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Abstract:

Endosperm exhaustion of two, populations of orchardgrass (Dactylis glomerata L.) was determined for
temperatures of 10, 15, and 20°C. using percent dry weight loss and seedling length measurements as
criteria.

Endosperm exhaustion occurred between 14-16 days at a temperature of 20°C., between 16-18 days at
15°C., and between 22-24 days at 10deg;C.

Rate of shoot elongation increased relative to root elongation with increasing temperature but root
elongation and shoot elongation were identical at endosperm exhaustion for all temperatures.

Seedling length and weight loss were significantly correlated at all temperatures, with a weight loss
associated with an increase in seedling length. For a given unit of weight loss, seedling length increase
was constant regardless of temperature.

Seedling injury to. cold stress was significantly dependent on seedling age, rate of endosperm
exhaustion, and population.

Injury was progressively greater to seedlings at emergence, endosperm exhaustion, and post-endosperm
exhaustion stages of development.

Seedlings having a faster rate of endosperm exhaustion exhibited more leaf injury by cold stress than
seedlings having a slower rate of endosperm exhaustion. Seedling survival was greater when seedlings
had a faster endopserm exhaustion rate than when seedlings had a slower endosperm exhaustion rate.

The population best able to germinate against a moisture stress recieved more cold injury than the
population least able to germinate against a moisture stress.
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ABSTRACT

Endosperm exhaustion of two, populations of orchardgrass (Dactylis
glomerata L.) was determined for.temperatures of 10, 15, and 20°C. using
percent dry weight loss and seedling length measurements as criteria.

Endosperm exhaustion occurredlsetneen 14-16 days at a temperature
of 209C., between 16-18 days at 15?0., and between 22-24 days at 10°C,

Rate. of:. shoot/elongation increased :relative to root elongation
with. 1ncrea51ng temperature but root elongatlon and shoot elongation
were identical-at .ndosperm exhaustion forvall temperatures.

Seedling length and weight loss; were: s;gnlficantly correlated at
all temperatures, with a weight loss associated with an 1ncrease in
seed11ng length., For a given unit of weight loss; seedling’ 1ength in-
crease was constant regardless of temperatqre

Seedling injury to. cold stress was 31gn1ficant1y dependent on
geedling age, rate of endosperm’ exhaustlon and populat1on,“ .

InJury was progressively greater to seedlings at emergence, endo-
sperm exhaustlon and post-endosperm exhaustion stages of development

Seedlings having a faster rate of endosperm éxhaustion éxhibited
more leaf injury by cold stress than seedlings having a slower rate
of endosperm exhaustion. .Seedling survival was greater when seedlings
had a faster endopserm exhdustion rate than when seedlings had a slower
endosperm exhaustion:rate.

The population best able to: germinate against a moisture stress
recieved more cold injury-than the populatidn least able to germinate
against a moisture stress.




INTRODUCTION

Growth and survival of orchardgrass (Dactylis glomerata L.) (7)

seedlings subjected to cold stress is dependent upon environmental and
physiological conditions before and after the cold stress. Environmental
conditions such as extreme temperaturé chaﬁges are probably most in-
fluential in regulating plant survival, At the same time, growth
conditions before and after cold stress occurs are imbortant. Seedlings
germinated and grown under warm conditions may be different structurally
and physiologically from seedlings éerminétéq and growﬁ under cool
conditions. Because of these differences, Ehey’may react diffgrgntly
'ﬁhen subjected to a temperature stress. ” |

Seedling age at the time of cold stféss ogg@trence is iﬁpoffant,
Seedling age may be divided into three stageszikeiﬁj pre-endosperm ex-
ﬁaustion or emergence, (2.) endosperm exhaﬁstioﬁ,_gnd'(3,)'pé§£;en36sperﬁ
exhéu;tion, Endosperm exhaustion was éonéidé?ed”tgﬁbe the point ;£=:.
which weight loss or seedling length increase geaséd,

The objectives of this study were (1.) to determine the éffegt:;f
Fgmberéfure upon rate and time of occuréénéé ;f endospérm exhéustibﬁ,w

t i Lo
endosperm exhaustion upon seed-
l" lf' 1

(2.5 Eo'determine the effect of rate of
%ing growth.and‘differ;ntiatioﬁ, and (3.,) to determine the effect of
aéte of endosperm exhaustion aqd physiological seedling age upon survival
of seedlings following coid stress.,

Information from objegtivé (1.) is prerequisite to initiation of

objectives (2.) and (3.), and as a result of many problems encountered

with technique, a major portion of the following discussion concerns
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development of techniques necéssary to proceed with objectives (2.) and

(3.).




LITERATﬁRE REVIEW

Endosperm exhaustion studies are somewhat limiteq.in number and a
ma jority of those reported utilized réSpiration measurements as the
basis for determining éndosperm exhaustion. Endosperm exhaustion
determinations utilizing dry weight loss or seedling length as a
criterion for evaluation were found only for large séedéd plants.

Pope (21) determined ensosperm exhaustion of two varieties 6£
barley based upon dry weight loss and shoot length measurements. The
period during which the weight-growth rate and length-growth rate
tépered off'was considered endosperm exhaustion. Endosperm exhaustion
occurred in approximately 25 days for the Hannchen variety and 22.days
for the Tennessee Winter variety. These barley varieties were grown
in soil under natural conditions with a mean temperature of 52°F,

Stiles and Leach (31), using CO, as a measure of respiration,
divided seedling growth into five phases. These phases were: (1.) a
fairly rapid increasé in respiration rate as seed absorb water, (2.) a
period of constant respiration rate which continues until the seed
coat ruptures, (3.) a very rapid rise in respiration rate following
rupture of the testas,:(é.) a period of approximately constant
respiration rate, and (5.) a slowly dim;nishiﬁg respiration rate.

Jéhes and James (10) gave a similar breakdown_of a respirétory
curve of barlgy, Starting with the seed which showed low carbon dioxide
output, their curves were divided into five‘phaseé. " A gradual rise in

‘respirato;y intensity characterized the first phase iﬁ which water was

absorbed, the embryo develops rapidly, and the embryonic reserves are




by
used. 'In ﬁhe second phase, carbohydrate reserves were mobilized and
reached a maximum on the seventh day as shown by a respiratory rise,
Greatest reSpiration intensity was reached.between the second and third
phase, The third phase showed a decline in respiration rate dué to
decreased endosperm reserves.' Respiration was.further:decreased as
a mixture of reserves were utilized ‘in the fourth phase. The fiftﬂ
phase showed a slight respiratory increase due to acéion of saéfOphytic
organisms on seedling materialf Earlier work by R;shcarvi (22) showgd
that Wﬁeat seedling reached a maximum re;piration rate on the 12th day
gtrélécﬁ

quér (16) measuring reséiration in terms pf.okygen uptaké,,foﬁnd
that respiration rate increased to a maximum énd then declined. ' Maximum
reSpifation rate was reachgd in 15 days at a temperature of 11.8°C. and
in 7 days at 23;8°C.

In general, respiration rate increased frém'thé time‘of:wéter up-
take by the seed tb.a maxiﬁum, which 1sigéﬁpérétu;e dépendent{“PAs
reserve material was less available to acti&ély growing regiohs, the |
respiration rate gradually diminished, 70583 exhaustion of endosperm
rgserves.respiration rate fron the seedling ifself was ve;y.kgwiﬂhThese
seed are similar chemically to orchardgrass, and. one might expect a
similar respiratory curve.

During seed germination heat is rele;sed and extensive trans-
formation and movement of materials from storage organs to the growing

seedling occurs (3):. Both processes involve energy.

Terroine et al. (34) found that energy efficiency of germination for
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seeds rich’in starch was 73 percent, for seed high in érotein, 63 per-
cent, and for seed high in fats, 53 percent. Energy efficiency was de-
fined as E/Ell- Ep in wh@ch, E was the heat,qf.coﬁbustion of the seed-
ling, E; heat of combustion of the ungerminafed seed, and E, héat of com-
bustion of the seed atla given stage of gérmination. These authors con-~
cluded that energy efficienc& for a given séed w;s deteémined by chemical
composition. A temperature increase hastened germination but did not
change the'energy'efficiency for a given stage of germination. The same
énergy efficiency was shown at every stage of germination, providing
storage reserves were not limiting.

James (9) and Toole (35) have shown that reserves of tﬁe embryo
are utilized first. This was followed by utilization of endosperm
immediately surrounding the embryo. The transformation of material in -
the seed depends on chemical composition., Much of the fat was oxidized
to carbohydrate and transported to various active regions. The
carbohydrates, principa11§ starch, in q?chardgrass are transformed to
soluble carbohydrates and translocated. 1In Bdrley, sucrose was found
to be the primary sugar utilized for respiratory emergy, (9).

Although temperature apparently doeé not affect energy efficienc&
of a given seeﬁ, Loomis (15), Sprague ﬂ29), and Went (37), have shown-

that temperature does have a pronounced effect on shoot and root growth,

Loomis (15) suggested that root growth tends to be limited by supplies

~of carbohydrates and other growth materials from the top, and growth of

the shoot limited by supplies of water and minerals obtained through
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the root.

Sprague (29) found as temperature increased to the optimumhrange,
dry matter of tops and roots of orchardg&éss inc;eased, Rate of inéfease
of top growth‘Qas more rapid than the rate of increase of root growth.

Work done by Roberts ard Sﬁfuckmeyer (23) showed that most but not
all species tested had.more roots in relation to tops in cooler tempera-
tures as compared to warm, These authors suggested, as did ﬂent (37), that
the composition and reserve conditions within the top, control pfoduction
of roots and thus shoot-root ratios.

Went (38) reported evidence for reduced translocation of sugar as
temperature increased. There is some speculation as to what range of
temperature is influential, however.

Hewitt and Curtis (6), working with tomatoes, found that transloca-
tion rate decreased with a temperaéure,rise‘above 25°C. Other workers
found that translocafion of sugar decreased as femperature increased above
2°¢c, (8, 38).

The above data tend to show that maximum root production occurfed
at lower temperatures than shoot production. Went (37), stated that each
morphological and physiological process seems to have an optimum tempera-
ture. Stem and root elomgation and translocation rate may and apﬁarent1§
do differ in optimum temperature ranges. The effect of soil temperature
on emergence in relation to root and shoot production is thus important.

Dubetz et al. (4) tested the rate and percentage emergence of 19

native and cultivated herbaceous species at soil temperatures of 6, 13,
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18, and 24°C. The emergence of all. species was greater at a temperature
of 18°C. than at 6°C, Orchardgrass emergence was significantly higher
at 18°C, than at 24°C,

References on the effect of soil temperature on emergence force
were not found, Williams (40) evaluation of émergence force‘ofismall
seeded iegumes provides a technique for such a determination. .By the
use of glass push rods, Williams evaluated emg?géﬁce force by.determin—
ing the weight moved upwards by germinating seedliqgs. A coffe%ation éf
0.999 between séed weight and emergencelﬁorce was found.

Freezing temperatures influence seédling’grgwth; The toiéranée
of pianﬁs to freezing temperatures was influengedﬁby temperature“beforé,
during,“and'after freezing; soil moisture; light; and minerél nutrition.
Physiological factors, such aé ;eedling age,'érqwfh.rate, aqd_hardeniné_
ability are important (13). Two types of freezing can occuf{ipJplant
;3ssues; intracellular.and extracellular. Intpacqllglar ice formation
ai&oéé.always results in deatﬁ of tﬁe tissﬁe-(gﬁ)g .This type of
freeziﬁg does not commonly occur in nature. Siminovitch an&:Sgartﬂ E26)
found intracellular ice formation to océ;f.oﬁiy,wheﬁ raﬁid freéziﬁéz
occurs. They found intracellular ice formatiqn in. potted plants when
temperature droppea from Q to -10°C. in one-half hour; Intracellular ice
formation was found to occur less frequently in hardy tissues because of
increased permeability of protoplasm to water (25, 27).

Extracellular ice formation was more common than intracellular ice

formation and was induced by slowly lowered temperatures. This type of
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freezing can occur in all cells and was ﬁearly always fatal in non-hardy 
cells. Stucky and Curtis (32) state that injury in this case seems not
to be due to'the quantity of ice formed but to an-indirect effect of water
removal. Levitt (13) suggests that water reméval from célls results in
two possible equanations of dehydration insufy: (1.) salt preciﬁitétion
of proteins and (2.) mechanical injury of the protoplasm.. Mechanical
injury ié thought to be the most important form of injury caused by frost
dehydration. According to Levitt, two factors are involved in mechanical
injury: (1.) frost dehydration leads.to‘a progressive increase in
protoplasmic consistency until under extreme dehydration it becgmes
brittle, and (2.) due to water removal, from the cell as a whole, con-
traction subjects the protoplasm to tensioms.

Scarth (25) listed three main types of freezing injury: (l.) intra-
cellular freezing, (2.) mechanical effects of freezing and thawing when
ice was extracellular and (3.) pﬁysico-chémical effect of dehyd?ation.
The first occurs at the momén? of ;apid freezing of the tissue. The
second occurs dqring temperature fluctuations. The third occurred at
the critical low temperature which marked the limit of frost ‘endurance
of the cell and was probably the most common cause of death.

' Resistance to these types of injury are summarized below. Intra-
cellular freezing tends to be prevented by increased permeability to
water. Thus water moves out of the cell more easily, leaving carbo-
hydrates and other solufes behind, and promotes ice growth outside of
cells. Mechanical injury during freezing and thawing is principally

prevented by the reduced structural viscosity of the cytoplasm. Proto-
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-plésmic h;rdening'results in increased bound water) reduced:ébaguiability, ﬂ
and an increase in protein. These changes may do much to éfevént‘déhydra-
tion injury (25). |

The relationship of seedling age and growth conditions to freezing
injury prior to freezing has been widely studied. Laude (12), working
with severél grasses including orchardgrass, found'that seedling emergence
was reduced'By a freezing température of 20°F. As seedlings approached
emergence, they were more susceptible to cold injury. Inéreasing delay
of emergence was also associated with freezing at progressively later pre-
emergence stages. Arakeri and Schmid (1) and White and Horner (39) found
grasses tested were more susceptible to injury in eariy érowth stages.,
Earfy growth sfage was defined as plumule emerged., After emergence,
grasses were again found to be more resistant to freezing injury. After
the seedlings have attained the 2-3 leaf stage, some of the grasses
again becomé more susceptible to freezing injury. The same type of result
was obtained by Peltier and Kiesselbach (19) who attributed exhaustion
of reserves as the factor influéncing susceptibility in the 2-3 legf
stage. Suneson and Peltier (33) report the youngest winter wheat plants
regardless of hardening appear to be the most cold resistant. They noted
one ‘exception: wheat in the 3-4 leaf stage had increased sugceptibility
to cold stress. They attributed this to wheat seedlings being on the
‘verge of endosperm exhaustion.

Worzella and Cutlgr (41), on the other hand, show that germinated

seed or seedlings of wheat in the one leaf stage or coleoptile stage are
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quite susceptible to cold. Winter wheat seedlings having 2-4 leaveslshow
an increase in winter survival; those possessing 5-15 leaves per plant
are the most resistant.

Peltier and Kiesselbach (19), wérking-with seedlings of oats, barley,
and spring wheat'found that (l.,) seedlings were more resistant to cold
injury when emerging from the soil than in the 2-3 leaf stage, and (2.)
seedlings manifest the least cold endurance when food reserves of the
" endosperm are depleted. They further state resistance to cold decreases
progressively with increasing age andtsize of the seedling until a
minimum was reached at endosperm exhaustion. After this time, cold
resistance again increased.

Levitt (13) cites a considerable amount of evidence showing younger
tissues being more resistant to cold injury than older tissués and also
much evidence to the contrary. He lists the following reasons for some
of the apparent contradictions involving seedling age: (1.) young seed-
lings to one author may be old to another, (2.) uniform freezing con-
ditions which are needed to’compare injuries of different studies are
lacking, and (3.) plant mechanisms differ in reSpbnse to cold. An
example of the latter point; some woody plants apparently translécate
water to older tissues as freezing occurs, thus protecting the’ youngest
tissues from rapid‘freezing,

This diagram-By Levitt  (13), was based on a summary of frost injury

in relation to seedling age.
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An often overlooked factor influencing seedling survival at time
of freezing is soil moisture content. Platt (20) and Tysdal (36) found
soil moisture to have an important effect on freezing injury of grain
and alfalfa, respectively.

Good correlations have been found between frost and drought hardiness

in many plant species. Levitt (13) lists the following reasons for these
correlations:

1. When plants become drought hardy due to reduced water supply,
they also become frost hardy.

2. When plants become frost hardy due to low temperature ex-
posure, they also become drought hardy.

3. Changes in hardiness with development are similar.

4. At least many of the same physiological changes occur
during frost and drought hardening.

5. Small cell size is correlated with frost and drought
resistance.
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. Poor co;relétion; between frost and drought hardiness may arise
'from boor terminology (17). Drought evasive, drought enduripg, and
drought resistant plants must be first properly segregéted before
t;ue compérisons between drought and frost hardiness éan be made. Field
méasurements'on céld injufy may measure all possible effects of frost
injury, which, hpless due to dehydration, éaﬁ‘not be comapred to drought
injury.

For‘éood artificial freezing trials, standardization of procedures
are needed before results of various studies can be accuratély evaluated.
Levitt (13) préposes"the follo&ing conditions'for artificial freezing
trials: (1.) plants must be frozen, not undercooled, (2.) freezing
must be at a standard rate, (3.) a single freeze must be used
for a standard length of time, (4.) thawing must be at a standard rate,

and (5.) the conditions after thawing must be standardized.




MATERTALS AND METHODS

Seed Source and Preparation

-Seed from‘two populatidns’gf orchardgrass were ﬁséd. One population
is made up of plants procurred from seed that had .the ability to germinate
. agdinst a mannitol moisture stress. Plants of .the other population were
. From seed.tha£ did not have the ability to germinate against a moisture
stress. Seed from these plants weré selected that gave the most extreme
response fqn their respective populations.

Seed were ha;vested at maturity from individual Plants of each popu-
Tation in July ‘and August, 1962. .Endosperm exhaustion trials began in
:thober, 1962 and were completed in October, 1963. All seed not being
used Wefe stored in metal cans at a temperature of approximately_15°cr

For élllendgspgrm exhgustion trials, seed were prepared using the
following(methqd. .Seea,Were cleaned, halved in a Gamet diyider until .the
. desired we}ght of seed wds obtained and blown by a South Dakota blower .to
remove. all inert,material. All.light weight seed were removed from inert
material énd_tﬁéroughly mixed with heavier seed. Multiple flgrets,wgre
removed to reduce error due to the weight of sterile florets.

Rate of endosperm exhaustion was measured using dry ﬁéight loss dand
length qf seedlings grown in the darkness as measuremgnt.qfiteria¢ The
pbint,at.which:weight.ldss.or seedling growth ceaSe& was cqn;idered to be
endposperm exhaustion. Since technique difficulties,werewen¢gpﬁtered al-
most immedidtely, ;hreg successive trials were conducted. ?rocedures
were varied in each succeeding trial in an. attempt to overcome difficul-

ties previgusly encountered.
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_Endosperm~EghaﬁsFién Trials

_Fgllgw;ng S?éd preparation, seed from each population were counted
into 10.1éts of 100 seed. Each seed lqt.wasfwéighed to‘tﬁe nedrest ten-
thousandth of a gram and placed 6n filter paper.

Since-rdgﬁs.gf germinating,seedlings_penetréte,fil;er paper, it was
‘expegte&,thgt.é}sQurcguof érrqr'wquld occur‘When.segdiing;,wgre remgvéd.
from itf T9‘avgid this error each sheet of paper_was-wéighéd. When
seed Were.rempved{from the‘germinatgr,Abpgh filter paper and seéd were
weighed. The weight. of the germindted seed were'qbtained.by gubtractiﬁg
the-Qriginél weight Of'thé pdper.

The filter Papervand seed were placed in covered.germingﬁiqn,quéﬁg
'instened, and randomly plgqed.in darkened germinators at iS éné-BOQC;
Filter paper and seed and/or seedlings were.placed.in.weighing, bottles,
oven. dried 4t YQQC;; CQéled.in a degsiccator, and dry weigﬁt.ldss,deter* ,
mined, All seed w@re~weighed during the first. six days, after this time
. nen-germindted geed were counted and remgved. bry Weight.lgss.wasudet§r+‘
mined. by adjusting“the weight ;f.rhezgerminated.seed.£g¢a:160.seed weight
basis. Root andsshqqt measuregments yere madgan the -tenth andl;wentieth
day.. :

AThis-tfial.had much variation in weight. loss. which wés thought to
beldue to;ﬁip) a large percentage of the weight (85%) beihg;filfer~papgr,
making small.weiéht.lo$ses of seedlings subjgct.;q‘wgighiﬁg-errggsjgf.the;
fil#er papery. éz,ivéxtra.wgigﬁiggs inyolyed in weigﬁingffilter pdper,,

(3.) variatien in seedling gfgwth due to location within germinater,. and
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'(4;) weight adjustments made to«ébmpensate_fér germination perqﬁnﬁage,

In1Qrdgr.tb rempve the. errer encountered. in Trial.l.attributed.prin~
:cipaily tq:theuusg.pflfil;er paper‘subaérate?ﬁa'germinationvmedium engbling
seedlings -to: be reméved without- loss.of foqts_was needed. Experiments
fwiph several media.shQWed_that_blgttefs.wrapped With_heayy paper towei
,pegmitted-seedLing.removalhwi;hcut lggs of rgqté‘ Ihis medium was. used
in subsequent. trials.. N

in an effort te reduce location effeéct within the germinatOrs,-sample
size was decreased to. reduce space reQuined_within the germinators.

Cgrrectingzweight.gf,germinaﬁed seed to a 100 seed basis,was.thgught
to give Variatigné in seed weights. "It was.not kngwn Whe;her the. light-
weight seed or heavier s¢ed germinated firsf. TIf heavier seed germinates
first, correcting the weight of seed to a 100 seed basis résults in 4n
.oyer cgrrectign. .Iﬁ.lightweight seed gefminaﬁed firsty under. correction
of seed weight results., .Results from other trials. have shown that
corrélations between~5e¢d weight and rapidity of germinéticn:variable&

Wei,gihixig,.an-:ggJ;m_inated seed resulted ip fq;her pr§bl;ems. ,S:éed‘,.,ia,l-
though not germinated, were still.undergoing respiration. In the 1a;er
portion of trials,,theserseed were gften covered with mold, .and weight
loss can.beuattpibptgd to- respiration of ?Hﬂse organisms. Since the
weight. of these non-germinated sged.ggés.nu;.rémainncpns;an;, the weight
to give weight of ggrminating,séed; To rempve this.probable squrce of

error; all. seed were weighed regardless pf germination. -
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With these. modifications, Trial. 2 was started at temperatures of:7
and ISQCE Igmperatures nge reduced bepauée.of paor germinatign encpugtgxgd
at. 30°C.. in ?;ial 1. Sged from each pqpulation<Were‘dividEé igfo.tw;” |
Weigﬁt,classesi.énd.gach weight.c145s‘getmina;ed at twcuteﬁperatﬁres

thus providing 8_treatments.~:Seed.1ots 6f 10 represented thelexperimental
unit. Eight lots,.one pf‘each treatment, were removed.in dupliqate on
the fourth and eighth day, and. at:2-day intervals following the eighth
day. |

Root and shgot medsurements. were made on days 10,. 15, 174, 19, and
22 on. 20 segdlings from each tredtment.

Resultélwere dgain vériaﬁle.and a;tri@uted mainiy,to,small sample
gize. - Ropt.and shoot.measurements were more.cqnsistent than those of
the. first trial.

_A third tr;al-was startedhﬁsing:larger seed samples.and employing
,rqtation.of:bﬁxgswwithin theé germinator tg»reﬁ@ve.chatgonueffécgm Since
-both pgpulations previeusly showed similar weiéht,kgsg‘patterns*monly.
seed frqm-ﬁhengpqlation lgas;hableﬁtgigerminateugg;inst“a.mpisture
stress were used. in. this trial. Seed were cpun;ed.into:lZO:thﬁdof 100.

sgeés each fgr,gepminatian at.lOOG;? 50 Lots of 100 seeds each for
germinatien étL159C.$.@nd-80,1QtS:Qf.100 seeds edch for germindtion at
20°¢C.. Each lot.Qf. seed was placed. on blotters wrapped with heavy paper
tQWély put.into.quered germination boxes, and moisténedl Boxeg were
rdndomly placed in gérmingtprs.atxlo, 15, and QOQCE' The.léts were randomly

removed in group8 of five dat:.2-dday intervdls for the first. 10 .days at
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109C., and first 8 days at. 20°C.,. and at one-day intervals for the
remainder. of tﬁ; tridls glsuand 12 days,. respectively). Seed lots were
removed in groups of five dt 2-day intervals for .the 15%. trial for. 20
days. Blotters were watered periedically to,insure.sufficieﬁt:mcisture&
Weight loss. was determined by weighing the entire 100 seed instead
of removing non-germindted seed as in Trizl 1. This pnaérice resulted
in 1eés.variatian in weight. loss.
All seed and/or seedlings were dried at 105°C. in Trial 3. Calcu-
- lations of weight loss were. made.as follpwsi

Tnitial weight of seed x % oven dry matter = Initial oven
dry. weight o ' o

Tnitial oyen.dry weight. - oven.dry weight of germinated
seed and/or seedlings = dry weight logs

(Dry weight loss / Tnitial oven dry weight) x 100 = %
- dry weight. loss. '

Root and.shoot. measurements were made at. 2-day intervals. for all
temperatures..  ée¢d1iﬁgsJ_five,erm eaéﬁ bgﬁ,,ﬁereuremqveq? placed on
,a.mqistengd.table tqp@,?ressed flat, and lepgth of roots and of shoots
measured with & compass. This distance was scribed on graph.papers This
process was repedted for each“measuremen; and~éverage.length of seedlings
was de&ermipéd frgm the total scribed distance on paper.

{

Corrélaticﬁs between.seedliﬁgflength.and.weight loss were made to

determine . usefulness of total seedling,length as. a measure of weight loss.

Cold Stress Trial.
Seed fractions were segregated from.each population using a Seuth

Dakota blower to-insure uniform seéd weights between populations.s Seed:
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from each. population were.planted one-half. inch deep in vermiculite
placed in_Z"ix.Z” jiffy pots, Ten seed were planted per pot. The pots
were.placed in growth chambers at lO,and.ZOOCL,gndgr 600 foot-candles
illuminatipﬁ.. Under each temperature regime, there.were‘72 ppts.ﬁf
seed,, 36 with'§ged best. able to germinate.agaipst.a moisture stress
dnd 36 with seed»lgast,abLe to germinate. against.a moisture stress..
Within each population there were. three age. groups each having two rates

~Qf.température_cqntrdlled\endqsperm eghaustion. ‘Each treatmeﬁt.wgs
replicatgd four times.

The three.ages -of seedlings.were established by WatEring,seedlwith
a standard nut;ient solution beginning. at. pre-determined. intervals.
Seedling age at.both temperatures correspond in.terms of endosperm
utilized; that is, age one of the 10°C. temperature corresponds to.age
one gf the 20Q03 temperature at time of coid stress”applicatienﬁ' This
same relatibnshipuhqldg.er‘ages'twg and three. The.age of seedlings.at
time of cold s;réqs.apglicgtion,wgred ‘Agenleeﬁergepce.qr pxe-eﬁdpsﬁerm
-exhaustign, AgéxﬁrendQsperm exhaus;iqn,;and‘Agé.3-pést»end95permsex—
haﬁgtiQn (fgur days . after. endosperm gxhaustiqg)f

.pifferent rates of endgsperm exhaustion were dccomplished by growing
.seedlings atxtﬁo-tempe;atﬁfes% 10. and 20%c.,

When seedlings reachgd desired ages, they were pldced. in alprg-
c¢onditioning room ag;QSéE% for 24 hours.prior to cold.stress.application.
A1l pqts-were.wétgned jusfuprior te placing, in the preconditioning rogm
dnd allowed.to.drain during the. 24 hour preconditioning period te insure.

as uniform.water cenditions as possible. Following preconditigning,.
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seedlings were transferred. immediately to & freezing chamber.dt.a temperd-
ture of‘ZO-ZZQF;. Thg severity of cold stress was regulated by dura;iqni
of exposure to this.temperaturet Expoesures to celd stress were.2 and 4
hours ., After.e%ppsure&qseedlings-were.transferred.tO»the precomditiqning
room immediateiy“and”allowgd to. thaw slowly. When cbmplepe thawing. of
vermiculite and seedlings had occurred,,SEedlings were transferred Lo
the greenhouse. ?urvival,and plant height measurements were made one
A daytafter freezing and at two weeks following freezing. ‘Sgedlings were
transplanted into seil in the greenhouse.and will be grown to . maturity.

Fc? testing;hypqthesis of statistical_resuits$ gccepted.me;hods

described. by Snedecpr (28) and Steel. and Torrie (30);werefusgd.




RESULTS

Endosperm Exhaustion and Seedling Length Measurements.

All results reported are based on the last endosperm exhaustion
trial, Trial 3, described in materials and methods, with the exception
of root-shoot data presented oe the 7 degree C. tempefature.

Germieation of orchardgrass seed was‘66, 77, 80, and 67.percent
at- temperatures of 7, 10, 15, and 20°C., respectively.

Endosperm exhaustion was found to occur between 14-16 days af a
temperature of 20°C., between‘16-18 days at i5°C.a and between 22-24
days'at 10°C. using dry weight loss as a measure (Figure 1). Endosperm
exhaustion based on seedling length measurements gave similar results
(Figure 2). Time required for endosperm exhaustion increasee as temper-
ature decreased.

Correlation.coefficients between seedling lehgth and percent dry
weight were found to be 0.978, 0.994, and 0.856 for teﬁperatures of
16, 15, and 20°C., resbectively. These- coefficients were significant
at the .0l probability level. All data were combined apd the calculated
corréelation coefficient was 0.928. The r2 value or coefficient of deter-
mination shows that 86 percent of the variation in weight loss is
accounted for by seedling length. These correlations indicate that
seedling length is'a useful measure of endosperm exhaustion.

The number of seedlings needed to be sampled to estimate within
+5 and +10 percent of the mean length was determined for a probability
level of .05 (Table 1I). Calculations of sample size were based on the

formula outlined by Spedecor (28). This formula was:
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Figure 1. Percent dry weight loss of individual orchardgrass seed and/or seedlings germinated

and grown in darkness at temperatures of 10, 15, and 20°C,
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Figure 2. Individual lengths of orchardgrass seedlings germinated and grown in
darkness at temperatures of 10, 15, and 20°C.
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Table I. Number of samples comprised of 5 seedlings each needed to be
measured to estimate within *5 and *10 percent of the mean
seedling length with a probability of .05.

Germination Desired
Temperature Range Days From Watering
¢cr ) (%) 8 10 12 14 16 18 20 22 24 26 28
No. No. No. No. No. No. No. No. No. No. No.

10 5 Ol 164037 ¥ 1 728 NI2E013 S 1 8N 0138010
%10 2 41 N el S e SRR R B o T
15 15 64 62 59 74 48 45 3

*10 H60 sl 5116 SR MR BT T LS

20 5 17 36 14 17 15 [ ey
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n = t2c2 / p2 where
n = sample size

2 = t at desired probability level and proper degrees

of freedom, squared.

coefficient of variation, squared.

(¢]
i

pg = desired range from mean in percent, squared.

Regression coefficients of seedl;ng length on weight loss were
calculated for each temperature and were not significantly different
from each other aF the .0l level. These coefficients were 1.012, 0.588,
and 0.660 for te@peratures of 10, 15, and 20°C.; respectivelyv(Figdre 3.
The homogeneity—éf these coefficients show that a given weight loss
aq;dqﬁts for a definite amount of seedling growth regardless of tem-
perature. A regression coefficient of seedling length on weight loss
was calculated for all temperatures combined and a regression line
drawn (Figure 4). This coefficient shﬁwed that for each one percent
weight loss, seedling length increased 0.688 centimeter, regardless of
temperature. '

The régressioﬂ‘coefficient of weight loss on seedling length was
1.251 and showed that each one centimeter increase in seedling length was
accompanied by a dry weight loss of 1.251 percent.

At all temperatures the root emerged from the seed one to two dayé
prior to shoot emergence. Ro&ts emérged in 9, 7, 4, and 3 days
following moistening of seed at temperatures of 7, 10, 15, and 295c.,
respectively.

Rate of root elongation decreased relative to shoot elongation as
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temperature increased (Figure 5). Although rates of shoot and root elon-
gation varied, the ratios of shoot and root.elongation were nearly identical
at endosperm exhaustion. One apparent exception was the shoot and root
elongation at a temperature of 7°C.; however, this trial was not carried
far enough to reach endosperm exhaustion. Root elong;tion, at a tempera-
ture of 7°C., was nearly equal to rodt elongation of all other temperatures.
Seedlings grown‘at 7°C. had shoot-root ratios of nearly 1:1 for 20 days.

As temperatures increased, shoot-root ratios increased until endosperm
'exhaustion. At endospefm exhaustion the shoot-root ratios of seedlings
grown at temperatures of 10, 15, ana 20°C. were 2.2:1, 2.2:1, and 1.9:1,
respectively (Table II). Shoot glongation continued after endosperm

exhaustion at 10°C.

Cold Stress Responses.

Degree of seedling injury from cold stress was significantly depend-
ent at the .0l probability level upon age of seedling, rate of endosperm
exhaustion, and population. Significance was detefmined by the use of
appropriate chi-square tests. Total seedling injury by cold stress was
greater, progressively, to seedlings at emergence, at endosperm exhaustion,
and post-endosperm exhaustion stages of developmeat (Table 1II). Total
seedling injury includes both leaf injury and plants killed to ground level.

The seedlings grown at a.temperature which brougﬁt about a faster rate
of endosperm exhaustion had fewer seedlings injured to ground level due
to cold stress than the seédlings grown at a slower rate of endosperm
exhaustioﬁ (Table IV). Leaf injury of seedlings grown at a warmer tempera-

ture was greater than leaf injury of seedlings grown at cooler temperatures.
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Table II. Shoot-root ratios of orchardgrass seedlings, based on shoot
and root length when grown in darkness at temperatures of
Tt 10, 51550 and® 208903

TEMPERATURE
e 10° 159 20°
DAYS
4 9721 131
6 L2 e SiE)1
8 * 1.4:1 1 gy o |
10 03 1 9911 rags 1 2.2
12 )L g 2000F 2,131
14 12zl 2.0:1 1841
16 L e 1.6:1 202510 1.9:1%%
18 1 5P B 2,011 2.1:1%% 24271
20 1653 50 | 2084l gl 2,180
22 1.4:1 2.2 1%%
24 2.5t
26 2.5¢1
28 2.811

*Root development only.

**Endosperm exhaustion as determined from weight loss.
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Table III. Influence of three seedling ages and two initial growth
temperatures on total number of plants injured in two
populations of orchardgrass seedlings subjected to two
lavels of cold stress based on adjusted stands of 40
seedlings.

Stage of Seedling Development

Initial Level of Post-

Growth Cold Ex- Endosperm Endosperm

Temp. (°C.) posure (hours) Emergence Exhaustion Exhaustion | Total

NO. NO. NO. NO.
Population Most Able To Germinate Against A Moisture Stress |
10 2 0 0 4 : 4
4 0 14 14 ‘ 28
----------------------------------------------------------------- o
Total 0 14 18 32
20 2 3 9 35 47
4 6 13 31 50
------------------------------------------------------------------ o
Total 9 22 66 i 97
Population Least Able To Germinate Against A Moisture Stress
10 2 0 6 7 13
4 0 5 13 18
................................................................ -
Total 0 11 20 31
20 2 3 5 20 28
4 0 13 24 37
................................................................ S —
Total 3 18 44 65
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Table IV. Influence of three seedling ages and two initial temperatures
on total number of plants injured to ground level in two
populations of orchardgrass seedlings subjacted to two levels
of cold stress bases on adjusted stands of 40 plants.

Stage of Seedling Development

Initial Level of Post-
Growth Cold Ex- Endosperm Endosperm
Temp. (°C.) posure (hours) Emergence Exhaustion Exhaustion | Total
NO. NO. NO. NO.
Population Most Able To Germinate Against A Moisture Stress
10 2 0 0 i} 1
4 0 12 11 20
Total 0 12 12 24
20 2 0 1 6 7
4 0 0 8 8
—————————————————————————————— e - - - o o -
Total 0 1 14 15
Population Least Able To Germinate Against A Moisture Stress
10 2 0 4 2 6
4 0 5 4 9
-------------------------------------------------------------------- b
Total 0 9 6 15
20 2 0 0 0 0
4 0 2 4 6
------------------------------- e o - - - - - - "D
Total 0 2 4 6
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‘The populati¢n best able to germinate against. a moisture stress

. / . .
:sustained mere cold injury jthan the populdtion ledst able.to germinate

against a moisture stress. at.all ages.and. at borh rates of end9ép§rm-

- exhaustion.




DISCUSSION

As temperature increased, rate of endosperm exhaustion increased,
thus endosperm exhaustion Qas reached more rapidly as témperature in-
creased. The endbsperm‘exhaustion rate of seedlings grown at a 15 degree
C. temperature appeared equal to or greater than the endosperm exhaustion
rate of seedliﬁgs‘grown at a temperature of 20 degrees C. Two factors
influence this relationship. First, all endosperm exhaustion curves
were based on measurements made of 500 seeds, regardless of germination
percentage. A higher or lower percent germination will change the
relationship of the endosperm exhaustion curves. Comparison of the endo-
sperm exhaustion curveé of the 10 and 15 degree temperafures show the
proper relationship; however, the 13 percent difference in germination
between temperatures of 15 and'ZO'degregs do not. The relative weight
loss at a temperature of lS?Ci would appear greater than the weight loss
at a temperature of 20°C. even }f actual weight loss was the same. This

comparison does not show the exact relationship of endosperm exhaustion

-in magnitude, but rate of endosperm exhaustion and time required-for

exhaustion would remain good estimates, limited b& the accuracy of measure-
ments made.

The second factor which may have altered the endosperm exhaustion
curve at the 15 degree C. temperature was exposure of these seedlings
to‘é 25-30 degree C, temperature f;r 12 hours due to germinator
trouble. This exposure occurred seven days after germination and
undoubtably increased rate of endosperm exhaustion duriﬁg this period.

One or both of these factors may be a source of error and must be
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considered for endosperm exhaustion curve comparisons. -

Rate of shoot elongation increased more rapidly than root elon-
gation as temperature increased (Figure 5). Sprague (29), Roberts and
Struckmeyer (28), and Went (37) reported similar results.. Cause of this
phenomena has been attributed to a decrease in rate of sugar trans-
location from the shoot as temperature increased. .Most of these
comparisons, however, have been made on mature plants. At the present
time there is conflicting evidence on temperature effects on rate of
transport in. the phloem. Material transfer from the shoot to the
root in'the absence of photosynthesis is unlikely, however, bi-
directional movement of solutes in the phloem can occur in response to
solute gradienfs° The solute gradient in the phloem would favor move-
ment of solute toward the root and shoot apex.because the highest solute
content is in the seed. The majority of the reserve material supplied
to the root and shoot comes initially from the embryo and then from
endosperm surrounding the embryo (34), éhoot elongation as well as root
elongation were équal at all temperatures when endosperm exhaustion was -
reached (Figure 5). 1t would appear a temperatﬁre incéease hastens
the elongation of shoots and foots but that the amount is predetermined
regardless of temperatures. As temperature increased, shoot eléngation
increased more rapidly than root elongation., A 2:1 shoot-root ratio
6ccurred in 18, 12, and 10 days at temperatures of 10, 15, and ZOQC.,
respectively. These rates of shoot and root elongation may gffect

emergence and seedlings survival.
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Two alternatives in regard to -seeding temperatures are possible:
(1.) seeding under warm temperatures, and (2.) seeding under cool tempera-

tures. Under either situation, factors such as soil pathogens, planting

depth, soil crusting, and shoot-root ratios with regard to the tempera-

ture influence must be considered. Considerable work has éhown that
seedling emergence was reduced by the first three factors, (2, 12, 18,
and 24). Information regarding the relationship of shoot eiongation to
emergence was not found. VIt is possible that shoot-root elongation may
influence emergence by (1.) shoot elongation rate,iand (2.) amount of
energy expended at a giveﬁ time. Planting during periéds of warmer
temperatures would aiiow deeper seeding to take advantage of limited
soil moisture and still obtain rapid emergence.

Faster rates of shoot elongatién with increasing temperature, requires
a faster expenditure of energy. Work by Terroine et al. (34) has shown
that énergy efficiency for a given stage of germination, was.identical
regardless of temperature. This implieé a giveﬁ release of energy for
each unit of substrate respired. 1If the release of energy at a given
time was not enough to overcome resistance of a soil crust, emergence
may be prevented.

Conditions following emergence also must be considered. 1In areas
where soil moisture is limiting, freezing temperatliires follow pianting,
and where wind injury is p?evalent, seeding temﬁeré;ure is important,

Shoot-root ratios of seedlings grown at a temperaturé of 7°C.
remained nearly 1:1 for 20 dayéf Thesé seedlings have a smaller shoot

system to support during eatly growth than seedlings grown under warm
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temperatures. Thi; factor could increase seedling survival in areas of
limited moisture and éould decrease wind injury by desiccation or abrasion.

Seeding ddring cool temperatures, in areas where freezing commonly
occurs following seeding, may not be advantageous to seedling surVivél.
Seedlings grown at 10°C. exhibited a higher death rate than seedlings
grdwn at 20°C. when subjected to a cold stress. This relationship is
contrary to results reported by Levitt (I3). Levitt, relating frost
hardiness to growth temperature prior to freezing showed that wheat,
alfalfa, and cabbage required a lower temperature for killiné when plants
were grown under cool temperatures. One might expect éeedlings“grown at
10°C. to undergo more hardéning than seedlings grown at ZO?C°

' There is some speculafion as to the "threshold value" of tempera-
ture above which hardening.dqes not occur. Work'by Harvey (5) has sﬁown
har&ening does not usually occur above 5-10°C. Tﬁédal.(Bé) found some
ﬁéfdening of alfalfa'qccurred at 20°C. The3deéree'6£‘hardening was
based on seedling survival after cold stress and was féund to increase
as temperéture decreased from 20° to 0°C. The '"thréshold value“ df |
hardening apparently varies with species and thus may or may not be
important in‘differences found in cold injury of‘gréhgrdgrassxsegdlings.

‘Differences in cell size and cell numbér of seedlings groﬁn‘at
each temperature can not explain differences in seédling injury due to
cold stress. Seedlings grown at warmer temperatures will have larger,
riore elongate cells than seedlings grown at coolefTEémpgratureé ddé to

the high Q10 (2—4)_for cell enlargement (15). Cell number in séediings
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.grown at cooler ‘temperatures should be greater than cell number in
seedlings grown at warmer temperatures due to equal shoot production
at both temperatures (Figure 5). The same amouné of substrate was
utilized for shoot production at all tempegatures, but was distributed
differently because of cell elongation and cell division aifferences.
One might expect more water in the larger cells. .Higher'watér content
énd larger cell size may or may not be correlated.with ;old injury (13).
The effect of moisture supply on frost hardiness depends on interactions
with other factors. Levitt'and Scarth (14)'havé'shown small cell size
positively correlated with hardiness.. |
. Thése results, based on hardening, cell size and moisture c&ntent,
show that seedlings ipitiaily grown under warm temperafures should be
more susceptible to cold injury than seedling§ initially grown under
‘cooler temperatures, Physiological ages of piants-hpon which these
data were based, were not considered. ‘Since physiological ages in terms
of endosperm utilized were the same for seed;ings gréwn at each tgmpéram
ture, cell and/or tissue maturity at time of cold stress could be
important. Cell and/or tissue maturity of seedlings grown at 10°C.
could be slower than cell and/or tissue maturity of seedlings grown
at 20°C., 1If low temperafures'delayed cell.and/o; tissue maturation, one
would expect the seedlings grown at the lower temperatures to be more
susceptible to cold inju?y°
Factors influencing emergence, seedling growth, and seédling survival
must be considered before seeding under warm or cool temperatures. In

areas where freezing conditions follow planting, or soil crusting is
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'prevalent, seeding undef warmer temperatures Qill likely' increase emer-
gence and surv&val. In areas of limited moisture, seeding under cooler
temperatﬁfes is advisable because of better shoot-root balance at
cooler temperatﬁres. In contrast, seeding during warmer temperatures
in areas of limited moisture, would allow deeper plénting to take
advantage of soil moisture. Emergence would still be rapid due to
increased rate of.shoot growth at warmer temperatures.

Results of this trial indicated a progressive increase in seediing
injury by cold stress with advancing physiological age. Seedling age
in relation to frost resistance has long been a controversial issue.
Levitt (13) shows recent results relating age and frost hardiness
evenly divided as to whether younger or older tissues are more resistant
to freezing injury. The seemingly contrasting results can perhaps be
attributed to the following factors: (1.) hardiness response'éf a
plant may be a poténtial‘and not show up until hardemed by low tempera-
ture, (2.) tissues which are young to one worker may be old to another,
and (3.) wi@e variability in artificial cold temperature application has
resu;ted in variability of results. Levitt (13), ;ummarizing cold injury
in relation to age, stated: "The plant begins life with a minimum of
hardirness, followed by an increase in hardiness with development, and
in the case of seedlings with insufficient reserves a decrease in
"hardiness.'" Seedling injury at emergence in this trial is probably in
the period of increasing hardiness described by Levitt. Endosperm

exhaustion and post-endosperm exhaustion ages are likely in the period
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of decreasing resistance. Laude (12) found seedling resistaﬁce to cold
temperature ﬂecreaseq as emergence is approached. Relatively, the decrease
in resistance at this time is probably less than the reduction in resistance
during and,aféer exhaustion of endosperm.

The seedlings subjected to cold stress were grow& under 600 foot-
.candles illumination. Rate of endosperm exhaustion in light may differ
from rates 6f enﬂosperm exhaustion found in darkness. As long as rese?ves
from the seed are readily available it seems possible the seedlings will
continue utilizing fhis source of energy. Photosynthesis at this
relatively low light inténsity will likely nqt be rapid enough for
appreciable photosynthate accumulation to occyr. As long as accumulation
of photosynthate was limited, it was assumed ﬁeserve depletion in the
seed should continue at nearly the same rate in light as in darkness.
Unpublished data by Linl/ have shown trefoil ggedlings continue to lose
weight after exposure to light for a 3-4 day pgriod. At the end of.this
périod, weight loss, if continued was maéked bj gain in weight due to
photosynthesis‘producing~more synthate than was utilized by respiration.
These data do show enAOSperm utilization in light for at least a 3-4
day perioé.

The population which germinatedlbe§t against a mannitol moisture
stress was injﬁred more severely by the colq stress than the bopulation
least able tq.germinate against a moisture stress. One might expect

to find the reverse situation; however, there are several facts to

consider when comparing cold and drought hardiness. First, germination

1/ Lin, Chuang-Sheng. Seedling vigor in ‘birdsfoot trefoil. Unpub.
Special Problem, Montana State College. Bozeman, Montana. 1963.
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ability against a moisture stress may not insure drought hardiness of the
seedling or matufe plant. Second, thé population capable of hardening
probably did not do so. Third, frost. and drought injury are comparable
only when injury is due t§ dehydration of plant tissue. Intracellular
ice formatioﬁ‘probably occurred in seedlings of‘both populations, and
injury was npf entirely from a dehydration effect. The occurrence of
intraceliuiar.icé;may'explain why a cor:elation between appérent drought
resistance and cold resistance was not féund; however, one might expeét
both populatioﬁ; éo behave the same when subjected to cold stress wiphout
hardening. Tﬁerdifferential reSponée of these populations to cold stress

was not explainable on the basis of the present data.




SUMMARY

Seed from two populations of orchafdgrass_were used to study the
influence of initial growth temperature upon seedling growth, endosperm
exhaustion, and survival of seedlings subjected to cold stress.

Endosperm exhaustion of orchardgrass seediinés was found to occur
Eetween 14-16 days at a temperature of 20°C., between 16-18 days at
15°c., apd between 22-24 days at 10°C.‘using berceht dry weight 'loss and
seedling length measurements as criteria. ) |

Rates of root elongation decreésed reléfive té shoot elongation
as temperature increased. Shoot-roqt'fatios progréssively increased
with temperature prior to endosperm exﬁauétion. Aépendosperm exhaustion
shoot-root ratios\were nearly identical. One appafen; exception at the
7°cC. femperature was dge to endosperm exhaustién not being reached in
22 days.

Correlations between seedling length and percént dry weight loss
were 0,978, 0.994, and 0.856 for temperatures of 10, 15, and 20°C.,
" respectively. The correlation coefficient of all data combined was
6,928. The r2 or coefficient of determination value showed 86 percent
of the variation in wéight loss was accounted for by seedling elongation.

Regression coefficients were calculated for each temperature.and
were not significantly different from each other at the .0l level. The
homogeneity of these coefficients show a given weight loss accounted
for a defihite amount of seed;ing grow£h regardless of temperature.
The regression coefficient Sf seedling length on weight loss at all
temperatures combingd was 0.685. This‘cqefficient showed that for each

one percent dry weight loss, seedling length increaéed 0.688 centimeters. '
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The regression coefficient of weight loss on %eedling_length_shows that
each one centimeter increase in seedling length is accompanied by a dry_
weight loss of 1,251 percent. This relationship would allow an investi-
gator to predict remaining endosperm in the seed by measuring seedling
length.

The degree of seedling injury by cold stress was found to be signif-
icantly dependent on the age of seedling, rate of endosperm exhaustion,
and population. |

Cold injury was progressively greater toAseedlings'at emergence,
endosperm exhaustion, and post-endosperm exhaustion stages, respectively.

Seedlings grown at warmer temperatures, with a subsequently faster
rate of endosperm e#ﬁaustion sustained more leaf injury than seedlings
grown at a cooler temperature. Seedling survival was greater for seed-
lings grown at a 6601er temperature. This result is contrary to results
réported by Levitt. Levitt reported plants grown under cooler temperatures
required lower temperatures for killing than plants grown‘under warmer
temperatures. Seedling age as well as cell and/or tissue maturation
could be a factor influencing seedling survival as related to initial
growth temperature.

The population best able to germinate against a mannitol induced
moisture stréss was injured more by the cold stress than the population

least able to germinate dagainst the moisture stress.
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