here 

resulted in a decrease in the evaporative surface , primari ly by the death of leaves 
(Tables 3.2 and 5.2) and a sl ight decrease in ti l ler number (Tables 3.2,  4.2 and 

5.5).  These changes resulted in an increased root : shoot ratio (Table 3 . 1 3) ,  and 

indicated a greater negative effect of drought on shoot growth than on root growth , 

as has been reported earl ier (Sharp and Davies, 1 979 ; Ismail et al. , 1 994) .  Also 

leaf rol l ing was observed, which is a common phenomenon in tall fescue p lants 

(Arachevaleta et al. ,  1 989; White et al. , 1 992b; Elmi and West; 1 995) and results 

in the exposure of the abaxial side of the leaf with its lower stomatal density. 

Morphological changes in response to water l imitation were less pronounced 

in Experiment 2 than in Experiments 1 and 3 (Sections 3.4 . 1 , 4.4 . 1  and 5.4.2). The 

only statistically sign ificant difference (P<O.05) in Experiment 2 was a h igher 
percentage of sheath for the S3 treatment. Even so, it was possible visual ly to 

distinguish the gradient among the four levels of water availabil ity (Plate 4. 1 ) . The 

l imited morphological changes in this study could have been due to the different 
method of water deficit appl ication . For instance , it has been reported (Socias et 
al. , 1 997) that subterranean clover ( Trifolium subterraneum L.) leaves showed a 

higher water content and water potential under gradual soil water depletion 

(replacing only a fraction of the water evaporated ) than under rapid soil water 
depletion (withholding water completely) for a similar soil water availabi l ity. 
However, the method of reduced daily water appl ication resulted in more severe 

stress than in Experiment 2 when, in Experiment 3, the experimental period was 

prolonged, the daily amount of water given under the most severe treatment was 

reduced further and the pots were smaller (Table 6. 1 ) . 

It has been reported that reductions in pot size promoted a decrease in plant 

growth independently of the soi l  water availabil ity (Ismail et al. , 1 994) . While in 

water deficit treatments this finding was related to the lower volume of avai lable 

water in the smaller pots, it was suggested that in wet conditions root confinement 

would affect both root and shoot growth through a root signal , which appears to 

be independent of p lant nutrition , carbon or water status (Ismail et al. ,  1 994) . 

However, although ABA has been suggested as a potential root signal (Tumer, 
1 986; Quarrie, 1 989; Davies and Zhang, 1 991 ) ,  Ismail et al. ( 1 994) observed that 

changes in xylem ABA concentration were not related to pot size and they 
suggested that a reduction in the amount of cytokinins transported from roots to 
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shoots might have been involved. The effect of pot size also influenced the 6. and 

water use efficiency (WUE) of different genotypes in response to water deficit and 

the resu lts differed from those under natural soil conditions. Differences in soil bulk 

density were discarded as the cause of the disparity ( Ismail et al. , 1 994) . These 

findings emphasise the necessity of identifying experimental conditions that 

represent better the natural growing conditions if it is hoped to obtain results that 
wil l be reproduced in the field . 

In Experiment 1 it was observed that although total root mass was lower in 
Stressed plants (Table 3.5), their total root length was not different from Control 

plants (Table 3.6). In comparison with Control plants, Stressed plants tended to 

have a higher proportion of root mass and root length in the lowest stratum of the 
pots (Appendices 3.3 and 3.5). This indicates that water deficit p romoted the 

production of roots deep in the profile. Stressed plants also showed a higher mean 

root diameter and , consequently, a lower root surface area in the uppermost soil 

strata (Tables 3 .8  and 3. 1 1 ) .  Thicker roots can indicate l ignification and 

suberization (Cruz et al. , 1 992) . These two processes have been observed to take 

place under drought and high temperature conditions (Evans, 1 973) and it has 

been suggested that they are an important means to restrict the leakage of water 

from the roots as soil dries and to help the maintenance of the root turgor so that 

the root can reinitiate growth after the relief of the water deficit (Cruz et al. , 1 992). 

In agreement with other studies (Hsiao, 1 976; Davies and Zhang, 1 99 1 ) ,  plant 
growth decreased as the water deficit increased (Figures 4.4 and 5.5) .  In the three 
experiments Stressed plants showed lower RWC, l.IJ W ' l.IJ 0 '  l.IJ p and photosynthesis 

rate than Control plants (Tables 3 . 1 5, 4.3 to 4.6, 5.7 to 5 . 1 1 ) . The differences in 

RWC measured between experiments indicate again that in Experiment 2 plants 
were subjected to a less severe stress than in the other experiments. Osmotic 
adjustment, which is necessary to maintain the physiological plant processes 

(Turner, 1 986; Thomas, 1 987) and delay plant dehydration (Kramer and Boyer, 
1 995), was observed in Experiments 2 and 3, but was not observed in Stressed 

plants in Experiment 1 .  In Experiment 1 ,  since the l.IJ off) did not dimin ish in the 

Stressed treatment, the decrease in l.IJ 0 instead of being by solute accumulation ,  

could have been due merely to an increase of the solute concentration of  the 

vacuolar sap because of the lower RWC. 

As already mentioned , the carbon isotope composition of  plant tissue estimates 
the long term integration of a complex series of biochemical and physiological 
events (Brugnoli et al. , 1 988) . However, in the short term ,  when new growth has 

been l imited as a consequence of decreased soil moisture levels, the impact of the 

stress, wh ich cannot be detected in the leaf tissue as a whole, wou ld be detected 
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in carbohydrate fractions within leaves (Brugnoli et al. ,  1 988; Farquhar et al. , 

1 989) . This explains why in the present study the responses of 11 to the short term 
water deficits imposed were inconsistent when mature leaves were analysed 

(Tables 3.23 and 4.5), and showed only a non-significant trend consistent with the 

water deficit treatments applied, but sti l l  did not attain statistical sign ificance when 

elongating leaves were analysed (Table 5 . 1 2) .  

Because fructosyl sugars are present in species that tolerate desiccation and 

can alter vacuolar lV 0 through polymerization or breakdown, it has been suggested 

that they can contribute to osmotic adjustment (Pontis and del Campil l lo, 1 985) . 

In this study, however, neither the fructosyl sugar concentration nor the reducing 

sugar concentration contributed greatly to the osmotic adjustment of MK or EP 

(Tables 4.6 and 4.7). This suggests that these sugars were not d irectly involved 
in the decrease of the lV 0 under lower avai labil ities of soil water. Spollen and 

Nelson ( 1 994) also concluded that fructosyl sugars were not involved directly in 

osmotic adjustment of tall fescue. 

6.2. Mediterranean and temperate cultivars 

The Mediterranean cultivar MK differed from the temperate cultivars studied 
morphological ly and physiologically. MK plants were smaller (Tables 3 . 1 , 3.2, 4.2 

and 5 .2) , tended to have a higher t i l ler number (Tables 3.2 and 5 .5) and had a 

higher root : shoot ratio (Table 3 . 1 3) than EP. The latter characteristic wou ld give 
the p lant an advantage under water deficit conditions considering that a relatively 

high proportion of roots could assist the plant in the uptake of water to satisfy the 
evaporative requirement (Passioura, 1 982) . A higher root : shoot ratio for 

Mediterranean grasses than north European ones, under high temperatures, has 
been observed previously and it has been l inked with carbohydrate accumulation 
and the summer drought survival strategy of Mediterranean populations (Eagles, 
1 967a) . However, this advantage was evident only when MK plants were growing 

in a situation where the volume of soil avai lable was not l imiting and no other 
plants were depleting the water available. For instance, in Experiment 1 , where MK 

plants were grown in isolation in  long pipes simulating a deep soil profi le, they 
showed a lower percentage of dead tissue and a higher percentage of leaf blade 

(Table 3.2) than GA and EP plants. But, under the conditions of Experiment 2, 
where MK plants and EP plants were grown together, MK plants showed a lower 

proportion of leaf and h igher percentages of sheath and dead tissue than EP 
plants (Table 4.2) indicating the adverse competitive effect , not only for water but 
also for nutrients and l ight, of the bigger EP plants on MK. Thomas and Evans 
( 1 990) also observed a competitive disadvantage for a hybrid ryegrass when 
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growing in a similar altemating pattem with its parental l ines, compared with when 

growing in monoculture in pots or field plots. 

In Experiment 3 ,  although single MK plants were grown, the small pot size 

l imited the amount of water available and MK showed a lower percentage of leaf 

(Table 5.2) and a proportionally higher increase in dead tissue percentage than EP 

as water deficit increased (Table 5.3). In  Experiments 2 and 3 it appears that the 

physiological adaptations of EP are more able to confer competitive advantage 

than the morphological adaptations of MK. 

The h igher root : shoot ratio in MK, probably involves a h igh cost of 

maintenance because of the associated h igher root respiration and, consequently, 

a lower water use efficiency. This attribute could therefore be a negative trait under 

conditions of ample water supply. MK roots were also thicker than GA or EP roots 

(Table 3.8) .  This characteristic could give an advantage to MK plants under water 
deficit because, according to Evans ( 1 973) the plant water uptake under drought 

appears to occur primarily in the thickest roots. In addition, the turnover rate of 
thick roots may be lower than the turnover rate of thin roots (Fitter, 1 996) , and 

consequently, MK plants might counterbalance the h igher cost of maintenance 

respiration of their relatively large root system with a lower cost of root tu rnover. 

Overal l ,  EP plants had a higher root weight and length in the lowest stratum 

than the other cultivars (Tables 3.5 and 3.6). However, under water deficit it was 

observed that the percentage of total root OM below 300 mm tended to increase 
in MK and GA plants, and tended to diminish in EP plants (Appendix 3.4). On the 

other hand, the percentage of root length in the stratum considered did not change 
in Stressed-EP plants (Appendix 3.7), suggesting that under water deficit the 
deepest roots of EP p lants became thinner and , consequently would have had a 

higher surface area per unit mass than those of the other cultivars. 

In general, the water relations of both the Mediterranean cultivar, MK, and the 
temperate cu ltivar, EP, were similarly affected by water deficit. This was shown by 

the relationships between lV w and its components with RWC, for which no 

differences between cultivars were found within the common RWC range (Fig. 
5 . 1 4) .  However, MK was able to maintain a better water status than EP and GA 
when growing alone (Experiments 1 and 3), probably because its smal ler plant 

size contributed to a slower depletion of available soil moisture (Table 5 . 1 ) .  

On the other hand, EP had greater osmotic adjustment than M K  (Table 4.4 and 
Fig. 5 . 1 1 ) . Although some doubts have been expressed in relation to the 

correlations between bulk tissue osmotic potential and growth and survival during 
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drought (Thomas and Evans, 1 991 ) ,  the greater osmotic adjustment showed by 
EP is a valuable characteristic, considering that the maintenance of a high lV p has 

been proposed as vital for short-term p lant productivity (Passioura, 1 982) . For 

instance, in Experiment 3, while the RGR was similar for both cultivars under 

Control and S1 water treatments, EP plants were able to maintain a higher RGR 

than MK plants under S2 and S3 water treatments (Section 5 .4.3). The lower RGR 

for MK plants was due to a greater decrease in GGR and a higher increase in SR 

compared with EP p lants in  response to  increasing water deficit. 

In the three experiments MK stomatal resistance was lower than for the 

temperate cultivars. This was found both when stomatal resistance measured 
directly in Experiments 1 and 3 (Tables 3.20 and 5. 1 1 )  and when estimated 

indirectly from 13C discrimination (Tables 3.24, 4.5 and 5 . 1 2) .  The intraspecific 
genetic variation in fl has been suggested as a criterion for selection in C3 
breeding programmes (Brugnoli et al. ,  1 988) . For example, a positive relationship 

between yield and fl has been reported for wel l-watered wheat genotypes (Con don 

et al. , 1 987) . However, in this study it was also observed that the extent of MK 

stomatal adjustment in response to changes in soil water availabil ity was less than 

for the other cultivars (Table 3.2 1 ) .  If the latter is a characteristic of the 

Mediterranean cultivar, then the lack of stomatal closure could be advantageous 

under short periods of drought, because the plant wou ld be able to maintain high 
rates of photosynthesis even under water deficit (Passioura, 1 982) .  However, in 
prolonged periods of drought, such a plant wil l  be unable to control water loss, with 

risk of dehydration and death. 

A d istinctive difference found between cultivars was the greater reducing and 

fructosyl sugar concentrations shown by EP plants compared with MK plants 

(Table 4.6). This finding is even more interesting since EP  plants also showed a 

higher growth rate. Under these circumstances, a lower proportion of sugars 
available for fructosyl sugar synthesis would have been expected (Eagles, 1 967b; 

Thomas, 1 990) . 

The results of this study agree with Morgan ( 1 964) in that the cultivars have 
adapted to the cl imatic conditions of their respective regions of origin.  In this way, 
under the high temperatures registered in these experiments (Figures 4.2 and 5.2) ,  
the cultivar of temperate origin,  EP,  has shown higher growth rates than the 
Mediterranean cu ltivar, MK (Figures 4.3 and 5 .5) .  This is because popu lations 
from cl imates characterised by cold winters have been adapted to resist frost in 
a relatively less active form, while Mediterranean populations, on the other hand, 

have been adapted to grow vigorously in the winter rainy season and to become 

relatively dormant in the dry summer. Resu lts obtained in Canberra in the field 



1 38 

(Neal-Smith and Wright, 1 969) suggested that favourable soi l moisture content 
was needed for Mediterranean tall fescues to express their winter growth potential , 

but also that despite their growth being highly depressed during drought in 
comparison with a temperate l ine, Mediterranean l ines showed a lower t i l ler loss. 

The results of the present experiments indicate that MK has a morphology that 

would al low the plant to postpone water deficit. However, when the soil moisture 

is low, its stomata do not respond to the same extent as the temperate cu ltivars 
and, it appears that abil ity for osmotic adjustment is also less in MK. Because of 

these features, while MK can be expected to withstand short periods of d rought 

successfully, it seems doubtful that it wil l persist under prolonged periods of water 
shortage. However, it is worth noting that in Balcarce, MK swards affected by a 

severe drought in 1 995 (e.g. total rainfall from May to September less than 50 

mm), did not visually appear to have been more affected than EP swards. This 
seems consistent with results of Experiment 1 .  For these reasons, it would be 

desirable that future experiments measure the osmotic adjustment of meristematic 

tissues, include a recovery phase after drought, be carried out under field 

conditions or at least in pipes, simulating a deeper soil profile than that available 

in pots and at lower temperatures than those recorded in the glasshouses 
employed here. 

In France, a hybrid between European and Mediterranean tall fescues has been 
successfully obtained 1 •  This hybrid has the increased winter production of the 

Mediterranean parent line and the summer production of the European l ine. 
Consequently, there is l ikely to be interest in attempting to develop a hybrid 
between MK and EP for the Pampa region. It is known that these cultivars are wel l  
adapted to the prevail ing environmental conditions of the area (Mazzanti and 

Arosteguy, 1 985) . A hybrid plant is l ikely to have a more stable seasonal 
production and an improved drought tolerance. However, the present findings that 
both tall fescue cultivars have different drought strategies raises questions of how 

these two strategies might be best combined in a hybrid, and whether selection for 

a particular strategy would be feasible. 

6.3. Endophyte effects 

The resu lts of this study confirmed previous experimental evidence that the 

endophyte effect is highly variable and depends on both , the plant genotype 

(Belesky et al. , 1 989, De Battista et al. ,  1 990, Malinowski et al. , 1 998) , and the 

endophyte strain (De Battista et al. , 1 990; Richardson et al. , 1 990) . In contrast with 
the results of Latch et al. ( 1 985) in ryegrass, in this experiment E- plants showed 

1 Personal communication Dr  L. Hazard, INRA, Lusignan, France. 
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a higher dry weight and ti l ler number per plant than E+ plants (Tables 5.2 and 5.5) .  
A decrease in til lering rate in E+ tall fescue plants has also been reported by 

Maclean et al. ( 1 993) . Furthermore, Hi l l  et al. ( 1 990) suggested that the ti l le ring 

rate would be stimulated or inhibited depending on the amount of IAA produced 

by the endophyte and that this effect could also be modified by the plant genotype. 

The results of this experiment however, contrast with findings of Hume et al. 

( 1 993) .  In that experiment there was no endophyte effect on ti l lering rate (Table 
5.5 . ) .  So the suggestion by Hume et al. ( 1 993) that artificial infection may be the 

factor modifying plant-endophyte interaction does not appear to be supported .  

Although E+  plants showed a lower p lant dry weight (Table 5 .2), their growth 

rate during the appl ication of the water treatments was h igher than the growth rate 

of E- plants (Fig. 5.9). This finding suggests that E- p lants had a higher growth rate 

during the pre-experimental period, this effect being reversed once the water 

deficit treatments were applied. However, a different result was obtained by West 

et al. ( 1 993) who found that although E+ plants had a better recovery after drought 

stress was al leviated, they ceased growth at the same time as E- plants at the 

onset of drought conditions. The maintenance of growth under stress shown by E+ 

plants in this experiment could result in an advantage to short-term productivity, 
but it could equally have adverse consequences for plant persistence in prolonged 
drought because a plant with a greater evaporative surface will be more 
susceptible under a long-term stress situation, or a succession of soil water deficit 
events (Belesky et al. ,  1 989). 

I nterestingly, the interactions between the endophytes and cultivars, that were 
observed both in the univariate and in the multivariate analysis, indicate that 

endophyte effects on plant physiology appeared to differ between cultivars. For 

instance, KY31 tended to decrease plant GGR in MK and to increase it in EP,  
whi le AR501 tended to increase GGR in both cultivars (Fig. 5 . 1 0) .  However, no 

significant differences were found within each cultivar for the endophyte effect on 
GGR per plant (Fig. 5. 1 O). Simi larly, Eerens et al. ( 1 993) , for ryegrass, observed 

that the effect of the endophyte on leaf extension was variable. In addition, KY31 

tended to decrease lVo for MK but increase it for EP,  while AR501 had the 
opposite effect. Decreased lVo (MK-KY31 and EP-AR501 , Fig. 5 . 1 2) is probably 

due to increase in photosynthesis rate in these combinations (Appendix 5.3) .  
Endophyte-free plants always showed an intermediate value in comparison with 

E+ p lants for both lV 0 and photosynthesis rate . Because of the previous interaction 
these results contrast with the findings of Hill et al. ( 1 996) who found no endophyte 
effect on lV 0 in tal l fescue, but they agree with Elmi et al. ( 1 990) , Elmi and West 

( 1 995) and Maclean et al. ( 1 993) . In addition, the finding of Richardson et al. 
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( 1 990) , that the endophyte effect on photosynthesis was grass genotype specific, 
was confirmed. 

Because of the distinctive response of each endophyte-grass genotype 

combination , these results confirm the earlier suggestion that the endophyte 

presence in a mixed population increases the phenotypic expression without 

increasing genetic variabil ity (Hi l l  et al. ,  1 990) , and would confer the tall 

fescue-endophyte association an increased plasticity and adaptabil ity (Bacon,  

1 994) . Both endophytes studied tended to increase the GGR of EP plants, and 
thus increased short-term productivity, while at the same time, possibly 

jeopardising persistence, if the water deficit period were prolonged (Belesky et 

al. , 1 989) . However, the MK-KY31 and EP-AR501 combinations have shown a 

trend to increase photosynthesis rate (Appendix 5 .3) and to promote osmotic 

adjustment (Fig. 5 . 1 2) ,  which could be of vital importance for t i l ler survival during 
water deficit (Elmi and West, 1 995) , specially when osmotic adjustment takes 

place in the meristematic and elongating leaf tissues (West et al. , 1 990; West and 

Gwinn, 1 993) . 
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CHAPTER 7. WINTER PASTURE GROWTH AN D ANIMAL PRODUCTION 

FROM MARIS KASBA AN D EL PALENQUE TALL FESCUES IN 

R ESPONSE TO NITROGEN FERTILISATION U NDER GRAZING 

7.1 . Introduction 

As noted in Section 2.2 ,  tal l fescue is the most important perennial cool season grass in 

Argentina (Gonzales and Gardner, 1 977; Mazzanti and Arosteguy, 1 985). Because of 

seasonal differences in growth patterns of Mediterranean and Temperate tall fescues, their 

complementary use in temperate animal production systems might improve continuity of 
seasonal forage supply (Mazzanti and Arosteguy, 1 985; Mazzanti et al. ,  1 985) . 

Mediterranean cultivars would compensate the low winter productivity of the temperate 

cultivars, while the opposite would occur in summer. 

Pasture growth in winter is of particular interest since alternative strategies for producing 

additional feed are expensive and involve risk. In the SE of Buenos Aires Province, 

Argentina, water availability during autumn and winter is not normally l imiting, however, low 

soil n itrate levels have been found (Navarro, 1 966) . These N levels have resulted in 
reduced forage production (Femandez Grecco et al. ,  1 995; Marino et al. , 1 995) . 
Consequently, there is industry interest in evaluating the extent to which both winter 
pasture production and animal production could be improved through the use of a 

Mediterranean cu ltivar such as Maris Kasba instead of temperate cultivars such as El  
Palenque, and also in knowing the response to N if a Mediterranean cultivar were used in 
this way. 

7.2. Objective 

The objective was to compare the herbage growth and animal production of two 
endophyte-free tall fescue swards with contrasting seasonal growth, maintained at the same 
leaf area index (LAI), and their response to N ferti lisation under grazing conditions during the 
winter-early spring. 
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7.3. Materials and Methods 

7.3.1 . Experimental site 

The experiment was carried out from the end of April to October 1 996 at Unidad Integrada 
Balcarce INTA-FCA, Argentina (37' 45' S : 58° 1 8' W), altitude approximately 1 30 m. Mean 

maximum/minimum temperatures (1 968-1 995) were 27. 1 °C/1 3.2 °C in January and 

1 2. 1  °C/2.9 °C in July. Lowest recorded temperature (1 968-1 995) is -5.7 QC. The mean frost 

free period (1 971- 1 990) was 231 days and the minimum 1 66 days. The soil at the site was a 

Typic Natraquoll (Buol et al. , 1 989; Soriano et al. , 1 992) . 

7.3.2. Experimental design 

The experimental design was a completely randomised factorial arrangement of two cultivars 
and two levels of N with two replicates. Swards of Maris Kasba (MK) and El Palenque (EP) tall 

fescue were established in 1 982. The two levels of N fertilisation were: 0 kg N ha-1 (NO) and 

1 00 kg N ha-1 (N1 00) applied as urea. The SAS General Linear Models (GLM) procedure was 

used for statistical analysis and the SAS REG procedure used to fit linear regressions. 
Repeated measures analyses were periormed for variables measured repeatedly on the same 

experimental unit. Percentages were arcsin square root transformed for statistical analysis. 
Means were separated using the LSD (Steel and T orrie, 1 980) at 5 % significance level .  

7.3.3. Experimental procedure 

The experimental management schedule and periods of measurements are shown in Fig. 7.1 . 

The swards were mown at a uniform height in March 1 996. Half of the N fertiliser was applied 
on 6 May and the remaining N on 4 July. Thirty kilograms P per hectare were applied as 

superphosphate on 25 April . Weeds were controlled with methyl metsulfuron mixed with 
Dicamba (Misil ; 60 % d.f.l48 % s.c.; Sandoz-Agar Cross) applied in doses of 1 00 ml of 
commercial product per ha on 1 0  and 29 April. Radiation and mean air temperature at 1 .2 m 
height and at ground level were recorded from 1 0  May to 14  October using a data logger (LI-

1 200 Minimum Data Set, LI-COR, Lincoln, Nebraska) placed at Balcarce Unidad Integrada 

INTA-FCA at approximately 5 km from the experimental site (Fig. 7.2). Monthly rainfall ,  from 
April of October 1 996, was lower than the average (1 986-95) only in May, and was particularly 
high during August and October (Fig. 7.3). Views of the experiment on 4 July and 8 October 
are shown in Plate 7. 1 a and 7. 1 b, respectively. 
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The paddocks, of approximately 1 .5 ha each, were continuously grazed by growing 
Aberdeen Angus steers (1 61 ±1 6 kg initial weight) and maintained at a uniform LAI by 'put and 

take' grazing. Because of the greater sward height of MK, plots were grazed from 1 6  July while 

EP plots were grazed from 1 2  August. 
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a b 

c d 

Plate 7.1 . Views of the grazing experiment on 4 July (a) and 8 October (b) , 

respectively. In (a) the greener stripe visible is a paddock that had 
received N on 6 May. Plate (c) shows technicians taking root samples 

with a corer of 5 cm intemal diameter and (d) a close-up view of a sand­
filled core marked with a red ring. 
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• Sward characteristics 

Herbage mass was measured by ten 300 x 1 50 mm quadrats per plot cut to ground 

level using hand-held electric shears on 6 May, 4 July, 1 4  August, 4 September and 
1 October. The samples were separated in the laboratory into tall fescue, other grass 
species, lotus (Lotus tenuis L.) , weeds and dead material. The number of tillers of tall 

fescue was counted and all components were oven dried and weighed (dry weight, 

OW).  The green tall fescue fraction was ground and N analysed by a micro Kjeldahl 
N method, and in vitro digestibility (Tilley and Terry, 1 963) determined. 

• Leaf area index measurement 

To determine LAI fifty sward height measurements per paddock were taken 

approximately every 1 0  days from 4 July to 4 October using a graduated stick on 

which a 2 x 1 cm clear window was lowered until it touched a green leaf (Bircham, 

1 981 ; Barthram, 1 986). The relationship between sward height and LAI was 

established for four dates: 4 July, 1 4  August, 4 September and 1 October. Three 
height measurements were taken in each of the quad rats used for herbage mass and 

tiller number determinations. Other samples of around 300 g fresh weight (FW) per 

plot were collected, thoroughly mixed in the laboratory and a subsample was 

separated into sheath, folded green laminae and unfolded green laminae. Leaf area 
of the unfolded green laminae was measured using a U-31 00 area meter to estimate 

the specific leaf area (cm2 g-l leaf OM). Fractions were oven dried and the proportion 

of each fraction calculated. The values obtained were used to estimate quadrats LAI. 

A multiple regression between the average height of each quad rat and LAI was 
calculated taking into account cultivars, N treatments and month of measurement 

(Appendix 7. 1 ) . Plot LAI was calculated using the multiple regression equation above 
and mean plot heights. 

• Root mass 

Root mass (organic matter, OM) was measured twice, once on 30 Apri l ,  before N 

fertiliser application, and again on 8 October. A 50 mm internal diameter corer and 1 
m length was used (Plate 5 . 1  c) to sample five soil cores per paddock to 400 mm 

depth (7.9 x 1 0-4 m3). The soil cores were washed on a 1 mm mesh and the root 
organic matter determined as described in Chapter 3. No attempt was made to 
distinguish between live and dead roots. 

Sand-fi l led cores were installed in the holes created by the extraction of the soil 

cores taken before fertiliser application (Plate 5. 1 d). These were to provide a 
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comparative measure of the new root formation. On 8 October, sand cores were 

removed, washed and root mass determined as above. 

• Tissue turnover measurements 

During two experimental periods, P1 from 1 6  August to 3 September and P2 from 

6 to 24 September, the following measurements were carried out. 

Tissue tumover measurements were made on 1 00 tagged tillers per paddock at 

the beginning of the experimental periods. The method was adapted from those 

described by Davies ( 1 993) and Mazzanti et al. (1 994). Tillers were labelled with 

coloured fine plastic-coated wire rings. To keep the wire ring in position, one end of 

the wire was rolled onto an 80 mm length nail buried in the soil at approximately 5 cm 

from the til ler. Labelled tillers were grouped in series of ten equally spaced along a 

2 m transect. Ten transects per paddock were randomly allocated. 

Leaf elongation rate (LER) and leaf senescence rate (LSR) were estimated as 

described in Chapters 4 and 5. The persistence of necrotic tissue at the extremity of 

the leaf indicated that no defoliation had taken place. A small cut made with the ruler 
tip at the leaf tip of defoliated leaves allowed the identification of the occurrence of any 

subsequent defoliation. Leaf consumption rate (LCR) was estimated separately on 
mature leaves and on the youngest leaf (i.e. expanding leaf). The reduction in the 

length of mature leaves was directly attributed to animal consumption. The mean LER, 
estimated on the population of tillers for which the expanding leaf had not been 
defoliated during the measurement interval, was added to the change in length 

recorded on defoliated expanding leaves in order to achieve an indirect estimate of 
the contribution of this category of leaves to animal consumption. This estimate is 

considered a relatively unbiased one if it can be assumed that a single defoliation 
does not immediately or significantly modify the instantaneous LER (Arosteguy 1 982) 

and that a small proportion of labelled tillers have their unexpanded leaves defoliated 
during the measurement interval. The LER, LSR and LCR expressed in mm tiller1 
day-1 were calculated for each measurement interval and were converted to gross 

growth rate (GGR), senescence rate (SR) and consumption rate (CR) expressed in 
mg OM til ler1 day-1 using the average dry weight per unit of leaf length. The latter 

value was estimated for each cultivar-N combination from 1 50 tillers removed from 

each paddock at the beginning and end of each measurement period. Tissue fluxes 

were expressed in terms of kg DM ha-1 day-1 using the tiller density data. Defoliation 

Intensity of grazed leaves of each leaf age category was calculated as the ratio 

between leaf length removed by a single defoliation and leaf length before the 

defoliation , expressed as percentage. Tiller defoliation frequency was calculated as 
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the ratio between the number of defoliation events and total number of tiller-days. 

Defoliation interval was estimated as the inverse of the defoliation frequency. 

• Site usage 

Number of developed tillers were recorded by nodal position (Matthew et al. , 1 998) 

on fifteen mature tillers at approximately monthly intervals from 27 May to 1 7  
September. A binocular dissecting microscope at 1 5x magnification was used. The 

reference point for numbering of nodes was the first fully expanded leaf, the pOint of 

attachment of this leaf being considered as node zero, with counting proceeding in a 
basipetal direction. Only nodes numbered one to six were examined. In this 

experiment, results are presented as an average for six sites on the til ler and were 

calculated using the formula: 

Pt =�� nl / 6T 

where nt is the total number of each nodal position that bear a til ler and T is the total 

number of tillers examined. Since nodal probabil ity as defined by Matthew et al. ( 1 998) 

refers to a single site it is probably more correct to term this data 'site usage'. The term 
site usage as defined by Skinner and Nelson (1 992) involves the average of all sites 

on a tiller hierarchy over a period of time. 

• Animal measurements 

Animals were weighed unfasted on 1 6  July, 1 2  August, 1 1  September and 4 October. 

Only animals that stayed in the plots for the whole period were considered for daily 

l ive weight gain calculations. Beef production per ha was calculated from live weight 
gain (kg LW d-1) and stocking rate (animal ha-1) data. 

7.4. Results and discussion 

7.4.1 . Sward characteristics 

• LAI 

One objective of the present experiment was to maintain the sward at uniform LAI by 

adjusting the stocking rate. Although the working LAI was expected to be 

approximately 2, this value of LAI was not reached, probably due to a low tiller 
number, the LAI target was lowered to 1 -1 .5. 
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MK had higher values of LAI than EP throughout the experiment with the 
difference being significant (P<0.05) up to 4 August (Fig. 7.4a). Similarly, N 1 00 plots 

had h igher LAI than NO plots, the difference being significant (P<0.05) up to 4 August 

(Fig. 7.4) . N-induced differences in LAI tended to be higher for MK than EP with the 

interaction being significant (P<0.05) on 4 July and 1 6  July (Fig. 7.5). 
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When all measurement dates were analysed together, MK had higher LAI than 
EP (P<O.05). On the other hand, the contrasts between successive measurement 

dates showed that the overall LAI mean significantly increased (P<O.05) between 26 

July and 4 August, and significantly decreased (P<O.05) between 25 September and 
4 October. 

It is worth noting that since the swards had been exposed to comparable previous 

grazing managements, and then cut to a similar height at the beginning of autumn, the 
differences in LAI observed between cultivars and N treatments in July confirmed the 
higher winter growth potential of the Mediterranean cultivar (Mazzanti and Arosteguy, 

1 985, Duhalde and Fo�an, 1 986) and the increased winter herbage production in 

response to N application in the SE of Buenos Aires Province (Femandez Grecco et 
al. ,  1 995; Marino et al. ,  1 995) 
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• Herbage mass 

Tall fescue herbage mass, of green and dead material, from May to October is shown 

in Tables 7. 1 and 7.2, respectively. The herbage mass of other grasses, Lotus spp. 

and weeds is shown in Appendix 7.2. The combined contribution of the latter species 

to the sward dry matter was less than 1 0  % and diminished with time (P<0.05). In 

addition, no differences were found between cultivars, N treatment or interactions for 

herbage mass of any of these sward components in any of the measurement dates 

considered. The contrast tests between successive measurement dates indicated that 

the overall mean for weed herbage mass diminished significantly from July to August 

(P<0.05). 

Tall fescue green dry mass was higher for MK during July and August (P<0.05, 

Table 7. 1 ) .  No differences were found (P>0.05) between N treatments northe cultivar 
x N interaction for the months in which measurements were made. On the other hand, 

when a repeated measures analysis was carried out, a significant N x month 
interaction was found (P<0.05). This was because the May sampling was done the 

same day as application of N fertil iser and no difference between N treatments was 

found, whereas after July, the N 1  00 treatment tended to have a higher herbage mass 

than NO (Table 7. 1 ) . There was also a significant month x cultivar interaction (P<0.05). 

No differences in green dry mass were found in May, while MK showed a higher green 
dry mass than EP in July (P<0.05, Table 7. 1 ) , again indicating the higher winter 
growth rate of MK than EP. In addition, overal l  green dry mass mean declined 

between September and October (P<0.05) as a consequence of a high actual 
efficiency of herbage use and a negative balance between net growth and 
consumption (Section 7.4.3.4). 

The mass of dead tall fescue in the swards is shown in Table 7.2. The only 
significant difference was found in October, when NO swards had a higher dead 
herbage mass than N 1 00 swards. When data for the five months were analysed 

together in a repeated measures analysis, the month effect and the month x cultivar 
and month x cultivarx N interactions were significant (P<0.05). These results reflected 
a decrease of dead tal l  fescue material with time, this decrease being more 
pronounced in MK and in the N 1 00 treatment. 



1 53 

Table 7.1 . Tall fescue green dry mass (kg OM ha-1 ) for MK and EP cultivars and two 

N treatments (NO = 0 kg N ha-1 and N 1 00 = 1 00 kg N ha-1) from May to 

October. 

Green material (kg OM ha -1 ) 

Date MK EP NO N100 s.e.' Interaction (P =) 

6 May 1 083 1 1 55 1 1 43 1 094 1 34 0.773 

4 July 1 41 8  a 2 891 b 1 1 57 1 1 51 23 0.843 

14  August 1 323 a 881 b 1 070 1 1 34 1 08 0.972 

4 September 1 51 5  1 1 37 1 1 89 1 463 1 50 0.335 

1 October 1 1 49 1 022 1 052 1 1 20 1 1 8 0.800 

, Standard error. 
2 Means fol lowed by different letters differ significantly at P<0.05. 

Table 7.2. Dead herbage mass (kg OM ha-1) for MK and EP cultivars and two N 

treatments (NO = 0 kg N ha-1 and N 1 00 = 1 00 kg N ha-1) from May to 

October. 

Dead material (kg OM ha-1 ) 

Date MK EP NO N100 s.e.' Interaction (P=) 

6 May 21 1 3  1 293 1 71 8  1 688 31 5 0.466 

4 July 1 61 9  1 398 1 446 1 572 70 0.942 

14  August 1 490 1 446 1 701 1 235 1 22 0.577 

4 September 1 449 1 1 03 1 262 1 290 1 1 7 0.950 

1 October 1 344 1 347 1 540 a 2 1 1 51 b 81 0.078 

, Standard error. 
2 Means followed by different letters differ Significantly at P<0.05. 
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• Til ler density 

Tiller density was higher for MK than EP in July, August and October (P<0.05) but no 

N effect on tiller density was found (P>0.05) in any month (Table 7.3). In addition, the 
cultivar x N interaction was not significant (P>0.05) indicating that tiller density in both 

cultivars responded similarly to N application. When data for each month were 

considered together in a repeated measures analysis, the month effect and the month 

x cultivar and month x cultivar x N interactions were significant (P<0.05). 

Table 7.3 shows that there was an increase in tiller density from May to September 

followed by a slight decrease from September to October. The month x cultivar 
interaction reflected a greater rise in til ler density between May and August for MK 

than EP (P>0.05, Table 7.3). Finally, the three-way interaction arose because tiller 

density for EP-NO decreased from May to July, while afterwards, this treatment 

followed the general trend showed by the other cultivar-N combinations (Fig. 7.6). In 
addition, the increase in tiller density until August seemed higher in the N 1 00 

treatment than in NO (Fig. 7.6). The interaction between month and N was Significant 

at P<0. 1 0, because in May, N 1 00 had a lower tiller density than NO, while the opposite 

occurred after July, but as noted above, the differences between treatments were not 
significant for any month (P>0.05). However, there was a difference in overall tiller 

density between July and August (P<0.05). 

Table 7.3. Tiller density for MK and EP cultivars and two N treatments (NO = 0 kg N 
ha-1 and N 1 00 = 1 00 kg N ha-1) from May to October. 

Tiller density (tillers m-2 ) 

Date MK EP NO N100 s.e.1 Interaction (P=) 

6 May 3452 2737 3381 2808 333 0.343 

4 July 4260 a2 2687 b 3308 3639 1 48 0.934 

14 August 5022 a 3098 b 3661 4459 350 0.807 

4 September 531 3 3899 4223 4988 400 0.976 

1 October 471 1 a 361 2  b 3873 4450 285 0.515 

1 Standard error. 
2 Means followed by different letters differ significantly at P<0.05. 
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The differences observed between cultivars support the results obtained in 

Balcarce by Mazzanti et al. ( 1 985) who found higher ti ller density for MK than EP from 
January to September. These authors also observed greater tiller density response 

to N in winter in MK than in EP evidenced by a 30 % increase in winter tiller density 
in MK swards that had received two applications of 50 kg N ha-1 in the previous spring 

and autumn while no response was observed in EP. In the current experiment, 
however, only a trend for a higher increase in MK-N1 00 tiller density from May to 

August compared with EP-N1 00 (Fig. 7.6) could be observed. Tiller density in the 

N 1 00 treatment tended to be higher than in NO, and this was also expected due to the 

relatively low LAI of the swards (Simon and Lemaire, 1 987; Mazzanti and Lemaire, 
1 994). 
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7.4.2. Root mass 

The root mass before N application was significantly higher for MK (P<0.05) with no 
differences between N treatments (P>0.05, Table 7.4) . The same results were 

observed in October for the soil core samples and, interestingly, no significant effect 

of N fertiliser was observed (Table 7.4). When both sampling dates were analysed 

together, a significant effect of sampling dates was found (P<0.05) as a consequence 

of the increased root mass harvested at the October sampling. 

Root mass recovered from sand cores, which provided an estimate of the amount 

of root growth during the period considered (i.e. from 30 April to 8 October) , also 

indicated a higher root production for MK, and again no N effects were found (Table 

7.4). 

October root mass data and root mass from sand cores were first analysed using 

April root mass as a covariate. However, as the covariate was not statistically 

significant (P>0.05) it was omitted in the final analysis. 

Table 7.4. Root mass (g OM m·2) to 400 mm depth for MK and EP cultivars and two 
N treatments (NO = 0 kg N ha-1 and N 1 00 = 1 00 kg N ha-1) for 30 April and 

8 October soil cores and for 8 October sand cores. 

Root mass (g OM m-2) 

MK EP NO N100 s.e.1 Interaction (P =) 

30 April Soil 497 a2 259 b 363 393 36 0.75 

8 October Soil 823 a 470 b 598 695 69 0.95 

8 October Sand 273 a 1 60 b 21 0 223 24 0.29 

1 Standard error. 
2 Means followed by different letters differ significantly at P<0.05. 

Since root mass and tiller density are expected to be correlated (Deinum, 1 985), 
the higher root mass of MK could be partially explained by its higher tiller number 
density (Table 7.3) . 

Conflicting results have been published on the effect of N on root weight 
(Schuurman and Knot, 1 974). For instance, while Oswalt et al. ( 1 959) found that root 
weight of bromegrass decreased in response to increased N availabi lity, Schuurman 

and Knot, (1 974) found the opposite in Italian ryegrass. ln the present experiment no 

effects of N on root mass were found (P>0.05, Table 7.4). 
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On the other hand, there is general agreement that N decreases root growth in 

relation to shoot growth, often as a consequence of a greater increase in shoot growth 

with respect to root growth (Davidson, 1 969; Troughton, 1 977; Hilbert, 1 990 ; Belanger 
et al. ,  1 992b). This agrees with Brouwer (1 983), who affinned that root growth is 

favoured when overall growth is limited by supply of a substance to be absorbed by 

the roots. Similarly, in the present experiment a higher shoot growth in response to N 

was found. This result was observed both directly, from the tissue turnover data, and 

indirectly through the higher stocking rates necessary to maintain similar LAI between 

N treatments (see Sections 7.4.3.2 and 7.4.S) . This higher shoot growth and the lack 

of significant differences in root mass between N treatments, suggests that shoot 

growth was proportionally higher than root growth in N1 00 swards. 

7.4.3. Tissue turnover 

7.4.3.1 . Plant characteristics 

• Leaves per tiller 

The mean number of leaves per tiller ranged between 2.8 and 3.S (Table 7.S). These 

figures are slightly higher than 2.S, a value commonly quoted in the literature as 

characteristic for tall fescue (Lemaire and Chapman, 1 996). In the first period, the 

average number of leaves per plant was similar for all cultivars and N treatments 

(Table 7.S). In the second period, however, NO plants had a significantly higher 

number of leaves per plant (P<O.OS, Table 7.S). When both periods were analysed 

together the plants had a lower number of leaves during the second period (P<O.OS). 

• Leaf length 

The lengths of individual leaves, classified by position on the tiller, and the average 

mean leaf lengths are shown in Table 7.5. Leaf age increases from leaf 1 to leaf 6. No 

significant effects were found for the first three leaves within a measurement period 
(P>O.OS). However, when periods were analysed together the length of leaves 2 and 

3 decreased significantly with time(P<O.OS, Table 7.S) . The period x N interaction was 

significant (P<0.05) for all the first three leaf categories because, during the first 

period, leaves in N 1 00 swards were longer than leaves in NO, while the opposite was 
observed in the second period (Table 7.S). This result is consistent with the higher 

increase in stocking rate in N1 00 swards from the first to the second period than in NO 

(Table 7. 1 1 ) .  
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In both periods MK had a longer leaf 4 than EP (Table 7.5). For leaf 5, the cultivar 

x N interaction treatment was significant (P<0.05, Table 7.6) in the first period. That 

was because MK plants had longer leaves under N 1 00 swards than in NO swards, 

while the opposite was true for EP plants. A significant effect of period for leaves 4 

and 5 was found (P<0.05) because, as with leaves 2 and 3, leaves 4 and 5 were 

shorter in the second period. 

Tillers with 6 leaves were found only in EP (both periods) and only in the N 1 00 

treatment in the second period. This variable was therefore not analysed statistically 

but the corresponding treatment means are shown in Table 7.5. 

The average leaf length was similar between cultivars and N treatments in both 

periods. However, as this variable reflects the general trend of the individual leaves, 

the average leaf length was found to be shorter (P<0.05) during the second period. 

This resu lt can be explained by the higher rates of consumption per hectare estimated 

during the second period (Table 7. 1 0) ,  with a consequent negative balance between 

growth and consumption (Table 7.1 1 ) . 

• Leaf appearance interval 

The leaf appearance interval (LA) was longer for MK in both periods of measurement 

(P<0.05, Table 7.5) and was longer (P<0.05) for both cultivars during the second 
period. A close relationship between leaf appearance rate, which is the reciprocal of 

leaf appearance interval , and temperature has been reported for grasses (Langer, 

1 954; Davies and Calder, 1 969; Peacock 1 975b) . While , in this experiment the 

differences in mean temperature do not seem to be large enough to explain the 

different LA between periods (Period 1 = 1 0.9 °C and Period 2 = 1 0.6°C, Fig. 7.2) , it 

is possible that the higher rainfall recorded in August than in September (Fig. 7.3) 

could be responsible for this result. 
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Table 7.5. Mean number of leaves per plant, length of individual leaves 
(1 = youngest, 6 = oldest) and leaf appearance interval (LA) for MK and 
EP cultivars and two N treatments (NO = 0 kg N ha-1 and 
N 1 00 = 1 00 kg N ha-1) in the two periods studied. 

Period 1 (1 6 August to 3 September) 

Variable MK EP NO N100 s.e.1 Interaction (P=) 

Number of leaves 

Leaf 1 length (mm) 

Leaf 2 length (mm) 

Leaf 3 length (mm) 

Leaf 4 length (mm) 

Leaf 5 length (mm) 

Leaf 6 length (mm) 

Average length (mm) 

LA (d leaf1) 

------

3.3 3.5 

46.4 41 .6 

73. 1  65.5 

61 .9 55.2 

55.2 a2 43.6 b 

37.9 36.4 

1 9.6 

57.5 49.4 

23.8 1 9.9 

3.5 

41 .9 

66.8 

57.8 

47.4 

32. 1  

1 4.6 

51 .5 

23 

3.3 

46.1 

71 .8 

59.3 

51 .4 

42.2 

5 

55.4 

20.8 

0.1 

2.3 

4.2 

2.2 

2.5 

3.8 

2.8 

0.9 

Period 2 (6 to 24 September) 

0.472 

0.451 

0.573 

0.907 

0.1 32 

0_047 

0.769 

0.828 

MK EP NO N100 s.e. Interaction (P =) 

Number of leaves 2.8 2.9 2.9 a 2.8 b <0.1  

Leaf 1 length (mm) 48.4 44. 1  48 

Leaf 2 length (mm) 55.9 51 .8 57.3 

Leaf 3 length (mm) 43. 1 37.5 42.2 

Leaf 4 length (mm) 36.3 a 28.6 b 31 .3 

Leaf 5 length (mm) 1 6.3 1 7.7 1 9.3 

Leaf 6 length (mm) 1 0  

Average length (mm) 45.4 40.8 45.5 

LA (d leaf1) 34.5 26.5 30.3 

1 Standard error. 

44.6 

50.3 

38.3 

33.6 

1 4.7 

1 0  

40.7 

30.7 

2 Means followed by different letters differ significantly at P<0.05. 
- Not estimated. 

1 .8 

2.6 

2.1 

1 .4 

9.5 

2.5 

1 .8 

0.097 

0.228 

0.278 

0.518 

0.647 

0.795 

0.275 

0.599 

Table 7.6. Length of leaf 5 for MK and EP cultivars and two N treatments (NO = 0 kg N ha-1 
and N 1 00 =1 00 kg N ha-1 ) in the first period studied (1 6 August to 3 
September). 

NO 
N100 
s.e.2 

MK 
25.2 b1 
50.6 a 

5.40 

EP 
39.0 ab 
33.9 ab 

1 Means followed by different letters differ significantly at P<0.05. 
2 Standard error. 
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• Site usage 

The change in site usage for cultivars and N treatments is shown in Fig. 7.7. MK had 

a significantly higher site usage (P<0.05) on 22 July and 1 7  September. The N 1 00 

treatment showed higher values of site usage from May to September, but the 

difference was significant only on 22 July. When the months were analysed together 

there was a significant effect of cultivar and N indicating different growth strategies of 

the cultivars and the effect of N in promoting tillering. There was also significant effect 

of month due to an increase in mean site usage from 0.38 in May to 0.71 in August 

and a decrease to 0.58 in September, the difference between month being significant 

only between May and June. The month x cultivar interaction was also significant 

(P<0.05) reflecting the greater difference between the two cultivars especially in 

September (P<0.05) . 
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Figure 7.7. Site usage for MK and EP (a) and NO and N 1  00 
treatments (b) . * indicates significant differences at 
P<0.05. Vertical lines represent standard errors. 
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7.4.3.2. GGR, SR and NGR 

The GGR, SR and NGR for the two periods studied are shown in Fig. 7.8. Neither 

cultivar nor N effects were significant for GGR or SR during the first period (P>0.05, 

Fig. 7.8a) , however, the application of N significantly increased NGR (P<0.05, Fig. 

7.8a) . The same results were found forthe second period, but in addition, EP showed 

a higher NGR than MK (P<0.05, Fig. 7.8b) . Mean GGR was significantly higher 

(P<0.05) in Period 1 (23.6 kg ha-1 d-1) than in Period 2 (1 7.4 kg ha-1 d-1 ) .  No significant 

differences between periods were found for SR (P<0.05). Consequently, NGR 

decreased significantly (P<0.05) from the first to the second period 

(Period 1 = 1 1 .8 kg ha-1 d-1 and Period 2 = 7.0 kg ha-1 d-1 ) .  

In  agreement with the results of the individual analyses, the combined analysis also 

found a significant effect of N on NGR. Application of N increased the NGR by 78 % 

and 58 % during Periods 1 and 2, respectively. This higher production in N 1 00 was 

the result of an increased GGR, though the difference between N treatments was not 

statistically significant, and a similar SR. The increased GGR was directly associated 

with a higher leaf extension rate (LER). Increases in LER of up to four-fold in 

response to N have been observed in field conditions (Gastal et al. ,  1 992) .  These 

results confirm previous experimental evidence in that winter forage growth in the SE 

of Buenos Aires Province is limited due to N unavailability (Femandez Grecco et al. , 
1 995; Marino et al. , 1 995). 

The higher winter growth potential of MK than EP in the SE of Buenos Aires 

Province has been confirmed by several cutting experiments (Mazzanti and 

Arosteguy, 1 985; Mazzanti et al. ,  1 985; Duhalde and Fo�an, 1 986). In this experiment, 

for instance, it was necessary to graze MK paddocks earlier and with a higher stocking 

rate (Table 7. 1 2) than EP, because MK had higher winter growth. However, by mid 

August, when tissue tumover measurements began, temperatures had already begun 
to increase and EP was beginning to show spring growth. Consequently, in August 
MK and EP cultivars had a similar NGR. Moreover, by the second period, despite the 

lower absolute values of GGR and NGR estimated for both cultivars, EP showed a 

higher NGR than MK. Similar results were found by Lattanzi1 in a cutting trial carried 

out in enclosures located inside the paddocks used in the present grazing experiment 

(Fig. 7.9). In Lattanzi's experiment 30 % of the fertiliser was applied on 30 May and 

70 % on 1 7  July. Cumulative herbage production was measured by 7 cuts carried out 

between 22 May and 1 5  October. In Fig. 7.9 is shown that from late May to mid 

1 Personal communication, Escuela de Postgrado en Producci6n Animal, 
Unidad Integrada Balcarce INTA-FCA. 
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August MK-N 1 00 herbage accumulation was higher than for the other treatments, 

indicating that N application was required to achieve the growth potential of MK. By 

the beginning of September MK-NO showed a similar herbage accumulation to EP­

N1 00, which shows that winter growth potential of MK was similar to EP that had 

received 1 00 kg N ha-1 • However, during September, coinciding with Period 2 of the 

grazing experiment, for both EP-NO and EP-N1 00 the herbage accumulation rate was 

higher than for their respective MK counterparts (Fig. 7.9). 
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Figure 7.8. Gross growth rate (GGR), senescence rate (SR) 
and net growth rate (NGR) for MK and EP and NO 
and N 1  00 treatments. a: 1 6  August to 3 September 
1 996. b: 6 to 24 September 1 996. Vertical l ines 
represent standard errors. 
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7.4.3.3. Consumption 

• Intensity of defoliation 
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The intensity of defoliation expressed as percentage of lamina removed and the 

interval between consumption events on each tiller are shown in Table 7.7. For leaves 

1 ,  2 and 3 the percentage of lamina removed was higher for EP than MK in the first 

period (P<0.05) while no differences were found between cultivars for these leaves 
in the second period (P>0.05). 

For leaf 1 when both periods were analysed together, a significant effect of cultivar 

was found (P<0.05), and no differences between periods were observed (P>0.05) . 

For leaf 2 the cultivar x N interaction in the second period (P<0.05) was significant 
because the proportion removed was higher for EP-NO and lower for MK-NO, while 

both cultivars showed an intermediate and similar value under N 1 00 (Table 7.8) . The 

effect of period was significant, the percentage of lamina removed being higher during 

the second period (P<0.05, Period 1 = 56.4 % and Period 2 = 59.5 %) . 
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No effects of period were found for leaf 3. None of the effects were significant 

(P>0.05) for leaves 4 and 5 in the individual periods, nor when both periods were 

analysed together. Values for leaf 6 shown in Table 7.7 are for completeness and 
were not statistically analysed because the majority of tillers had less than 6 leaves. 

Although the consumption percentages for leaves 2 and 3 were h igher for EP than 

for MK in the first period (P<0.05, Table 7.7), no differences between cultivars were 

found in the actual leaf length consumed (P>0.05). Conversely, for leaf 1 ,  the effects 
of cultivar and N treatment on length of leaf consumed during the first period were 

significant. This result was mainly due to a significant cultivar x N treatment interaction 

(MK-NO := 22.6 mm, MK-N1 00 := 22.5 mm, EP-NO := 22.4 mm and EP-N1 00 := 29.5 mm, 
P<0.05). The reason of the higher length removed in leaf 1 0f EP-N1 00 swards is not 

clear since on the 23 August this treatment did not have a different LAI than the other 

treatments (MK-NO := 1 .36, MK-N1 00 := 1 .58, EP-NO := 1 .02 and EP-N1 00 := 1 .30, 

s.e. := 0. 1 7, P>0.05) and the stocking rate for EP-N1 00 was similar to MK-N1 00 

(MK-N1 00 :=  5.6 an. ha-1 and EP-N 1 00 :=  5.8 an. ha-1 , s.e. := 0.08 an. ha-1 , P>0.05). 

The variation between the proportion of leaf removed in each defoliation between 

cultivars observed here, for the first 3 leaves during the first period, and the increase 

in the proportion removed between periods for leaf 2 differ from results reported by 

Mazzanti and Lemaire (1 994). These researchers observed a constant percentage of 

leaf removed by sheep at each defoliation irrespective of the stocking rate, tall fescue 
genotype or N treatment. While in their experiment the proportion removed was about 
50 %, in the present experiment it ranged between approximately 50 and 70 % for the 

first four leaves. The differences between experiments could be partially due to the 
different LAI,  the higher actual efficiency of herbage use estimated for the second 
period in the present experiment (Table 7. 1 1 ) , and/or to differences in grazing 

behaviour between sheep and steers. 

• Tiller defoliation interval 

None of the effects considered were significant (P>0.05) for the til ler defoliation 

interval during the first period (Table 7.7) . However, in the second period the cultivar, 
and N treatment effect and the interaction between them were all significant (P<0.05). 

The defoliation interval was higher for MK than for EP, and higher for NO than for 
N 1 00. The interaction is shown in Table 7.9, where it can be observed that EP-N1 00 

had the lowest interval (P<0.05), while all the other cultivar x N treatment 

combinations had a similar value (P>0.05). This result was directly associated with the 

stocking rates necessary to maintain a similar LAI among treatments during the 
second period (MK-NO := 4.3 an. ha-l , MK-N1 00 = 6.4 an. ha-l , EP-NO = 5.0 an. ha-l and 

EP-N1 00 = 9.6 an. ha-l 
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There was a significant period effect (P<0.05) and period x cultivar interaction 
(P<0.05). The effect of period was due to the longer tiller defoliation intelVal estimated 

for the first period. The interaction occurred because, while the intelVal was shorter 

for MK in the first period, it was longer in the second period. 

Table 7.7. Percentage of individual leaf lamina removed for the different leaf 

categories ( 1  = youngest, 6 = oldest) and tiller defoliation intelVal (days) 

for MK and EP cultivars and two N treatments (NO = 0 kg N ha-1 and 

N 1 00 = 1 00 kg N ha-1) in the two periods studied. 

Period 1 (1 6 August to 3 September) 

Variable MK EP NO N1 s.e.1 Interaction (P =) 

Leaf 1 percentage (%) 49.1  b2 62.2 a 54.3 56.9 2.9 0.397 

Leaf 2 percentage (%) 52.4 b 60.5 a 58.4 54.5 1 .9 0.1 52 

Leaf 3 percentage (%) 51 .9 b 64.0 a 59.8 56.2 2 0.788 

Leaf 4 percentage (%) 58.5 59.3 53.3 64.6 4.4 0.998 

Leaf 5 percentage (%) 1 8  68.9 43.6 43.3 1 4.4 0.1 5  

Leaf 6 percentage (%) 22.9 22.9 0 

TOI (d tille(1) 24.7 37.7 38.3 24 4.3 0.727 

Period 2 (6 to 24 September) 

MK EP NO N1 s.e. Interaction (P =) 

Leaf 1 percentage (%) 58.2 61 .2 59.2 60.2 1 .4 0.1 1 3  

Leaf 2 percentage (%) 58.1  60.8 59.5 59.5 1 .3 0_047 

Leaf 3 percentage (%) 56.7 59.8 53 63.5 3.8 0.851 

Leaf 4 percentage (%) 69.1 55.7 54.2 70.7 1 6.7 0.625 

Leaf 5 percentage (%) 0 25.5 1 7.2 8.3 1 3.5 0.667 

Leaf 6 percentage (%) 0 0 

TOI (d tille..-1) 1 9.8 a 1 6.2 b 1 9.1  a 1 6.9 b 0.4 0.007 

1 Standard error. 
2 Means followed by different letters differ significantly at P<0.05. 
- Not estimated. 
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Table 7.8. Percentage of lamina removed from leaf 2 for MK and EP cultivars with 

two N treatments (NO = 0 kg N ha-1 and N 1 00 = 1 00 kg N ha-1) in the 

second period studied (6-24 September). 

NO 

N1 00 

s.e.2 

MK 

55.7 b' 

60.6 ab 

1 .8 

EP 

63.4 a 

58.3 ab 

, Means followed by different letters differ Significantly at P<O.05 
2 Standard error. 

Table 7.9. Interval between defoliation events on each tiller for MK and EP cultivars 

and two N treatments (NO = 0 kg N ha-1 and N1 00 = 1 00 kg N ha-1 ) in the 
second period studied (6-24 September). 

NO 

N100 

s.e.2 

MK 
1 9.4 a' 

20. 1  a 

0.5 

EP 
1 8.7 a 

1 3.7 b 

, Means followed by different letters differ Significantly at P<O.05 
2 Standard error. 

• Herbage consumption rate 

The herbage consumption rate (kg DM ha-1d-1 ) ,  during the first period, was 

significantly higher for MK and for the N 1 00 treatment (P<0.05, Table 7. 1 0) .  No 

significant differences were found for this rate in the second period (P>0.05, Table 
7. 1 0). The effect of period was significant (P<0.05) because the overall mean of the 

first period was lower than for the second period. The period x cultivar interaction was 
also significant (P<0.05). 

The consumption (Table 7.1 0) and stocking rates (Table 7. 1 1 ) allowed calculation 

of the DM intake per animal (Table 7. 1 0.). No significant effects were found during the 

first period (P>0.05) . During the second period, consumption rate per animal was 
higher for MK than EP (P<0.05) and higher for NO than N 1 00 (P<0.05) this is a 
consequence of the lower stocking rates in MK compared with EP and in NO in 

relation to N 1  00 (P<0.05, Table 7.1 1 ) . The cultivar x N interaction was not significant 
(P>0.05). When both periods were analysed together, a significant effect of cultivar 

was found (P<0.05), but no differences were found between periods. 
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The values of consumption per animal estimated in this experiment were 
moderately lower than the tabulated value of 5.5 kg OM an-id-1 (Agricultural and Food 

Research Counci l ,  1 993) for steers of 200 kg LW (average animal weight for the 
grazing period) gaining 1 kg LW d-1 (Table 7. 1 2). The measurements involved in the 

calculation of consumption by the tissue turnover method are potentially subject to 

systematic error and it is unclear which of these measurements might have resulted 

in the low estimate in this study. 

Table 7.1 0. Herbage consumption rate per ha (kg OM ha-id-1 )  and per animal 

(kg OM an.-1d-1) for MK and EP cultivars and two N treatments 

(NO = 0 kg N ha-1 and N 1 00 = 1 00 kg N ha-1) in the two periods studied. 

Period 1 (1 6 August to 3 September) 

Consumption MK EP NO N1 00 s.e.1 Interaction (P =) 

Per ha 20.9 a2 1 2.9 b 1 2.2 b 2 1 .7 a 1 .9 0. 1 92 

Per animal 4.4 3 3.5 3.8 0.5 0.274 

Period 2 (6 to 24 September) 

MK EP NO N100 s.e. Interaction (P=) 

Per ha 21 .9 21 .9 1 9.7 24. 1 1 .4 0.355 

Per animal 4.2 a 3.2 b 4.2 a 3.1 b 0.2 0.907 

1 Standard error. 
2 Means followed by different letters differ significantly at P<O.05. 

I n  a previous grazing experiment conducted in Balcarce (Escuder et al. , 1 992), a 
higher intake per animal on MK than in EP swards was also found during winter and 

spring. In  that experiment, both cultivar swards had similar in itial dry mass and 
stocking rate, but OM intake [g OM (kg LW dy1] was higher in MK than in EP during 
spring 1 982 (33 %), and winter (1 7 %) and spring (23 %) 1 983. As no d ifferences in 
bite size of steers grazing either type of sward were found (Cangiano et al. , 1 986), the 

h igher intake in MK was attributed to a lower ratio of pseudostem:leaf (P : L) in the 

sward, and also to a h igher proportion of leaf in the diet of animals grazing MK, which 

in tum, resulted in a lower rumen retention time (Escuder et al. , 1 992) . The latter 
finding was probably associated with the smaller size of leaf particles than 
pseudostem particles in the rumen (Minson , 1 982). COincidentally, in the present 

experiment the P : L ratio was significantly lower in MK swards in July (MK = 0.31 and 
EP = 0.50, s.e.=0.02, P<0.05), in August, September and October the d ifference was 
not significant, but the ratio was stil l  lower for MK than EP. 
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7.4.3.4. Actual efficiency of herbage use and balance between herbage net 

growth and consumption 

The actual efficiency of herbage use (AEHU), defined as the ratio between herbage 

consumption and herbage growth (Mazzanti and Lemaire, 1 994), is shown in Table 

7. 1 1 .  No differences were found for cultivars or N treatments for any period (P>0.05). 

However, the cultivar x N interaction was almost significant (P= 0.054) in the second 

period due to a higher AEHU in MK in NO than in N1  00, while the opposite took place 

in EP (MK-NO = 1 .34, MK-N1 00 = 1 . 1 7, EP-NO = 1 . 1 7, EP-N1 00 = 1 .36, s.e. = 0.07) . 

There was a higher AEHU in Period 2 than Period 1 (P<0.05). In  Period 1 MK tended 
to have a higher AEHU than EP (P>0.05), while both cultivars had the same AEHU 

during the second period, resulting in a significant period x cultivar interaction 

(P<0.05). 

According to Bircham and Hodgson (1 983), when swards under continuous 

stocking management are in a steady state, the net herbage accumulation would be 

zero. To achieve this it is necessary that the net accumulation of green material (Le. 

growth minus senescence) is the same as the consumption of green material. Under 
this situation , values of the AEHU between 50 % and 80 %, for laxly grazed swards 
and for hard grazed swards, respectively, have been found (Hodgson, 1 990). The 

results of the first period fell approximately between these values (Table 7. 1 1 ) . 
However, during the second period the AEHU values were higher than 1 .0. Under this 
situation, a decrease in the herbage mass is occurring. The decreases in both the 

GGR and NGR observed during the second period could be explained in this way. 

Moreover, when the balance between net herbage production and consumption was 

analysed, it was found that during the first period the balance was not sufficiently 
different from zero to be statistically detected (P>0.05) for EP and NO treatments. This 
result indicated that for the latter treatments, in which the AEHU was also lower, the 

swards were maintained close to equilibrium. Conversely, the balance for both 

cultivars and N treatments during the second period was more negative and 
significantly different from zero (P<0.05) indicating that animals were removing 

herbage faster than it was growing. Consequently, when both periods were analysed 

together, the period effect was significant (P<0.05). The latter analysis also found a 
significant effect of cultivar (P<0.05) because MK tended to have a lower mean than 
EP in both periods for the balance between herbage net growth and consumption. 
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Table 7.1 1 .  Actual efficiency of herbage use (AEHU=herbage consumption/ herbage 

growth), balance between net herbage production (kg DM ha-1 d-1 )  and 

stocking rate (an. ha-1) for MK and EP cultivars and two N treatments 

(NO = 0 kg N ha-1 and Ni  00 = 1 00 kg N ha-1) in the two periods studied. 

Period 1 (1 6 August to 3 September) 

Variable M K  EP NO N100 s.e.1 Interaction (P =) 

AEHU 0.84 0.58 0.6 0.82 0.1 0.722 

Balance -7.89* -2.27 -3.64 -6.52* 1 .83 0.910 

Stocking rate 4.66 4.47 3.42 b 5.72 a 0.06 0.007 
Period 2 (6 to 24 September) 

MK EP NO N100 s.e. 

AEHU 1 .25 1 .27 1 .25 1 .26 0. 1 

Balance -1 6.36* -1 3.45* -1 4.28* -1 5.53* 1 .41 

Stocking rate 5 .39 b 7.32 a 4.67 b 8.04 a 0.45 

1 Standard error. 
2 Means followed by different letters differ significantly at P<0.05. 
* Different from zero at P<0.05. 

7.4.4. Sward digestibility and N content 

Interaction (P=) 

0.054 

0.363 

0.1 20 

The changes in sward digestibility from N fertilisation to the end of the experiment, for 
cultivars and N treatments, is shown in Fig. 7. 1 0. Digestibility was significantly higher 

(P<0.05, Fig. 7. 1 0a) for EP than MK from May to September, and was significantly 
higher (P<0.05, Fig. 7. 1 Ob) under N 1  00 treatment in July and August. Although in the 

present experiment MK had lower digestibility values during winter than EP, results 
from a previous experiment showed that the in vitro digestibility of the diet of fistulated 

steers grazing MK and EP showed no differences in digestibility between these 

cultivars in winter or spring (Assuero, 1 984). However, lower digestibility values were 
observed in MK during summer. 
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Changes with time in sward N content for cultivars and N treatments are shown in 

Fig. 7. 1 1 .  No differences were found between cultivars in any month. The N 1 00 
treatment significantly increased (P<0.05) N content in August, September and 
October. Considering all the months together, a significant N treatment effect was 
found. The month and month x N effects were also significant (P<0.05). A significant 

difference in N treatment between May and July was observed (Fig. 7. 1 1 b) reflecting 

the effects of N application in May and July. A decrease in the N content of the sward 

was observed between September and October (P<0.05, Fig. 7. 1 1 ) .  
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represent standard errors. 

7.4.5. Stocking rate, daily live weight gain and beef production 
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The mean stocking rate per ha from 1 6  July to 4 October is shown in Table 7 . 1 2. To 
maintain a similar LAI in the swards it was necessary to increase the stocking rate by 

1 8  % in MK swards with respect to EP swards and, at the same time, to increase the 
stocking rate 67 % in the N 1  00 treatments in comparison with NO. The differences in 
stocking rate, both between cultivars and between N treatments, were significant 

(P<0.05) . The daily live weight gain, however, was similar for cultivars and N 

treatments (Table 7. 1 2) .  Consequently, the beef production per ha was significantly 
higher in MK (26 % higher than EP cultivar) and in N 1 00 treatment (66 % higher with 
respect to NO, Table 7. 1 2) .  The cultivar x N interaction was not significant (P>0.05) for 
any of these variables. 
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Table 7.1 2. Mean stocking rate, beef production and daily live weight gain (OLWG) 

for MK and EP and two N treatments (NO = 0 kg N ha-1 and 

N 1 00 = 1 00 kg N ha-1). 

Stocking rate DLWG Beef Production 
Cultivar (an. ha-1) (kg LW d-1) (kg LW ha-1) 

MK 3.2 a1 1 .02 260 a 

EP 2.7 b 0.97 206 b 

Nitrogen 

NO 2.2 b 1 .00 1 75 b 

N100 3.7 a 0.99 291 a 

s.e.2 0.1 0.04 6 

Interaction (P=) 0. 1 48 0.273 0.959 

1 Means followed by different letters within cultivars or N treatments differ significantly at P<O.05. 
2 Standard error. 

The average prices 1 991 -962 were US$ 0.288 per kg urea, US$ 5 fertiliser 

application per ha, and the farmer received US$ 0.835 per kg beef (US$ 0.885 per kg 
beef at Mercado de Liniers less 5.6 % for taxes) . In the case of the split application of 
1 00 kg N as in this study, it is necessary to increase the beef production by more than 

87.5 kg ha-1 for the fertilisation to be profitable. The figures in Table 7. 1 2  indicate that 

the N 1 00 treatment increased beef production 1 1 6 kg ha-1 , resulting in net profit of 
approximately US$ 24 ha-1 • 

N application in winter and the complementary use of Mediterranean and 

temperate cultivars can be recommended for animal production systems in the SE of 

Buenos Aires Province. The promotional effect of N on pasture growth and the 
increased pasture production of Mediterranean material in winter, help bridge the feed 

deficit which occurs at this time of the year. 

2 Personal communication Ing. Agr. Nestor Scheggia, Administracion Rural , 
FCA, Balcarce, Argentina. 
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7.5. Summary 

7.5. 1 .  Nitrogen effects 

• A h igher LAI in response to N application during July. By August it was possible to 

maintain a comparable LAI between treatments. 

• The expected increase in tiller density in response to N fertilisation was not of 
sufficient magnitude to be statistically significant. However, site usage was slightly 
higher for the N 1  00 treatment. NGR was significantly enhanced by N fertilisation. 

The amount of N applied here increased the stocking rate by 67 % and the beef 
production per hectare by 66 % during the period considered. 

7.5.2. Cultivar effects 

• MK had a higher LAI during July. As above, by August it was possible to maintain 

a homogeneous LAI between treatments. 

• MK showed a higher tiller density and a greater root mass and root production 

during winter than EP. 

• I n  late winter-early spring, when NGR was estimated, EP showed a h igher growth 

rate. However, because of the higher winter growth of MK prior to commencing 
measurements it was necessary to graze MK paddocks earlier. 

• Despite an increase in EP stocking rate later in the season, the mean stocking rate 
for the whole period was higher for MK. 

• Although h igher consumption rates were measured for MK, no differences in LWG 

were observed between cultivars. However, a higher beef production for the whole 
grazing period was found for MK, due to a h igher mean stocking rate. 
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CHAPTER 8. CONCLUSIONS 

In  comparison with the temperate cultivars EP and GA, the Mediterranean cultivar 

MK is characterised by smaller plant size, higher ti l ler number and a h igher 

root : shoot ratio. Although, MK had a lower stomatal resistance, which was 

confirmed by its higher l:1 compared with EP and GA, its small shoot size and high 

root : shoot ratio seem to confer on MK the capacity of delaying the effects of 

water deficit when growing in monoculture in pots. In addition , MK had a lower 

content of reducing and fructosyl sugars and a lower growth rate under high 

temperatures than the temperate cultivar EP. 

Al l tall fescue cultivars exhibited decreased growth rates, diminished 

evaporative surface area, increased root : shoot ratio and osmotic adjustment in 

response to water deficit. The proportion of root mass and length increased with 

depth in the profi le and the mean root diameter was higher as soil moisture 

decreased . The l:1 of leaf tissue did not reflect the changes that took place in 
response to the short term appl ication of the different water regimes. 

Plant water status was generally sim ilar for the contrasting cultivars under 

comparable soil water availabi l ity. However, EP and GA showed a greater 
stomatal resistance at lower soil moisture and a greater ability for osmotic 
adjustment than MK under the most stressful water deficit conditions studied. 

Further studies of these cultivars would be necessary to evaluate their capacity 
for recovery after drought, their abil ity for osmotic adjustment in the meristematic 
tissues, and also their behaviour under field conditions. 

The unique response observed in this study for each endophyte strain-grass 
genotype combination demonstrates, as several other experiments have done, 
that endophyte presence in a mixed popu lation increases the phenotypic 

variabil ity. It wou ld therefore be recommended that any endophyte strain was 

evaluated in combination with the plant genotypes with which it is l ikely to be 
associated. The experimental evidence suggests that MK-KY31 and EP-AR501 
combinations wou ld tolerate water deficit conditions more effectively than other 

combinations studied. 
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To maintain MK swards at the same LAI as EP swards it was necessary to 

graze them earl ier, which resulted in a h igher stocking rate and a 26% higher beef 

production on MK swards during mid winter-early spring. The impact of N 

application was more pronounced with beef production increased by 66% during 

the same period. However, when tissue turnover measurements were taken, by 

the end of August no d ifferences in NGR were found between cultivars, whi le in 
September EP showed a h igher NGR than MK. For both periods N ferti l iser 

application increased the NGR of the swards. These results support earl ier reports 

that proposed the complementary use of temperate and M editerranean cultivars 

in animal product ion systems of the SE Buenos Aires Province to improve feed 

supply during winter. In addition , winter herbage growth and animal production of 

both cUltivar types can be considerably improved with the application of N ferti l iser. 
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Appendix 2.1 . Plant water relations 

Appendix 2.1 . 1 .  Cell  structure 

The p lant cel l consists of a cytoplasm with many compartments bounded in the 

outside by a membrane and cel l  wal l  (Kramer and Boyer, 1 995) . The p lant cell 
membrane ,  the p lasmalemma, makes osmosis possible because it is h ighly 

permeable to water molecules but slowly and selectively permeable to solutes 

(Salisbury and Ross, 1 992; Kramer and Boyer, 1 995) . The primary cell wall is 

commonly highly permeable to both water and solutes, and provides the rigidity to 

al low an increase in pressure (Salisbury and Ross, 1 992) . As the cell ages, more 

layers of wall are often deposited on the inside of the primary wall .  These 
secondary wall layers may include l ignins, suberins and other compounds that 

confer properties such as cell wall rigidity and imperviousness to water. Two kinds 

of pores exist in the wal l ,  a few large pores fil led with protoplasm (plasmodesmata) 

and many much smal ler pores (4.0 to 6.5 nm in d iameter) fil led with the external 
cel l  solution. The compartments or organel les (vacuole, mitochondria, nucleus, 

and p lastids) are each bounded by a membrane similar to the plasmalemma that 

exchanges water and solutes with the cytosol (Kramer and Boyer, 1 995) . 

Inside the cel ls there is always a concentrated solution that includes 

metabolites, inorganic salts and macromolecules. In contrast, on the outside of the 
cells there is a di lute solution (except in seawater or around embryon ic cells) . I n  

response to  the difference i n  solute concentration water enters the cel l and the cell 

swel ls. As the p lasmalemma becomes restrained by the cell wall ,  expansion is 

resisted and turgor pressure develops inside the cell .  Cell wall rigidity contributes 

to the form and strength of tissues, but in herbaceous plants, much of the form of 

leaves and stems depends on the turgor pressure in their cells (Kramer and Boyer, 
1 995) . 

When the solute concentration outside the cel l is high or when transpiration 
occurs ,  the cell loses water and shrinks and, if dehydration becomes severe ,  the 
organelles can become deformed. The cell wal l  frequently develops folds as the 

cell shrinks, however in some cases, when the wal l  has layers of rigid material, 

folding does not occur and the cell content may come under tension (Kramer and 
Boyer, 1 995) . It is evident that osmosis is the process that moves water into and 
through p lants and that the plasmalemma is the key to the process. Any disruption 

in the plasmalemma caused by extemal factors (e.g. freezing and thawing or 

chemical agents) wil l bring about an abrupt decrease in  the water transport and 

the p lant wi l l  desiccate to the air-dry state (Kramer and Boyer, 1 995) . 
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Appendix 2.1 .2. Water potential 

The most useful way to characterise the water status is in terms of chemical 

potential. This avoids some of the biological system's intrinsic variation , permits 

the water status to be reproduced and indicates the force that moves water from 

place to place. When the potential is expressed in pressure units it is termed water 

potential (Kramer and Boyer, 1 995) . 

The water potential (lIJ w) comprises several components attributable to solute, 

pressure, porous matrices and gravity. The components are expressed as: 

where: 

lIJ 0 = the solute or osmotic potential 

lIJ p = the pressure potential or turgor 

lIJ m = the matric potential 

lIJ 9 = the gravitational potential. 

Each component refers to the same point in the solution and is algebraically 

additive according to whether it increases (positive) or decreases (negative) lIJ w at 
that point compared to the reference potential . The reference potential is pure, 

free water at atmospheric pressure and at a defined gravitational position, at the 

same temperature as the system of interest (Kramer and Boyer, 1 995).The lIJ m is 

not strictly additive with lIJ o. lIJ p and lIJ g' but no alternative equation has yet been 

developed (Tyree, 1 976) .  

Solutes lower lIJ w by decreasing the number of water molecules able to move 
compared to pure water. The following relationship, discovered empirically by van't 

Hoft in 1 887 (Salisbury and Ross, 1 992) , allows the calculation of approximate lIJ 0 

from the molal concentration of a solution: 

where: 

lIJ 0 = - GiRT (A2.2) 

G = concentration of the solution expressed as molal ity (moles of solute per kg 

H20) 

i = a constant that accounts for ionization of the solute and/or other deviation 

for perfect solutions (for nonionized molecules, such as glucose in di lute 

solutions i = 1 )  



R = the gas constant (0.00831 kg MPa mol-1 K1) 

T = absolute temperature (K) = degrees C + 273 
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Wetable matrices also decrease the number of molecu les able to move 

because of surface attractions. When the extemal pressure is higher than the 

atmospheric pressure the abil ity of water to move increases while the opposite 

occurs when extemal pressure is below atmospheric. Similarly, gravity increases 

or decreases the ability of water to move depending on whether local pressure is 

increased or decreased by the weight of water (Kramer and Boyer, 1 995) . 

Appendix 2.1 .2.1 . Plant water potential 

G ravitational potential becomes significant at heights greater than one metre in 

vertical water columns, as in trees, but can often be ignored . Then , according to 

Kramer and Boyer ( 1 995) Eq. (A2. 1 )  becomes: 

In plant tissues it is necessary to consider structure because of the presence of 

the symplast or protoplast inside and the apoplast or external solution outside. The 

protoplast contains a solution under pressure (turgor) appl ied by the wal ls and its 
water potential is: 

where the subscript p denotes the protoplast. Matric potential (LJJ m(p)) can be 

ignored because generally the water content is high and there are no air-water 
interfaces. 

In comparison, the apoplast contains a solution in the porous cell wall subjected 
to pressures generated by surface effects. Then its water potential is: 

where the subscript a denotes the apoplast. Pressure potential (LJJ p(a)) can be 

ignored because external pressure is atmospheric. 

Water moves readily into and out of cells depending of the water potential 

differences between the protoplast and the apoplast. The differences in water 
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potential do not need to be high to originate large flows. I n  fact, water potentials 
across membranes are so small that the protop last and its cel l  wall are almost at 
equi l ibrium.  For this reason it is assumed that: 

lV w(p) = lV weal (A2.6) 

and substituting Eqs. (A2.4) and (A2.5) in Eq. (A2.6) 

lV o(p) + lV pep) = lV ora) + lV m (a) (A2.7) 

There is a substantial difference in the solute concentration across the membrane, 
the inside being more concentrated. In addition , the turgor in the cells is positive 

(lV P(P)} but the water in the apoplast in a multicel lular plant is under tension (lV m(a») ' 
Because of this, an important pressure difference accross the plasmalemma 

originates, which would burst the cell if the restraining effect of the cell wal l  was 

not present (Kramer  and Boyer, 1 995) . 

Appendix 2.2. Water movement in the soil-plant-air system 

Usually, lVw is h ighest in the soil and lowest in the atmosphere, with 
intermediate values in the plant. But, the components of the water potential are not 

the same for all elements of the soil-plant-ai r  system (Salisbu ry  and Ross, 1 992) . 

The roots must develop a water potential lower than the combined matric 
potential and any osmotic potential of the soil solution (Kramer  and Boyer, 1 995) . 

It has been proposed that the major hydraulic resistance at the interface between 
root and soil is caused by poor contact. Apparently, if soil lVw diminishes rap idly, 

the roots may shrink because they may not be able to maintain turgor. This 

probably does not happen if soil 4Jw changes slowly and the root is able to 
maintain turgor by osmoregulation . Within  the roots the main rad ial resistance was 

considered to be the endodermis, however there is now evidence suggesting that 
it is the epidermis instead (Passioura, 1 982) . I n  the xylem, where membranes are 
not present at maturity, water moves because of pressure d ifferences produced 

by the surrounding cells (Kramer and Boyer, 1 995). The force that moves water 

into a cel l  containing viable membranes is the difference in lV w across the 

plasmalemma. Leaf cells contain a more concentrated solution (lV 0 is quite 
negative), water moves in and raises lVp• As atmospheric lVw is even more 

negative, water evaporates and moves out of the leaves towards the atmosphere 

(Salisbury and Ross, 1 992) . 
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Appendix 2.3. Measuring the water content, water potential components 

and carbon isotope discrimination 

• Water content 

The water content of the plants is easily calculated by weighing the material 

immediatly after sampling and reweighing it after drying it for 24 h at 60-1 05 QC. 

The water content ( WC) can be expresed either in a dry weight (DVV') or fresh 

weight (FVV') basis by the following equations (Turner, 1 98 1 ) :  

WC(OW basis) == 
FW - DW 

X 1 00 
DW 

WC(FW basis) == 
FW - DW X 1 00 

FW 

(A2.8) 

(A2.9) 

As dry weight can change diurnally and/or seasonally comparisons of water 

content on a dry weight basis are inadequate. However, comparisons on a fresh 

weight basis are worse because they sti l l  have the problem of changing dry weight, 

but in addition , water content on a fresh weight basis tends to minimise changes 

in water content as expressed on other bases (Turner, 1 981 ) .  

To overcome the above inconveniences the water content should be 

expressed on the basis of the water content at ful l turgor (e.g. fully turgid weight, 

TW). It is termed then relative water content (RWC) or water saturation deficit 

( WSD) : 

RWC == 
FW - DW 

X 1 00 (A2 . 1 0) 
TW - DW 

and 

WSD == 
TW - FW 

x 1 00 (A2. 1 1 ) 
TW - DW 

WSD == 1 00 - RWC (A2. 1 2) 
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Therefore the determination of RWC needs an additional step, the measurement 

of turgid weight. This is done by placing tissue in contact with, or on, water in a 

humid chamber and permitting it to take water until it is fully turgid (Turner, 1 98 1 ) .  

• Water potential and its components 

The determination of the total water potential of a tissue has become routine since 

the development of two basic instruments: the thermocouple psychrometer and 

the pressure chamber (Turner, 1 981 ) .  

The thermocouple psychrometer is based on the principle that the relative 

vapour pressure (e/eo) of a solution or piece of plant material is related to its water 

potential according to the following equation :  

RT e lIJ = - In -

where :  

R == the gas constant 

T = absolute temperature (K) 

V == partial molal volume of water 

V eo 
(A2 . 1 3) 

When a sample of plant material is p laced in a hermetically sealed chamber 

and it is allowed to equil ibrate it wi l l  produce a relative vapour pressure or relative 

humidity i n  the chamber equivalent to the total water potential of the tissue at the 

time of sealing i nto the chamber. In the thermocouple psychrometer, the humidity 

in the chamber is measured by determining the wet bulb depression (Turner, 

1 981 ) .  

There are two basic types of thermocouple psychrometer, the Peltier and the 

wet-loop psychrometer (Turner, 1 981 ) .  In the Peltier type, the thermocouple is 

situated inside the chamber and it is cooled by a weak current (Peltier's effect , 
Salisbury and Ross, 1 992) until condensation forms a fine fi lm of l iquid over the 

thermocouple, the cooling is then stopped and the evaporative cool ing of the 

thermocouple, that corresponds to the wet bulb depreSSion,  is measured (Tu rner, 

1 981 ) .  
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In  the wet-loop psychrometer, the thermocouple junction is maintained 

permanently wet by a silver ring or wire loop containing a droplet of water. Water 

continuously moves from the droplet to the tissue and the d ifference of 

temperature of this thermocouple and that of the sample chamber, usually 

measured by a dry thermocouple in the chamber, is the wet bulb depression 

(Turner, 1 981 ) .  

The measure obtained by the thermocouple psychrometer is the water potential 

of the cel l  walls lV weal (which is the same as the protoplast, lV w(p) as was shown in 

Eq. (A2.6) above) because the water surface of the sample is located there and 

the vapour pressure developed there is in equil ibrium with it. It is also possible to 

measure the osmotic potential lV ora) in the apoplast by p lacing in the psychrometer 

chamber exudate obtained from the tissue by applying pressure to the cel ls using 

a pressure chamber (Scholander et al. , 1 965) . 

I n  the pressure chamber a leaf or a branch is p laced with the cut end of the 
petiole or stem just protruding from the chamber through a rubber gland used to 

seal the chamber. The pressure in the chamber is gradually raised by compressing 

air (nitrogen or another inert gas from a cyl inder, but not oxygen) (Tu rner, 1 981 ) .  

In  this way the water i s  forced from the protoplast into the apoplast, d isplacing the 

original wall solution into the xylem from which it exudes onto the cut surface of the 
xylem. The pressure (P gas) needed to displace the water until the sap just returns 
to the severed ends of the xylem vessels gives lV mea) because it counteracts the 

tensions pull ing water into the wal l  pores (- Pgas= lVm(a») ' The wal l  water potential 
(lV weal) measurement determined by the psychrometer can be checked by these 

two potentials (lV ora) + lV mea») according to Eq. (A2.5) (Kramer and Boyer, 1 995) . As 

the osmotic potential of the apoplastic water is near zero (usually greater than -0. 1  

MPa) , the lV mea) can be considered similar to the water potential of the leaf cel ls 

(lVw(p») (Turner, 1 98 1 ) .  

To measure the osmotic potential of the protoplast with the psychrometer it is 
possible to use expressed sap, usually placed in the chamber on fi lter paper, or 

ki l led tissue (e.g. by freezing and thawing or by heating) . Only measurements of 

osmotic potential on expressed sap are recommended, because the d isruption of 

the cel l  membranes by freezing may create matric potentials not present in 

unfrozen tissue (Turner, 1 98 1 ) . Vapour pressure osmometers can also be used 

to measure total water potential of soils and plants, as wel l  as osmotic potentials 

of solutions (Turner, 1 981 ) .  

The symplastic sap obtained from ki l led tissue is a mixture of that from the 

apoplast and that from the symplast. As the osmotic potential of the apoplastic 
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l iquid is almost near zero, as it was mentioned previously, the symplastic water is 

di luted by apoplastic water. Because the volume of apoplastic water is unlikely to 

change as leaf dehydrates, the di lution of symplastic water by apoplastic water in 

dehydrated tissue is much greater (Tumer, 1 981 ) .  

The osmotic potential can be  calcu lated using the pressure chamber. The turgor 

is reduced to zero,  not by kil l ing the tissue but by applying pressure ,  and the 

osmotic potential is obtained from the pressure-volume relationship (Salisbury and 

Ross, 1 992 ; Turner, 1 981 ) 

I ndirect methods of measuring water status have been proposed. For example 

visible wilting, colour change, and leaf roll ing. Other characters can be correlated 

with leaf water potential l ike: leaf temperature, leaf thickness, stem diameter and 

stomatal conductance. Nevertheless, all these methods suffer from disadvantages 

compared with direct measurement of water potential. Some of them are not 

l inearly related to leaf water potential and others can change in sensitivity or 

response is subject to a time-lag behind changes in water potential . However, 

these are nondestructive techniques that can be used when the plant material is 

scarce or when screening large populations or large numbers of treatments for 

d ifferences in plant water status (Turner, 1 981 ) .  

• Carbon isotope discrimination 

Two carbon dioxide (C02) isotopes are found in the atmosphere 12C and 13C, their 

respective proportions being 98.9% and 1 . 1 %. The ratio of 13C: 12C in plant tissue 

is less than that in atmospheric CO2, indicating a discrimination against the heavier 

isotope being incorporated into plant biomass (Farquhar et al. ,  1 989) . This 

happens for two reasons, in first place because 12C02 diffuses through stomata 

faster, and in second place because ribulose 1 ,6 biphosphate carboxylase 

(Rubisco) has greater affin ity for 12C02 (Craufurd et al. , 1 99 1 ) .  As isotopes are 

stable,  their ratio of abundance in the plant is invariant as long as carbon is not 

lost. According to Farquhar et al. ( 1 989) considerable theoretical and experimental 

progress has been made over the last decade in understanding how biochemical ,  

metabolic and environmental factors affect the isotopic p lant compositions. In 

relation to water stress, when plants are subjected to drought the stomata aperture 

eventually decreases so that water loss is restricted while photosynthesis 

continues, proportionately less restricted. Because Rubisco d iscriminates against 
1 3C02, the ratio of 13C02 : 1

2C02 increases within the leaf. As stress becomes more 

pronounced, Rubisco has a lower opportunity for discriminating 13C02 and the 

proportion of this isotope fixed increases, giving a higher ratio of 13C: 12C in plant 
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biomass. 

The d iscrimination (fl) is calculated according to the fol lowing formula (Farquhar 

et al. , 1 989): 

(A2 . 1 4) 

where: 

Ra = isotopic abundance C3C: 12C molar ratio) in air 

Rp = isotopic abundance in the plant 

As b.. is not simple to measure,  the deviation of the isotopic composition of the 

sample from a standard (0) is measured by the mass spectrometer instead. The 

reference material traditional ly has been carbon in CO2 generated from a fossil 

belemnite from the Pee Dee Formation (PDB) which R is 0 .01 1 24 .  The fl is 

calculated then as (Farquhar et al. , 1 989): 

(A2 . 1 5) 

where a and p refer to air and plant, respectively. Conversely to 0, the fl is 

independent of the isotopic composition of the standard and of the isotopic 

abundance in the air, and it is dimension less. Free atmospheric CO2 has currently 

a deviat ion ,  oa. of -0.008 and a typical p lant material a deviation, 0P' of -0.0276 

which results in a typical plant material b.. = ( -0.008 + 0.0276/( 1 - 0.0276)) = 20. 1 %0 

(Farquhar et al. , 1 989) . 



Appendix 3.1 . Derivation of mean root diameter formula 

Since volume of a cyl inder is = % n D2 L 

where :  

D = mean diameter 

L = length 

Then assuming: 
• root fresh weight (FW) density = 1 g cm-3 (Barker et al. ,  1 988) 
• root dry weight (DW) = 8% root FW (Schuurman and Knot, 1 974) 

FW (g) = %n D (cm)2 . L (m) . 1 00 (cm · m-1) 

DW (g) . 0.08-1 (g-1/cm3) = 1An D (cm)2 . L (m) . 1 00 (cm · m-1 ) 

o (cm)2 = (%n)-1 . L (m)-1 . 0.01 (mc · m-1 ) . 0.08-1 DW (cm3) 

o (cm)2 = 0. 1 59 1 5  DW (cm3) . L (cm)"1 

o (cm) = 0.39894 .,[ (DW . L-1 )  

o (mm) = 3.9894 .,[ (DW . L-1 )  

and root surface area (m2) :  

A (m2) = n 0 (mm) . L (m)  . 0.001 (m . mm-1) 
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Appendix 3.2. Percentage of total root mass, total root length and coarse root 

length in each of the four  soil strata before the appl ication of 

water treatments (Harvest 1 ) . 

Root mass percentage (%) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300mm 

MK 24.9 (29.9) b1 1 5.9 (23.5) 20.9 (27.2) 38.3 (38.3) 

GA 35.0 (36.2) a 1 6.9 (24.3) 1 8.0 (25. 1 )  30. 1  (33.2) 

EP 30. 1  (23.3) ab 1 5.4 (23. 1 )  1 7.3 (24.5) 37. 1 (37.5) 

s.e.2 (1 . 1  ) (0.4) (1 .2) ( 1 .7) 

Root length percentage (%) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm below 300mm 

M K  1 6.6 (23.8) 20.0 (26.5) 23.1 (28.6) 40.3 (39.4) a 

GA 29. 1 (32.4) 21 . 1  (27.3) 20.5 (26.9) 29.3 (32.7) b 

EP 22.6 (28.4) 1 6.2 (23.7) 1 9.2 (25.9) 42.0 (40.4) a 

s.e. ( 1 .8) (0.9) (1 .7) ( 1 .3) 

Coarse root length percentage (%) 

Cultivar 0-75 mm 75-1 50 mm 1 50-300 mm 

M K  1 3.0 ( 1 5.9) 6.9 ( 1 5.5) a 6.2 (1 5.0) a 

GA 9.3 ( 1 5.2) 4.4 (1 3.2) b 5.2 (1 1 .7) b 

EP 8.7 ( 1 5. 1 )  6.5 ( 1 3.0) b 4.0 ( 1 1 .9) b 

s.e. (0.7) (0.6) (0.6) 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 

below 300mm 

6.7 (1 6. 1 )  a 

4.4 ( 1 0.3) b 

2.9 (9. 1 )  b 

(0.8) 
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Appendix 3.3. Percentages of total root mass recovered from each of the fou r  

soil strata after the application of water treatments. 

Root mass percentage (%) 

Harvest 0-75 mm 75-1 50 mm 1 50-300 mm below 300mm 

2 29.9 (33. 1 )  a1 1 5.2 (22.9) 1 9.6 (26.2) 35.3 (36.4) 

3 30.0 (33. 1 )  a 1 5.9 (23.4) 20.0 (26.5) 34.0 (35.6) 

4 27.5 (31 .6) b 1 5. 1  (22.8) 20.3 (26.7) 37.0 (37.4) 

s.e.2 (0.6)§ (0.4) (0.5) (0.6) 

Cultivar 

M K  26.2 (30.9) b 1 6.4 (24.0) a 22. 1  (28. 1 )  a 35.3 (36. 1 )  b 

GA 34.2 (35.7) a 1 5.3 (22.7) b 1 9.3 (26. 1 )  b 31 .3 (34. 1 )  b 

EP 27.4 (31 .2) b 1 4.8 (22.5) b 1 8. 1  (25.2) b 39.7 (39.2) a 

s.e. (0.6) (0.4) (0.5) (0.6) 

Water 

Control 29.4 (32.7) 1 5.9 (23.5) 1 9.7 (26.5) 34.9 (36.0) b 

Stressed 29.0 (32.5) 1 4.9 (22.7) 1 9.9 (26.4) 36.2 (37.0) a 

s.e. (0.5)§ (0.3) (0.4) (0.5) 

Interactions (P=) 

Cult. * Water 0.377 0.865 0.1 1 7  0.01 0 
Harvest * Cultivar 0.725 0.484 0.846 0.621 

Harvest * Water 0.593 0.790 0.723 0.340 

Harvest*Cult. *Wat. 0.71 6 0.076 0.721 0.1 76 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05 within harvests, 

cultivars or water treatment. 
2 Standard error. 
§ Mean standard error. 
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Appendix 3.4. Percentage of total root mass recovered below 300 mm after the 

appl ication of water treatments. 

Cultivar 

M K  

GA 

EP 

Percentage of total root mass 
below 300 mm stratum 

Control 

34.4 (35.0) cd1 

29.6 (32.8) d 

40.6 (40.3) a 

( 1 .06) 

Stressed 

36.6 (37.2) bc 

33.7 (35.4) bcd 

38.4 (38.2) ab 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 
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Appendix 3.5. Percentage of total root length recovered from each of the four 

soil strata after the application of water treatments. 

Root length percentage (0/0) 
Harvest 0-75 mm 75-150 mm 1 50-300 mm below 300mm 

2 23.6 (28.9) 1 7. 1  (24.3) 22.8 (28.3) 36.5 (36.9) 

3 25.4 (30. 1 )  1 6.5 (23.8) 21 . 1  (27.2) 37.0 (37.4) 

4 20.8 (26.8) 1 5.6 (22.9) 22.6 (28.0) 41 .0 (39.9) 

s.e.1 ( 1 .2)§ (0.9)§ ( 1 .0) (2.8)§ 

Cultivar 

M K  23.9 (29.9) a2 1 8.7 (25.4) a 24.6 (29.8) a 32.7 (33.9) b 

GA 26.3 (30.4) a 1 6.3 (23. 1 )  ab 21 .4 (27.6) ab 35.9 (37.4) b 

EP 1 9.4 (25.5) b 1 5.3 (22.6) b 1 9.7 (26 . 1 )  b 45.4 (43.0) a 

s.e. ( 1 .2) (0.9) ( 1 .0) (3.8) 

Water 

Control 24.6 (29.9) a 1 7.4 (24. 1 )  21 .5 (27.6) 36.5 (36.8) 

Stressed 21 .4 (27.2) b 1 6.0 (23.2) 22.5 (28. 1 )  40. 1 (39.3) 

s.e. ( 1 .0)§ (0.7)§ (0.8) ( 1 . 1  )§ 

Interactions (P =) 

Cult. * Water 0.003 0.71 1 0.976 0.01 1 
Harvest * Cult. 0.91 5 0.035 0.330 0.002 
Harvest * Water 0.380 0.886 0.550 0.423 

Harvest*Cult. *Wat. 0.371 0.426 0.828 0.205 

Data within brackets are arcsin square root transformed percentages. 
1 Standard error. 
§ Mean standard error. 
2 Letters indicate groupings of means that are significantly different at P<O.05 within harvests, 

cultivars or water treatment. 
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Appendix 3.S. Percentage of total root length recovered from the 75- 1 50 mm 

and below 300 mm strata after the application of water treatments 

averaged for cultivars and harvests. 

Harvest 

2 
3 

4 

s.e.2 

Harvest 

2 
3 

4 

s.e. 

Percentage of total root length 
in the 75-1 50 mm stratum 

MK GA EP 

20.7 (26.9) a 1 1 5.7 (23.3) ab 1 5.0 (22.7) b 

1 6.4 (23.8) ab 1 5.3 (22.9) b 1 7.8 (24.8) ab 

1 8.5 (25.4) ab 1 5.5 (23. 1 )  ab 1 2.9 (20.2) b 

(1 .5) 

Percentage of total root length 
in the below 300 mm stratum 

MK GA EP 

25.6 (30.1 ) fg 38.5 (38.3) bc 45.3 (42.3) ade 

34.6 (35.9) b 35.4 (36.4) b 41 .1 (39.9) ab 

34.0 (35.6) bdg 37.3 (37.5) beef 51 .6 (46.7) aed 

(1 .9) 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 
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Appendix 3.7. Percentage of total root length recovered from the 0-75 mm and 

below 300 mm strata averaged for cultivars and water treatments. 

Cultivar 

MK 

GA 

EP 

s.e.2 

Cultivar 

M K  

GA 

EP 

s.e. 

Percentage of total root length 
in the 0-75 mm stratum 

Control 

24.8 (31 .4) a' 

28.0 (31 .6) a 

20.9 (26.7) ab 

( 1 .7) 

Stressed 

22.7 (28.3) ab 

24.0 (29.2) a 

1 7.5 (24.2) b 

Percentage of total root length 
in the below 300 mm stratum 

Control 

32.0 (32.4) c 

33. 1 (35.8) b 

44.4 (42.2) a 

(2.2) 

Stressed 

33.6 (35.3) bc 

39.8 (39.0) ab 

46.8 (43.7) a 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Mean standard error. 
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Appendix 3.8. Coarse root length as percentage of total root length recovered 
from each of the four soil strata after the application of water 
treatments. 

Coarse root length as percentage of total root length 

Harvest 0-75 mm 75-1 50 mm 1 50-300 mm below 300mm 

2 6.90 ( 1 4.98)ab' 5.36 ( 1 3. 1 8) 4.59 ( 1 2. 1 6) b 4. 1 5  ( 1 1 .31 ) b 

3 6.40 (1 4.46) b 5.79 (1 3.64) 4.55 ( 1 1 .98) b 3.29 ( 9.91 ) b 

4 8.56 ( 1 6.79) a 6.69 (1 4.86) 6.46 ( 1 4.44) a 6.78 ( 1 4. 1 8) a 

s.e.2 (0.65) (0.51 ) (0.58) (0.64) 

Cultivar 

MK 7.78 (1 5.87) 7.27 ( 1 5.45) a 6.97 ( 1 4.97) a 8.23 ( 1 6.06) a 

GA 7.03 ( 1 5.21 ) 5.35 ( 1 3.20) b 4.21 ( 1 1 .74) b 3.34 ( 1 0.28) b 

EP 7.07 ( 1 5 . 1 4) 5.22 ( 1 3.03) b 4.43 ( 1 1 .87) b 2.65 (9.05) b 

s.e. (0.65) (0.51 ) (0.58) (0.64) 

Water 

Control 6.90 (1 5.00) 5.99 ( 1 3.97) 5.06 ( 1 2.81 ) 4.29 ( 1 1 .43) 

Stressed 7.69 ( 1 5.82) 5.90 (1 3.82) 5.34 ( 1 2.91 ) 5. 1 9  ( 1 2 . 1 7) 

s.e. (0.53) (0.42) (0.47) (0.52) 

Interactions (P=) 

Cult. * Water 0.590 0.894 0.01 2 0.066 

Harvest * Cult. 0.291 0.556 0.867 0.086 

Harvest * Wat. 0.1 67 0.1 1 5  0.365 0.451 

Harv.*Cult.*Wat. 0.1 71 0.056 0.863 0.1 70 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<0.05 within harvests, 

cultivars or water treatment. 
2 Standard error. 
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Appendix 3.9. Coarse root length as percentage of the total root length 

recovered from the 1 50-300 mm stratum averaged for cultivars 

and water treatments. 

Cultivar 

M K  

G A  

EP 

Percentage of coarse root length 
in the 1 50-300 mm stratum 

Control 

5.54 (1 3.45) b1 

4.49 (1 2. 1 4) bc 

5. 1 5  (1 2.84) bc 

(0.82) 

Stressed 

8.40 ( 1 6.49) a 

3.93 ( 1 1 .33) bc 

3.70 (1 0.90) c 

Data within brackets are arcsin square root transformed percentages. 
1 Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 
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Appendix 3.1 0. Carbon isotope discrimination averaged for harvests, cultivars 

and water treatments. 

Harvest 2 
Cultivar 

MK 

GA 

EP 

Harvest 3 
Cultivar 

MK 

GA 

EP 

Harvest 4 

Cultivar 

MK 

GA 

EP 

s.e.2 

Carbon isotope discrimination 

Control 

20.24 abc1 

1 7.98 efg 

1 9.58 bcd 

20.63 ab 

1 8.95 def 

1 7.64 9 

1 9. 1 0  cde 

1 7.52 9 
1 7.63 9 

0.45 

Stressed 

20.86 a 

1 7.89 efg 

1 7.55 9 

20.73 ab 

1 7.79 fg 

1 8.39 defg 

20.36 ab 

1 7.91 efg 

1 8.36 defg 

, Letters indicate groupings of means that are significantly different at P<O.05. 
2 Standard error. 
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Appendix 4.1 .  Methods used to measure reducing and fructosyl sugars 

a) Somogyi-Nelson's Method (Somogyi, 1 952) 

Reagents: 

• Somogyi A: 

5 9 NaHC03 + 3 .75 g tartrate + 45 g Na2S04 + distilled water to complete 250 ml 

• Somogyi B: 

2 g CuS04 + 1 8  g Na2S04 + distil led water to complete 1 00 ml  

80th solutions should be kept above 20°C and should be mixed in the ratio 4A : 1 8 

before used. 

• Nelson 

25 g (NH4)M07024 are added to 450 ml disti l led water and mixed, then 20 ml of 

concentrate H2S04 are added and the solution is shaken. Three grams of 

Na2HAs04.7H20 are dissolved in 25 ml d isti l led water and are added to the 

solution above. The solution should be kept for 24 hs at 3rC in a dark flask. 

• Standard solution: glucose 1 80 �gml-1 

Procedure 

Five hundred �I of sample (could be part of sample - or standard - and part of 

disti l led water depending of the reducing sugar concentration of the sample) are 

put in a test tube, 500 �I of Somogyi solution A+8 are added , tubes are shaken 

and boiled for 1 5  minutes, then tubes are cool down in a water bath .  Five hundred 
�I of Nelson's solution and 3,500 �I of d isti l led water are added. Blank tubes 

containing water and reagent are prepared for correction. Absorbance at 540 nm 

is measured. 



b) Kulka's method (Kulka, 1 956) 

Reagents 

• Solution A: 

Resorcinol 0.05% w/v in absolute ethanol 

• Solution B: 

0.21 6 g 1-1 FeNH4(S04)2. 1 2H20 in HCI (sp.gr. 1 . 1 8) 

• Standard solution: fructose 1 80 �gml-1 

Procedure 
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One ml of sample (could be part of sample - or standard - and part of disti l led 

water, depending of the reducing sugar concentration of the sample) is put in a 

test tube, 0.5 ml of solution A is added, the tube is shaked and 0.5 ml of solution 

B under fume hood is added. Tubes are covered with glass marbles and boiled at 

1 00°C for 1 h .  At the end of the heating period tubes are cooled in ice water. Blank 
tubes containing water and reagent are also prepared for correction . Absorbance 

at 480 nm is measured. Colour is stable for more than 5 hr. 
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Appendix 5.1 . Surface steri l ization of seeds 

The following methods of seed surface sterilization were used. 

Method 1 

1 .  Soak seeds for 20-30 m in in 50% sulphuric acid. 

2. Rinse in water. 

3. Soak seeds for 20-30 min in sodium hypochlorite solution (3. 1 5  g I'l 
4. Rinse 3 times in sterile water. 

5. P lace seeds with sterile forceps onto blotting for a few minutes before placing 

the seeds onto agar plates to germinate. 

Method 2 

1 .  Place seeds in a gauze bag and soak in water at approximately 24-27°e for 3 

h rs. 

2. P lace seeds (in the gauze bag sti l l) in a water bath for 3-4 min at S7°e. 

3. Place seeds (in the gauze bag sti l l) in sterile water to cool promptly. 

4. Take out of water, remove seeds from the bag, place them into smal l jar 

containing sodium hypochlorite solution (6.30 g 1'1) and soak for 20 min. 

5.  R inse 3 times with sterile water. 

6. Place seeds with sterile forceps onto blotting for a few minutes before placing 

the seeds onto agar plates to germinate. 
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Appendix 5.2. Osmotic potential (l.IJ 0) adjusted by RWC for both periods ( 1  and 

2) and water treatments. 

lVo 1 lVo 2 
Water (MPa) (MPa) 

Control -1 .79 a' -1 .89 a 

S1 -2.08 b -2. 1 1 b 

S2 -2.21 be -2. 1 8  b 

S3 -2.55 e -2.29 b 

s.e.2 1 .01 0.87 

1 Letters indicate groupings of means that are significantly different 
at P<O.05 within cultivars, water treatment or endophyte. 

2 Mean standard error. 

Appendix 5.3. Photosynthesis (�m 01 CO2 m-2s-' )  averaged for cultivars and 

endophytes . 

Endophyte MK EP 

Ni l  7.99 ab' 6 .1 8 be 

AR501 6.90 be 7.37 be 

KY31 9.60 a 5.6g e 

s.e.2 0.77 

, Letters indicate groupings of means that are significantly 
different at P<O.05. 

2 Standard error. 
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Appendix 5.4. Stomatal resistance averaged for cultivars, water treatments and 

endophytes. 

Stomatal resistance (s cm-1) 

MK Control 51 52 53 

Nil 0. 1 08 if 0. 1 42 ghij 0. 1 59 fghij 0. 1 78 efghij 

ARS01 0. 1 53 fghij 0 . 1 1 4 hij 0. 1 55 fghij 0.2 16  cdefgh 

KY31 0. 1 60 fghjj 0.089 j 0.225 cdefg 0. 1 37 ghij 

EP 

Nil 0.31 6 abc 0.280 abcde 0.332 ab 0.254 bcdef 

ARS01 0.221 cdefg 0.204 defghi 0.306 abcd 0.270 abcde 

KY31 0.3 14  abc 0.361 a 0.266 abcde 0.338 ab 

s.e.2 0.037 

1 Letters indicate groupings of means that are significantly different at P<O.05. 

2 Standard error. 

Appendix 5.5. Average relative water content (%) between measurement periods 

and green tissue percentage averaged for cultivars and 
endophytes. 

RWC Green tissue 
MK (%) (%) 

Nil  84.4 68.2 

AR501 84.9 72.9 

KY31 83.2 65.3 

EP 

Ni l  75.8 72.2 

AR501 78.5 75.7 

KY31 80.8 72.5 
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Appendix 7.1 . Calculation of LAI 

A multiple regression was calculated using the average quadrat height as 

independent variable and the quad rat LAI as dependent variable as has been 

already described in Chapter 6. 

The dummy variables used were: 

0 1 : intercept for cultivar, Maris Kasba =1 and El Palenque =0 

001 : intercept for nitrogen fertiliser, NO=1 and N 1  =0 

07: intercept for month, July=1 August=O September=O October=O 

08: intercept for month, July=O August=1 September=O October=O 

09: intercept for month, July=O August=O September=1 October=O 

DA 1 :  slope for cultivar, Maris Kasba =1 and El Palenque =0 

DDA: slope for n itrogen fertiliser, NO=1 and N 1  =0 

DA7: slope for month, July=1 August=O September=O October=O 

DA8: slope for month, July=O August=1 September=O October=O 

DA9: slope for month, July=O August=O September=1 October=O 

Sas output was as follows: 

Dependent Va riable : LAI 

Sou rce 
Model 
Error 
C Total 

Root MSE 
Dep Mean 
C . V .  

Analysis of Variance 
Sum of Mean 

DF Squares Squ are F Value 
1 1  51 . 56777 4 . 68798 53 . 843 

305 26 . 55560 0 . 08707 
3 1 6  78 . 1 2337 

0 . 29507 R - square 0 . 6601 
0 . 9931 5 Ad j R - sq 0 . 6478 

29 . 71 069 

Parameter Estimates 
Paramet e r  Standard T for HO : 

Va r .  DF Estimate Error Paramete r=O Prob > 
I NTERCEP 1 0 . 333551 0 . 1 3207367 2 . 525 0 . 01 21 
HEIGHT 1 0 . 1 01 81 2  0 . 02433285 4 . 1 84 0 . 0001 
D1 1 -0 . 1 27844 0 . 09550335 - 1 . 339 0 . 1 81 7  
DD1 1 0 . 077086 0 . 08958963 0 . 860 0 . 3902 
D7 1 0 . 085390 0 . 1 3491 381 0 . 633 0 . 5273 
08 1 - 0 . 250234 0 . 1 466391 2 - 1 . 706 0 . 0889 
09 1 - 0 . 405028 0 . 1 5548479 - 2 . 605 0 . 0096 
DA1 1 0 . 037006 0 . 01 554495 2 . 381 0 . 01 79 
DDA1 1 - 0 . 02861 6 0 . 01 354041 - 2 . 1 1 3 0 . 0354 
DA7 1 - 0 . 048582 0 . 02380557 - 2 . 041 0 . 0421 
OA8 1 0 . 045023 0 . 02585033 1 . 742 0 . 0826 
OA9 1 0 . 1 04144 0 . 02685465 3 . 878 0 . 0001 

I T I 

P rob>F 
0 . 0001 
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Another multiple regression was calculated taking into account only the dummy 

variables which parameters had resulted significant at 1 0% significance level .  The 

following analysis de variance and parameter estimates were obtained . The 

resulting regression was used to estimate LAI from the height measurements. 

De pendent Variable : LAI 

Sou rce 
Model 
E r ro r  
C Total 

An alysis of Variance 

Sum of 
OF Squares 

8 5 1 . 30031 
308 26 . 82306 
3 1 6  78 . 1 2337 

Mean 
Squa re 

6 . 41 254 
0 . 08709 

F Value 
73 . 633 

Root MSE 
Dep Mean 
C . V .  

0 . 295 1 1 
0 . 993 1 5  

29 . 71 4 1 6  

R - square 
Ad j R - s q  

0 . 6567 
0 . 6477 

I NTERCEP 
H E I GHT 
08 
09 
DA1 
DDA1 
DA7 
DA8 
DA9 

Var . 
1 
1 
1 
1 
1 
1 
1 
1 
1 

Param e t e r  
OF Estimate 

0 . 379230 
0 . 093402 

- 0 . 3 1 0425 
- 0 . 484925 

0 . 01 7435 
- 0 . 01 71 28 
- 0 . 03 1 853 

0 . 057447 
0 . 1 1 9726 

Parameter Estimates 
Standard T for HO : 

E r ro r  P a ramet e r=O 
0 . 06068647 6 . 249 
0 . 01 424707 6 . 556 
0 . 1 1 03 1 502 - 2 . 81 4  
0 . 1 2231 273 - 3 . 965 
0 . 00581 556 2 . 998 
0 . 00509985 - 3 . 359 
0 . 0087681 2  - 3 . 633 
0 . 0 1 884962 3 . 048 
0 . 02023546 5 . 91 7  

Prob > I T I  
0 . 0001 
0 . 0001 
0 . 0052 
0 . 0001 
0 . 0029 
0 . 0009 
0 . 0003 
0 . 0025 
0 . 0001 

Prob>F 
0 . 0001 
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Appendix 7.2. Other  grasses, Lotus spp. and weeds dry matter accumulation in 

MK and EP paddocks and the two nitrogen treatments (NO= 0 

kg N .ha-1 and N1  00=1 00 kg N .ha-1) from June to October. 

Other grasses 

(kg OM ha"1) 

Date MK EP NO N1 s.e.1 

6 May 43 49 59 33 1 5  

4 July 48 39 30 57 26 

1 4  August 1 1  26 22 1 5  8 

4 September 9 8 7 9 6 

1 October 0 0 0 0 0 

Lotus spp. 

(kg OM ha"1) 

Date MK EP NO N1 s.e. 

6 May 62 71 57 75 34 

4 July 1 8  28 34 1 1  1 5  

1 4  August 3 2 3 2 3 

4 September 4 3 7 1 3 

1 October 2 7 8 1 2 

Weeds 

(kg OM ha"1) 

Date MK EP NO N1 s.e. 

6 May 1 1 9 77 1 1 4 81  35 

4 July 23 49 44 28 1 3  

1 4  August 2 3 3 2 2 

4 September 0 1 0 1 1 

1 October 2 0 2 0 2 

1 Standard error. 
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