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Pollen developmant ‘pollen fommg,. the pollmatlon mechamsm the _

opt:lmal time for pollmatlon, and. factors affecting ovule and seed

/7 \develogrem: after self, cross, wmd or no pollmatlon were st:udled in

o
L -
v

L

.fleld—grown cand contalner—grwn western hemlock clones (Tsuga
" he 11a). ' . “ '

Pollen—cone develogment urnder arrblent ’t‘emperatures was oompared to

pollen cytology. Phenology proved to be an accurate .'mdlcator of
'cytology, independent: of collectlon dates and rate of development.
Scme practlcal 1mp11cat10ns of xelatlng pollen—cone phenology to )
cytology are “discussed. ' ' '

~*Two trlals were oonducted to deternune the effect of forcmg on

5 pollen development and quality; (1) on cut branches at room temperature

and (2) on contamer—gmn trees at- two dlfferent tenperatures- in

growth. chambers. tForcmg pollen on cut-branches at early phenologlcal

ii

ges- aborted pellen cones, decreased pollen quantlty, mcreased '

pollen abnormalities and reduoed the fertlllzlng potentlal (pollen

_quality). Forcving after the pollen. cones were at least 50% emerged

through the bud scales did not decrease yield" or fe‘rtilizing poten'tial.

Forcmg pollen on contalner—grown ramets’ in: gmth Chambers at 18°C .

accelerated development ‘three—fold relatlve to amblent temperatures

one clone, resulted in abnommal development: Pollen forced at earFy

'stages and . stored for one or two years had a lower fertlllzmg

potential than fresh pollen -or pollen.forced at later stages of

development.  The’ feaSIbllJ.ty of pollen forcmg to ensure adequate -
supplx.es of pollen for controlled crosses or supplemental mass -

poll ination is dlsmssed

. alte:red the relatlonshlp between pollen phenology amed cytology and, in



' -iii‘

Controlled pollmatlons at vairlous stages followmg bud burst were

' used to ‘determne the pollmatlon mechanism“and the. optnnal tnne for |

pollmatlon. Western hemlock has a non—mlcropylar type of poll:.natlon

mechanlsm where the pollen is not depos:.ted near or in the. mlcropyles'_'

of the ovules; .mstead the - medlanlsm molve_c; an .ant:exactlon between S

the roughly smlpturwai pollen grams and the long eplcutlcnzlar waxes on.

;the bracts. Ma:-u.mal seed-oone recept:.v:.ty occurred when the: cones were
‘oo&rpl,etely emerged through the bud scales. Receptlvrty was nmntamed -

untll cone closure. Several. weeks after pollination, pollen ermnatei,

"won ‘the bract-s and formed' long pollen tubes which grew towards and into

e
i

the mlcropyles.

-

Select:lve sanplmg between polllnatlon and seed maturlty after .
self cross, w:.nd a.nd no pollmatlon revealed several stages where a

' potentlal reductlon in seed ylelci oocurred ‘I'he stages were lelded
A mto two major classes, pre—fertlllzatlon and post—fertlllzatlon
Pre-fertilization losses included pre-— and post—pollmatlon ovule
v abo_rtlon, inadequate pollJ.natJ.on, pollen mv1ab111ty ard . low pollen |
Vigor  Post-fertilization losses -included embryo degeneratlon and -

negagamtophyte degeneratlon. _ Enbryo degeneratlon was subd1v1ded mto ?

_degeneratlon at cleavage and during early embryo development All
| stages where a reductlon in potentlal seed yield could occur were found
in self- and Cross- and wind-pollinated ovules. The lower seed
efficiency observed in the selfed cones was due to greater losses at -

scme of these stages, partlcularlly from embryo abortion. Factors

affecting’ seed development are discussed in terms of maternal effects,

pollen vigor and v1ab111ty, self-lnoonpatlblllty, self—um.ablllty and

L embryomc lethals .
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Chapter I )
' INTRODUCTIQN

_Western he’mloc_k [Tsuga heterophylla (Raf.) Sarg] is a commercially -
important conifer in British Columbia for which approximately 23.5 hectares of soil-
based. see'd orchards have been established (Hanson 1985). As well as conventional

seed orchards, the British Columbla Ministry of Forests and Machllan Bloedel

L have been actlvely mvolved with the development of contamer—grown western

hemlock seed orchards (Bower et al. .1986; Ross et al. 1986). Western hemlock is a _
pr1me_cand1date for containerised seed orchards.because‘of the relative ease with
) vrhich it roots (Brix and Barker 1975 Foster et al. 1984) and its positive reSponsc to
pollen- and seed-cone mducuon by g1bberelhn (GA4 /7) apphcauon (Ross et al. |
- 1981 an and Portlock 1982; Pollard and Portlock 1984) To maximize seed-set
efficiency and to ensure effective artificial and supplemental polhnatlons all aspects
of the reproductive ’cycle should be understdd‘ld‘: ful'ly‘ These include pollen
: development pollen forcmg, seed and cone developrnent pollmanon mechamsm
optlmal time of pollmauon and factors affectmg seed and cone development under
various pollination regimes. - . ST .
| - Successfual polhnatlon fertlltzatton and seed yield' depend on adequate |
' .supphes of v1able pollen. Seasorial variation 1n pollen production, as .well ‘as |
" -individual tree and clonal variation in the tlnung of pollen )é’lease in seed orchards, |
' nnphes that some combmatlons among individuals or clones w1ll not occur naturally
(Frampton et al. 1982 El—Kassaby et al 1984). Supplemental mass pollination of
seed orchards has: been_suggested as a rnean_s of increasing the amount of pollen
. available in poor pollen years (Bridgwater and Trew 1'9811' Bridgwater and Bramlett -
198?) or as a means of increasing random mating of more clones and hlgher seed
'sets if pollen from early and late pollen sheddmg trees were collected and applled .
(Daniels 1978). | | -
| With increased interest in pollen management and contamer—grown seed and

'breedtng orchards, knowledge of the relatlonshlpf betweer pollen cone phenology
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and pollen cytology can be an valuable tool. This is especially true in the area of
containerised seed orchards, since it is now possible to ‘control photoperiod,
temperature, mmsture or humldny in envu'onmental growth chambers or
greenhouses. In seed orchards it would be p0531ble to determme when mature
polien is present hence safe to collect, or predict pollen shed_ by the rate of pollen-
cone development. ' ' R T '

_' Induced pollen cones can be forced to shed pollen early However,' befole |
pollen cones are subjected to fo\rcmg treatments, or any other cond-itions that m‘ay

affect development; pollen-cone and pollen-grain development under ambient

"conditions should be fully }__understood. Pollen development: hias beenv-etudied in

many.Species‘(Singh 1978; Owens and Blake -j1985)‘ including western 'hemloc'k (Ho

- and Owens 1974b) but few studies have described pollen-cone developmem and

. fewer still have related pollmcone phenology to cytolog1cal development "

The advantages of pollen forcmg are that Iarge amounts of pollen from .
.specif_lc clones or clones that consistently shed pollen late can be collected well

before seed-cone receptivity. to ensure an adequate supply of pollen for specific -

crosses_Qr supplemental mass pollmatlons A disadvantage to pollen forcmg is that .

not enough ‘is known about the effect of elevated temperatures on pol]en

'_ development and quahty Several studles have mdlcated that certaln stages of

- nucrosporogenesxs especxally meiosis, are heat sen51t1ve (Chlra *1965; Andersson

1965; Eriksson et al. 1970a; Sarvas 1972; Jonsson 1974; " LuomaJokl 1977)

' COlIeCthIl of unnpe pollen cohes resulted*n low pollen yields and pollen of low

v1ab111ty (Snyder and Clausen 1974) Before temperatire is used to dccelerdte
pollen development the effect of elcvaterl tempefatures on pollen cytology and:

pollen” quallty should be determined. The effect of forcmg on pollen development

' has not been described for western hemlock, - , o |

To ensure successfu.l pollmanon in both fleld- and contamer—grown seed

‘orcha:ds,_a-detalled understandmg of the pOHll’latIOIl mechanism and the opnmal
time of pollination would help ensure maxlmal returns in seed yield. This would be = . |

espec1ally advantageous where supplemental pollmauons are to be conducted in
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order to maintain the. diversity of the gene -pool and increase seed “produ'ction
Stanlake and Owens (1974) observed megagametophyte, ovule and embryo .
development in western hem.lock but did not determine the causes of empty seed.
~ Selfing and mbreedrng have been cited as the pnnc1pa.l reason for empty
seed.” It has been noted in many studies. (revrewed by Owens and Blake, .1985) that,
even under contr"ol_led'pollinations, empty seed are prodtrced. _The developmental |
stages where- a reduction in potenti'el seed yield after self, cross, wind or no
'polhnatron occur are not known for western hemlock. In order to. maximize seed
yield, a better understanding’ of the factors that result in empty seed would be
‘beneficial. '
‘The objectives of this study. include: | \ ' o
(1)' To . document pollen-grain "develo"pn'lent. unde; ambient conditions and
determine the relatronshrp "between pollen -cone phenology and cytological

development in western hemlock

(2). To determrne the earliest stage that pollen on cut branches could be forced

' successfully to shed*wrthout adversely affecting pollen quahty and quantity.

(3) To deterrmne any dlfferences in cytology of pollen development and pollen
quahty caused by elevated temperatures.

- (4) To describe and relate postdormancy seed'cone developrnent to the structure
" and functron of the polhnatlon mechanism and condcut tests to determine the

optimal time of polhnatlon for mammal seed efficiency.

e [

(5) To determine the developrnental stages where a reductron in potential seed

y1eld ceeurs after self, cross, wind or no polhnatron m both freld- and contznner—‘- -

\
grown clones ,
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. 22 Coné Differentiation

S - Chapter Tl L
| LITERATURE REVIEW

: L -
L i - - rd

2.1 Reproductive Cycles

~ Three general types of reproductive cycles oceur in north temperate comfers
In each cycle cone-bud induction and dlfferenttanon occur the year before '
polhnatton ‘The mosf-common reproducttve cycle the 2-year cycle is found in Abies
(Owens and I\Eoldej 1977d Stngh and Owens/1981b 1982) Larix (Owens and’
. Molder 1979b) chea (Owens and Molder 1979a, 1980a; Singh and Owens 1981a),
Pseudorsuga (Allen and Owens 1972), Thuja (Owens and Molder 1980b; Colangeh |
and Owens 1989) Tsuga (Stanlake and Owens 1974; Owens and Molder l975b) and

', ‘some: Specres of Chamaecyparis and Jumperm (Slngh 1978), where pollination, .

fert1hzat1on and é’omplete embryo and seed development occur in the second year.

In most members of Pinus and some Juniperus specres pollmanon and pollen-tube

) formatton oceur in one growing season, while fertilization and seed development are

completed in the followmg year, resultmg in a 3-year cycle (Lill 1976; Owens and
" Molder 1977b S1ngh 1978 Owens et al. 1982). A variation on the 3- -year cycle is
found in some Spec:tes of Chamaequans and Juniperus where pollmanon 7
fertlhzanon and early embryo development occur in one growing season, but late-

ernbryo development and seed development are completed the following year

(Owens and Molder 1975a; Smgh 1978)

1

2.2 1 Pollen-Cone thferentlatlon

Pollen cones dtfferenttate durmg the late spring or sumrﬂer of the year prtor

- to pollen shed. Several patterns and times .of pollen—cone dlfferentlatlon have been

observed . |
Recent stud1es have demonstrated that pollen—cone dlfferenttatron in the

Pinaceae cofrelates w1th the end of bud-scale rmtrahon and rapid ‘shoot elonganon.

<
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In P&eudo{sugaﬁ(lO\‘vens 1969; Allen and Owens '19;72)dand Abies (Powell 1974;
Owens-and Molder 1977a; Owens and Singh 1982; Singh and Owens 1982)-pollen
‘cones differentiate from newly hljtiafed axﬂlary apices. In Picea (Oweris-‘ahd Molder
_ 1976,.»‘197_73? Harrison- and Owens 1983) and Tsuga‘—merténsia-nar‘ (Bong.) Carr.
l(O-wens 1984a) pollen cones differentiate from either newly initiated axillary or
terminal a‘pices'.’_,/ln T. heterophylia (Owens and Molder '.1974a), pollén cones
differentiate from niewly initiated axillary apicies, terminal apices or the previous
years’ latent buds. In Larix '(Ow'epsland Molder ‘1’_979;:) bollen cones differe_miate
from dwarf-shoot apices o'n' less-vigoroﬁs branches while in Pinz)s (Ov&./'ens and
‘Molder 1977b; Owens et al. 19812) pollen cones dlfferennate from newly initiated -
axlllary ap1c1es within the long shoot ternunal bud. In the Cupressaceae, which lack
- bud scales, pollen-con_e’dlfferentlatlon occurs by the .transu_lon of vegetatwe,éﬁices
into pollen cones in late June (Owens and Pharis 1967, 1971; Owens and Molde‘r
1974b). | T s

22 .2 Seed-Cone Differentiation o )
In ail the comfers studled to" date wu:h the exceptlon of the soft pines
- .{Haploxylon), seed-cone dlfferenuatlon occurs in- the sprmg, summer or fall
- precedmg pollination. ' . S ‘ \ o (\ . ‘ -
As was observed for pollen cones seed-cone d1fferen11at10n in the Pinaceae
correlates well with the end of bud-scale initiation and rapld lateral shoot
" elongatlon Seed cones differentiate from newly initiated, undeterlmned axillary
_ap1c1es in Pseudotsuga (Owens and Smith 1964; Owens 1969; Allen and Owens 1972) |
and Abzes (Powell 1974; Owens and Molder 1977a; Owens and Singh 1982; Owens ‘
1984b) In Tsuga (Owens and Molder 1974a Owens 1984a), seed cones
dlfferenuate from terminal apices on Iatera_l shoots of moderate vigor, whilé in Picea
(Owens'and Molder 1976, 1977; Harrison and Owens 1983) cither axillary or |

L ternnnal apices can . differentiate mto seed cones. In 'Larix (Owen's and Molder

| 1979c) seed cones differentiate from distal; younger dwarf shoot buds on v1g0rous N
. branches. Two patterns of seed-cone differentiation are observed in Pinus. In

5
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P.contorta Dougl. (Owens et al. 1981a) and other hard pines," seed ‘cones
dtfferenttate from newly initiated axﬂlary aptctes in the fall In P. monttcola Dougl
' (Owens and Molder 1977c) and other soft pines, seed cones do not dtfferennate
) until just before polhnatlon the followmg spring. In Chamaecyparis and Thuja of the
. Cupressaceae seed cones differentiate from vegetative apices in July (Owens and
Pharis 1971; Owens and.Molder 1974b Owens end Molder 1977?. _

R | - - ' (
j".ﬂ 2.2.3 Cone Inductlon in Western Hemlock

In recent years there ‘has been much emphams placed on enhancmg cone -
crops. for comtnerc1ally important conifers within the Pinaceae (Pharis and Ross
1984). Ther_e has been considerable success through the use of plant growth
,regulators, namely the less-polar gibb.érellins (GA4, GAs, GA-,,and GAy). Western_
hemlock has proven to be an ideal subject for GAy /7 treatments and has given
excellent and consistent cone crops under a varrety of expenmentdl conditions and
_ tree ages. Cones have been induced on one- to five-year-old seedlmgs and seven— 1o
elght—year-old rooted ramets grown in the field. Treatments’ of contamer-grown
trees were most effectwe where foliar sprays of GAy, /7 at 200 mgL were coupled |
with water stress treatments and applied at weekly mtervals for six weeks in Mdy,
June and early July before the natural ttme for anatomtcal dlfferentmtton of cone
| b_uds'(Pollard and Portlock 1_984';.Brix_ an‘d\Portlock 1982; Ross et al. 1981; Rottink
986). 2

| _.2 3 Pollen Development | 7 ,
Pollen development in gymnosperms has been studled since the middle of

the last century. ‘This body.of work was reviewed. recently by Singh (1978) and
Moitra and Bhetnagar_ (1982). With a few exceptions the emphasis of this review will |

. be placed on the native geﬁera of British Columbia.
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dormant, but rather ina state of reduced metabohc actmty

2.3 1 Predormancy Development : N -

o After bud d1fferent1at10n rnrcrosporOphyll nnnatron occurs until the late
SUILIMeT. Pollen:cones are preformed before w1nt’er ‘dormancy in that they possess all
mrcrosporophylls and rmcrosporangla but vanatmn occurs between genera in the
'stage of sporogenous tissue development reached before wrnter dormancy (Enksson |
1968; Andersson et al. 1969; Owens 1980) Pollen cones may tbecorne dormant (1)

before sporogenous tissue development, as in the soft pines (Konar 1960; Owston' '
: 1969 Owens and Molder-1977b); (2) after the sporogenous tissue development as
“in the hard prnes (Konar 1960; Mergen. et al. 1963 Runqmst 1968; erlemse
- 1971ab,c; Ekberg et al. 1972 Ho and Owens 1974a Kuprla—Ahvenmerm et al. 1978 -

1980; Owens et al. 1981a) (3) after pollen rnother cells (PMC). drfferennate from

: the sporogenous tlssue as in Abies (l\/ergen and Lester 1961, Owens and Molder' S
1977a; Smgh and Owens 1981b, 1982) and chea (Errksson et al 1970a; Moir and o
- Fox 1975; Owens and Molder 19792, 1980a; Singh and’ Owens 1981a); (4) durmg T

meiotic- prophase of the PMC, as 1n Lanx (Chandler and Mavrodmeanu 1965;
Ekberg and Eriksson 1967; Ekberg et al 1968 Eriksson 1968 -Eriksson et al. 1970b;e -

'Hall and Brown 1976,.Ow_ens and ,Molder 1979b; Hall 1982), _Psetgdotsuga (Owens .

and Smith- 1964; 'Qwens‘and Molder 1971; Allen and Owens 1972), Thuja (Owens

' and Molder 1980b) and Tsuga (Ho and Oweis 1974b; Owens 1984a); r, (5) after
’ the pollen matures, as in Chamaecypans nootkatenszs (D.. Don) Spach and some
 species of Juniperus (Owens and Molder 1974b; Singh 1978’) |

- A number of studtes have. shown that the dormant sporogenous cells in Pmus
sylvesms L. Lamb and p. bank.rrana (Kuprla-Ahvenmeml et al. 1978; Hohtola er al

| 1984) and the’ PMC in Pseudotsuga menzresu (Mirb.) Franco (Smgh et al. 1983

Cecich 1984) are metabolically active and undergo many ultrastructural changes :

\ durmg winter dormancy In the nucleoh the nuclear embrane becornes less dlstmct B
‘and euchromatln and many nucle1 appear while in the cyt0p1asm starch content -
' decreases and abundant concentric mst?fnae form, apparently from the endoplasnnc ‘

retlculum (Smgh et al 1983; Hohtola et al.. 1982) 1mply1ng that these cells hre not ‘



2 3.2 Postdormaney Develogment , o ‘ | .
Two patterns of cell d1v151on and pollen eharactenstrcs occur durmg pollen =
development In’ Chamaeq:pans Jumperus, Taxus and Thu]a pollen is small, lacks « -

sacci, is sculptured w1th orblcnles storage products are orl droplets and the pollen is

shed at the 1- Or 2-cell stage (Owens and Molder 1974b 1980b Singh 1978) In .

Abzes Larzx chea Pmus Pseudotsuga and Tsuga pollen is large sacci are present 1n_

some genera storage products are’ 1n the form of starch and pollen is shed at the 4-

or 5-celt stage (Ho and Owens 1974b Owens and Molder 1971 1975b 19?7d

© 1979a, b, 19802; Owens et al. 1981a; Singh and Owens 1981a b):

InC. nootkatensrs .as well as in somge specres of Jumpems ‘where the pollen

matures before dormancy, no changes are observed durmg the postdormancy stage

o r.whrch lasts only one to two weeks (Owens and Molder 1975a)

Pollen develoPment in other comfers has five postdormancy stages The

). ,duratron.rof each stage varles between genera and between specres (Owens 1982).

| The first stage is the 1n1t1atlon ‘or resumption bf meiosis, dependrng on the degree of-
ﬁdevelopment before dormancy This stage can last for as little -as “one week in
'Pseudotsuga and Larix, (OWens and Molder 1971, 1979b) to four weeks in Pinus -

‘ mom‘tcola (Owens and Molder 19770) The seco}ld stage is-meiotic division resultrng

in rnrerospores Th1s stage is 1nvarrably short, lastmg no more than one week (Owens-

: 1982) A relanonshlp between low temperature me10t1c 1rregular1t1es\and sterrle

pollen hds been observed In Lamc (Andersson et al.. 1969; Ekberg and Errksson x

1967, Eriksson 1968, 1970), Abzes.(Mergen and Lester 1961,_Andersson 1980) and

' Picea (Jdnsson 1974) High temperatures also have been implicated as the cause‘of -

meiotic trregulantles Erlksson et al. (1970a) reported that lnﬂh temperatures.:

| 1nduced metonc 1rregular1t1es in chea abtes (L) Karst Chira’ (1965) claimed that

long-term temperatures above 15°C caused plasmolysrs of the pollen rnother cells in

. -P abies. The third stage is nncrospore deve10p1nent Durmg thrs stage microspores -

_-within the tetrad enlarge separate the exine, followed soon after by the intine,
, 'thrckens starch or orl droplets accumulate and sacc1 may.form. This stage varies .

" from one week in Pinus and Thuja (Owens_ and Molder 197_’)';! 1980b) to six weeks in



o 'Tsuga mertensiana (Owens and Molder 19’75b) The fourth stage is the perlod of

cell division, In Thuja pYzcata Donn. only one cell dlvrswn occurs and this stage is |
~ completed in one week (Owens and Molder 1980b). In the Prnaceae three to four .
cell drvrsxons oceur. and thrs stage lasts. up to three weeks (Owens 1982) In the ﬁfth .

stage, elongauon of the: cone axi§ causes the nncrosporophylls to separate and the, ROR

pollen sacs (mrcrosporangla) to open releasmg the pollen (Owens 1982)

2 4 Pre-Po]lmatlon Seed-Co'ne Development R L "‘ o

24.1 Predormancy Development

Several patterns of predorrnancy development have been observed in nanve_
genera Pinus contorta (Owens et al. 1981a) initiates about tWO-thlI‘dS of 1ts bract
. .pnmordra but no amllary ovuliferous scale primordia before dormancy Tsuga -
mertensiana (Owens 1984a) 1mt1ates all bracts and ovuhferous scales, but no ovule
primordia, before dormancy Abies grandis (Dougl. ) Lindl. (Owens. 1984b). mmates'
: bracts ovuhferous scales and ovule prnnordla but no megaspore ‘mother cells’
| (MMC) before dormancy The most common. pattern occurs in Tsuga heterophylla." C
. , (Owens and, Molder 1974a) Lamc {Owens and Molder 1979c¢), Pseudotsuga (Owens o
‘and. Smlth 1964 ‘Allen and Oweéns 1972), Picea (Owens and Molder 1976 1977¢; _
: Harrrson and Owens 1983), Abtes lasiocarpa (Hook) Nutt. (Owens and Smgh l982)» o L
and A. amabzlzs (Dougl) Forbes (Owens and  Molder 19'77a) where bracts .

' ovuhferous scales, ovule pnmordla and. premelonc MMCs develop before«

dormancy R S o -‘ .

". In Thu]a (Owens and Phans 1971 Owens and Molder 1980b) and‘ -
.Chamaecyparts (Owens and Molder 1974b) the ovules develop before dormancy A_. o
- ring of meristematic tissue develops at the drstal end af each ovule and elongates to -
‘ form the lntegument tip with a nncr0py1e 1n the center (Owens et al. 1980). "The -
- MMC.- of C'hamaecypans overwrnters at a premelottc stage (Owens and Molder '
| .1974b 3 whrle the MMC of Thuja (Owens and Molder 1980b) commences metosrs 1n .

 the fall and overwmters at pachytene |
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242 Postdormamfy Development |

Seed-cone development resumes in February ‘or March. The am:)unt of
development varies, from very little - change 1n Thuja (Owens and Pharls 11971;
Owens and Molder 1980b) to- complete seed- cone development in Pmus monticola

(Owens and Molder 1977¢); where the seed cones must first differentiate and then

‘1n1t1ate bracts, ovuhferous scales and ovules. For species that overwmtered at the.
" ovule prlmordla stage, the distal portion of the ovules 1mt1ate a ring of merﬁstemdue_

tissue which elongates to form the 1ntegurnent tlp and micropyle. The structure of

the integument tlp greatly mﬁuences the polhnanon mechamsm\of the species.

5 Pollmatlon Mechanlsms .
Polhnauon mechamsm was defmed by L111 and Sweet (1977) as the process, -
by which male | garnetophytes dre transported to the- proxlmlty of the

megagametophyte Owens and Blake (1984) descnbed pollination mechamsms as

. the structure of the ovule, tlp ‘and the process by whlch the pollen is taken into the‘ :

nncropyle Ibere are . three major types of polhnanon mechanisms found in -
gymnosperms These- polhnanon mechamsms were flrst descnbed by Doyle (1945)
and have been reviewed by Dogra (1964) Konar and Ober01 (1969) S1ngh (1978)

_ and Owens and Blake (1985).

The most common type of pollmatlon mechamsm mvolves the formation of a

pollmatlon drop This méchamism is found in the Taxodiaceae, Podocarpaceas,
Cupressaceae Taxaceae Cephalotaxaceae and some mernbers of the Plnaceae The

'second mechamsm exhibited by a few members of the Pmaceae involves-a stlgmanc

1ntegument tip and no poll1nat1on drop In the third mechamsm the pollen grains

'land away from the rmcropyle on- the bract and develop long pollen tubes that grow

towards and into the nncropyle This occurs in the Araucarlaceae and one member.

ac}z 4n the Podocarpaceae and Pmaceae (Tsuga canadensu)

w

2 5.1 Po]lmatlon Drop Mechamsm

Of the native genera, poll1nat10n drops have been observed in Pmus (Doyle'
\ - . ,

o
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dand O’Leary 1935a Sarvas 1962; Lill 1976 LtII and Sweet .1977 Owens and Molder "

PP SR
AT I

_ 1977c and Owens et al. 1981a, 1982) "and Picea (Doyle and Kane 1943; Owens and -

Molder 1980a; Smgh and Owens 1981a; Owens and Blake 1984; Owens et al. 198’7)* _

\
of the Pmaceae and Chamaecyparis (Owens et al. 1980) and Thuyja (Owens and

Molder 1980b) of the Cupressaceae. The - pollma’aon drop, ' produced by the .

breakdown of nucellar -cells w1th1n the owvule, is exuded through the n‘ncropyle.

(Owens et al. 1987)

In all the fan‘nhes exhlbltlng a polllnatlon drop, except the Pinaceae, the

‘integument develops into a sxrnple funnel-shaped structure surroundmg the nucellus

(Doyle 1945). In Pinus and Picea the mtegument tip develops two prongs or arms

- The epidermal cells- of the integument arms secrete tiny. dr0plets to which poIlen ‘

- adheres (Owens ef al. 1982 Owens and Blake- 1984 Owens et al. 1987). This pollen |

is picked up when the drop is exuded, or the pollen may land directly into the drop.

The polllnatton dr0p retracts soon after the pollen grains sink into it, carrying pollen

-~

_ to the nucellus.

252 Stlgmatxc Integument Tip

Th1s mechanism has been found in several members of the Pmaceae Two ‘

variations have been -found, one having two stigmatic lobes and the second a.‘

stlgmaUC funnel

The sugmanc-lobe mechamsm has been observed in Pseudotsuga and Lamc

.(Lawson 1909; Doyle 1926; Doyle and OLeary 1935b; Barner and Chnsnansen j

1960 1962; Allen 1963;

| Allen and Owens 1972 Owens and Molder 1979b; Ho 1980; Owens et al.
- 1981b; Owens and Slmpson 1982; Villar ef a. - 1984). The integument tip develops
| into two unequal Iobes a short abaxral and a large adaxial lobe, on which develop

- numerous long ep1dermal hairs. A Iong slit-like rmcropyle can be found between the

two lobes. Pollen grznns become entangled in the stigmatic hairs. No secrenons were :

- found on the hairs (Owens and Molder 1979b) The two lobes grow 1nto the

| Imcropyle engulfing the entangled pollen Engu]fment by the stigmatic tip 15 due to o



differential elongauon of the cells of the mtegument tlp and occurs in the presence

or absence of pollen. S ‘
. The stlgmatlc funnel mechanism occurs in Abzes (Doyle 1945; Owens and

o ‘Molder 1977d Singh and Owens 1981b, 1982), Cedms (Doyle and O’Leary 1935b '
" Doyle 1945; Chiowdhury 1961) and Tsuga mertensiana (Doyle 1945; Owens and

Molder 1975b; Owens and Blake 1983). . ' . , N

In Abies and Cedrus the rntegument trp is flared out into a wide, funnel- /

shaped stigmatic surface. In T. meﬁenszana the integument tip consists of two large

rmcropylan flaps. In all cases, the eprdermal célls of the integument tip secrete nn_y

droplets to which’ rncormng pollen grains adhere. The funnels and flaps crlmp in

-entrappmg the pollen grams w1th1n the mrcropylar canal Pollen gerrmnates inside -

- the canal. : B

© 2.5.3 Germination Outside the Micropyle

~ This mechanism occurs in Agathis and Araucaria of the Araucariaceae..

‘(Haines et al. 1984) .S‘axegoiheae of the Podocarpaceae and in Tsuga canadensis of :

the Prnaceae (Doyle and O’Leary 1935b Doyle and Kane 1943; Doyle 1945) In
these: taxa, pollen is received on the bracts scales or fused bract/scales. After cone
closure pollen grams gerrmnate and pollen tubes grow towards the micropyle and
' ‘nucellus In Saxegotheae the nucellus is ﬂared out of the micropyle (Doyle 1945), in

Araucaria and Agathls the nucellus pro;ects beyond the micropyle (Hames et al.

1984) and in Tsuga canadenszs the nucellus is flush with or _}LlSt inside the mlcropyle "

(Doyle and- O’Leary 193Sb) , _
\ - Y

6 Meoanametonh‘ﬂe and Embrvo Development .‘

- Since the turn of the century, many papers have appeared on the
nrorphology, -anatomy, embryology and cytology of comfers One of the first
v cornprehenswe revrews of conifer reproduction was Chamberlain’s book (1935)
entitled "Gymnosperms, Strucmre and Evolutlon“ Since then rnegagametophync

~and embryonic development in gymnosperms have been revrewed by (,howohury

/

AR
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- (1962), Doyle (1963) Maheshwan and Sanwal (,1963) Dogra (1964 1967‘ T

.Maheshwan and Singh (1967) Konar and- Ober01 (1969) Chesnoy and Thomas-

(1971), Singh and Johri (1972), Mehra and Dogra (1975, 1977) and a11_1gh (1978).

The following'will‘emphasize the_ general patterus observed in the native genera. |

2. 6 1 Megagainetophyte Devel()pment
Soon after dormancy ends, the MMC enlarges and begms me10515 Spec1es
that did not overwinter at the MMC stage qulckly form MMCs and in both cases

meiosis commonly occurs about the time of polhnatlon Me1051s usually produces '

four megaspores, of Wthh three normally degenerate. The: functlonal megaspore‘

undergoes several weeks of free nuclear d1v151on during which time several hundred

free nuclei form Cell wall formatlon oceurs - between all. nuclei, formmg a. .

multicellular iﬁegagametophyte .The cells divide perlchndlly and then elongate . '

 filling in the central vacuole.

__Several c‘ells at the micropylar end do not divide, but 'enﬂlarge' to form the

archegonial initials. These divide unequally, giving rise to a small primary neck cell
at the micropylar end and a larger ceht;e_; cell. The neck cell divides to form one or .

more tiers of 'cel}s.The central cell enlarges and divides unequally, producing a

ventral canal cell neiﬁtéeto the neck cells and a_ larger egg cell. The egg cell

accumulates 11p1ds and proteins in large and small inclusions. The egg nucleus is

surrounded by a perinuclear-zone r1ch in mltochondna

The egg cell is surrounded by a single. layet of cells, the archegorual JdeCt

The average number of archegonia in the Pinaceae 1s three to five (Willson and ‘

Burley 1983). In the Cupressaceae and Taxcdiaceae no sterile cells. form between
adjacent archegoma mstead a smgle layer archegomal jacket encloses all

archegoma forming an archeggglal complex. _The number of archegoma per

' archegomal complex may vary from five to 10Q (Slngh 1978 WIHSOI‘I and Burley -

| 1983)

e
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the cell and fuses with the i egg nucleus producmg a diploid zygote |

S | . ; o

2. 2.7 Fertlllzation .
. Pollen grams germlnate within 1 to 34weeks of.pollmatton and poilen tubes . -

' grow thro_ugh the nucellus to the archegonia in all conifers except Pinus. In Pinus

pollen germination and pollen'-tube growtb‘ into the%ellus occurs before

dormancy The pollen tubes remain dormant within the nucellus for several months
(overwinter) before development and fertilization occur the next spring. The body
~cell d1v1des to form the two rnale gametes before the pollen tube penetrates the_-:;n -
archegomum Male gametes may be two equal -sized cells as in the Cupressaceae
Taxodiaceae and Araucariaceae, two unequal-srzed male cells, as in some Taxaceae
and - Podocarpaceae or two equal sr.zed nuclei as in the Pinaceae and

Cephalotaxaceae (Smgh 1978) . ' |
' In most conifers, the pollen. ‘tube penetrates through the neck cells, the

ventral canal cell and releases both gametes 1n51de an archegonium. Never has more

'than one pollen tube -been observed penetrating an archegomum A receptlve"

vacuole forms in the egg cytoplasm at the 51te of pollen-tube penetration. The pollen

tube dtscharges its contents which, as well as male gametes, may include the stalk

- cell and the tube nucleus (Smgh 1978). One male gamete m1grates to the center of

¥
2.7.1 Proembryo Development

The zygote undergoes two rmtotlc d1v1510ns resulnng in four free nuclel

enclosed by dense neocytoplasrn- The neocytoplasrn results from the aggregauon of

perlnuclear zone and paternal cytoplasm from the pollen tube The four nuclei and

‘the neocytoplasm mtgrate to the chalazal end of the archegomum resultmg in one

-' tier of four nuclei. ‘The four nuclet dwtde once quickly followed by -cell wall

formation, producmg two tiers of elght cells This is followed by one or two cell

d1v1510ns dependmg on the genus, -resulting i in a 12— or 16- cell proembryo The 12-

. cell proembryo CORSIStS of embryo suspensor and open tiers of four cells each. This
. has been’ found in Pseu;iotsuga {Owens and Smith 1965 ‘Allen and Owens 1972) and

Thuja (Owens and Molder 1980b).‘Tl’1e 16-celled proem_bryo has an, embryo,

e
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Suspensor, rosette or disfunctional suSpensor (Singh -1978) and 'open tier, ~This
struct:ure has been observed in Abies (Singh and Owens 198 1b 1982), Larix (Owens
and Molder 1979b ‘Kozinski 1987) Tsuga (Stanlake and Owens 1974; Owens’ and
Molder 1975b), chea (Owens and Molder 1979a, 1980a Smgh and Owens 1981a)

Pmus (Doyle 1963, Lill 1976; Owens and Molder 1977c; Owens et al. 1982) and B
Chamaequam (Owens and Molder 1975a). The rosette, or disfunctional suspensor -

cells, may divide a few times as in'Pimls forming tvhat have been termed rosette °

embryos, whtch serve no function and. soon degenerate The proembryo stage ends
when the primary suspensor cells elongate and the ernbryo tier 1s pushed through

the base of the archegoma into the megagarnetophytlc tlSSlle

2.7.2 Embryo Development

The suspensor tier elongates pushing - the etnbryo deep within_ the

| megaganletophyte.-51nce more than one archegonium may be fertilized, the |

meéagametophyte may- eontain several deveIOping embryos This is referred to as
simple polyembryony and occur§ in most gymnosperms (Smgh 1978 Wlllson and

Burley 1983). In some genera, a smgle zygote forms multiple embryos which anse by

the cleavage or splitting of the embryonal tier into four embryonal units. This is~

referred to as cleavage polyembryony (Singh 1978). AIflODg. the native genera both N

sunple and cleavage polyembryony are found-in Tsuga (Stanlake and Owens 1974
Owens and Molder 1975b), Pinus (Lill 1976; Owens and Molder 1977¢; Owens et al.

| 1982) and Chamaecyparis. (Owens and Molder 1975a) Abies (Singh and Owens o
. 1981b, 1982), Larzx (Owens and. Molder 1979b; Kozinski 1987) Picea (Owens and

Molder 1979a -1980a; Slngh and Owens 1981a), Pseudotsuga (Owens and Smith
1965; Allen and Owens 1972) and Thuja (Owens and Molder 1980b) exhlblt only

. simple polyembryony

 While many embryos may be found dunng early development one usually

- .dominates and the rest degenerate The cell walls in the megagametophyte adjacent

to the developmg ernbryo break down, forming a corrosxon ~cavity. The embryo

continues to divide in all planes resulting in an embryonal mass (Slngh 1978) or

.,%
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club’shaped embryo (Allen 1942). The developing embryo elongates and begins to .
fotm distinct,,,‘meristematic, regions. The apical region becomes separated from the’
suspensor system by a long rib Inerlstem. Cells at the base of the apical region form
the root apex. The shoot apical | meristem.forms in the 'dlis'tal region. Cells adja"cent
' to ‘the shoot apex divide, forming the cotyledons Cotyledons, unlike true leaves,

_ anse 1ndependently of the shoot apex\ | _ |
Many changes occur in the megagametophyte during embryo development
At the mature archegonial stage, the cells of the gametophyte are devoid of storage
products. Durmg ernbryo development deposntlon of lipoprotein bodies occurs 111
. the gametophytlc cells. These contmue to accumulate so-that by seed maturlty the |
gametophytic cells are packed w1th what have been identified as llpld droplets
‘,and/or hpoprotems.(Favre Duchartre 1956,Hal<ansson 1956; Takao 1960; Slmola'
© 1974; Butler et al. 1979; Singh and Owens 19812, b, 1982; Owens et al. 1982).
\ Seed maturatlon in gymnosperms has been reviewed by Singh (1978). The
mature seed con51sts of a three-layered seed coay- (testa) surroundmg a nucellus
(megasporangmm) and megaspore cell wall. Within these structures 1s the mdture

o .'-igi’;',-:embryo enclosed within the, megagametophy te.

o2 2.8 Factors Affectmg Seed Development
o Controllmg seed losses is a major concern in forestry, especmlly in tree-

breedmg programs. Many causes for seed losses have been found Several of the key.

areas where reduction in potent_lal seed yield occurs will be'dlscussed.

2.8.1 Ovule Abortion |

Ovule abortion occurs in Pinus and to a lesser extent, Picea (McWﬂhdm
1958 Sarvas 1962, 1968; Mlkkola 1969 Kossuth ‘and Fechner 1973; S»)&_éet 1973;
Plym- Forshell 1974; Cecich - 1979; Fechner 1979; Owens et al. 1981a; Owens and

~ Blake 1984) because pollen is essential for normal ©Ovule and megagametophyuc

-

development. Ovule abortion and/ or arrestment of megagametophytle development

pnor to polhnauon also has been reported in the Pmaceae and Cupressaceae
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‘resulttng in small ﬂattened empty seed Wh1le the actual causes-are uncertam

several theorles have ‘been postulated These include: competition Tor nutrents
(Lyons 1956 Burdon and Low 1973) drought (Simak and Gustafsson 1954; Sarvas'
1962; Dogra 1967) and low temperatures (Dogra 1967; Sweet and Bollmann 1972
Owens and Molder 1980b) at the trme of megagametophytlc development

Very. few- studies have actually measured the percent -lost due to oimle |
abortion. Sweet and Bollmann '(1972) estimated ovule abortion from' 13 to 52% in
Pseudotsuga while in chea abies, Sarvas (1968) found that about 7%’ of the

polhnated ovules aborted.

- 2.8.2 Insufﬁclent Pollen

Insufficient pollen has been cited as a prmc1pal reason for low seed yxelds

‘ (Sarvas 1962; Bramlett 1974 Hall and Brown 1976, 1977 Damels 1978 Kozmskr "
- 1987). For Larix, it has been calculated that even under conditions of supplemental '

' polhnanons about 24% of the ovules contain no pollen in the pollen chambers

(Hall and Brown 1976) ThlS isa serlous problem in young seed orchards where for :
the first few _years of the trees’ reproductive lives, pollenj cone producuon is

extremely low compared to seed cone productlon (Daniels 1978).

2.8.3 Embryo Abortion

Bramlett and Popham (1971), Hadders and Koski (1975), O'Reilly etal. |

E (1983) McKlnley and Cunmngharn (1983) and El- Kassaby et al. (1984) reported m‘

different coniferous, specres that a pnmary cause of empty seeds, other thdn

' msufﬁcrent pollen 1s embryo abortlon caused by homozygous lethal alleles, usually
asa prodﬁct of 1nbreed1ng Reduced seed yields after selfrng and 1nbreed1ng have
.becn reported for Abies (Sorensen et al. 1976), Pseudotsuga (Orr-Ewmg 1954, 1957,

B 1965; Sorensen 1969,.1971, 1973; Sorensen and Mrles.197_4, El-Kassaby et al. 1981_,
: Sh_avy andAllard"19'82), I.,an.x (Park avnd Fowler 1982}, Picea (Mergen et al. 1965;

Sarvas 1968; Koski 1971; Coles and Fowler 1976; Singh and Owens 1981a; Fowler

. and Park 1983; Cfam 1984; Park and Fowler 1984) and Pinus (Bingham and
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'Squﬂlace 1955; Sarvas 1962; Hagman and Mikkola 1963; Hagman 1964; Fowler g

1965 Koski 1971; Frankhn 1970, 1971, Bramlett and Pepper 1974; Plym-Forshell
1974; Squillace and Goddard 1982). |
Cytologlcal studies in chea (Mergen et al. 1965), Pinus (Hagman and

Mikkola - 1963, Hagman 1964 Plym-Forshell 1974;) and Pseudotsuga (Orr—Ewmgu.

1957) have shown that neither pollen germination, growth of pollen tube, nor
fertilization capability were reduced as a result of self-pollination. There is general
agreement among these authorg and others (Ehrenberg et al. 1955: Sarvas 1?62;
Kraus and :Squillace ‘1964' Fowlef 1964, 1965) that "embryo abortion between
fertilization and seed maturatign accounts for reduced yields of filled .seed after
selfing (revxewed by Franklin 1970). Orr-Ewing ( 1954, 1957) Hagman and Mikkola
(1963) and Mergen et al. (1965) postulated that se]f-mcompdnblhty may be’ the

- result  of physmloglcal mcornpatlbxlny between - early embxyos and the

' megagametophyte

Ernbryo abortion occurs under cross—polllnatlons whlch cannot be attributed

- to inbreeding or selfmg Several suggesnons have been made as to why post-

fertilization abortlon may occur. These include competmon for nutrients (Lyons

1936; Allen and Trousday 1961; Burdon and Low 1973) dnd env1r0nmentd] factors '

o such as dropght (Slmak an Gustafsson 1954; Sarvas 1962, Dogra 1967)

T

) lérdwn (1971 1973) observed that in Pinus the degree of loss of developing

. cones is associated positively w1th the amount of pollen apphed but that the strength

of this association is modified by mherent factors, implying that certam clones have

a greater inherent tendency to retain cones than others. Brdmlett (1974) found that -
dlfferences between trees for seed and ovule charactensncs from a sample of 118
clones were sxgmﬁcant statistically, which may imply an mherent ab;hty of each tree

to produce filled seed
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29 Tsuga | | ' . o |
o Tsuga has a 2~year reproducuve cycle, where pollmaﬂon fert1hzanon and
complete embryo and’ seed development occur in the second year (Stanlake and
Owens 1974 Owens and Molder 1975b) In T heterophylla pollen cones ‘
- differentiate from newly mltlated a.xlllary aplces, terminal apices or previous years’
latent buds (Owens -and Molder 19743) whereas in T. mertenszana pollen cones
. differentiate from either newly initiated axlllary or tenmnal apices (Owens 1984a).
Seed cones differentiate from terminal aplces on lateral shoots in all spec1es of
Tsuga. . Pollen development in T. heterophylla was observed by Ho and Owens |
(1974), but the effects of forcmg on pollen deveIOpment quahty and quantlty in this -

species has not been studled _
~ The pollma’uon mechamsrn in 7. Izeterophylla was described by Stanlake and
_' Owens (1974) and Owens a.nd Blake (1983) but this 1nforrnat1on was not used to
determine the optimal t1rne for pollination. - The pollination mechanism-in-T.
' canadensis 'was described by Doyle and O’ Leary (1935b) and in T. mertensiana by -
Doyle (1945), Owens and Molder 1975b and Owens and Blake (1983)
. ' Megagametophyte, ovule and embryo development has been described for T.
-' heterophylla (Stanlake and Owens 1974), T. mertensiana (Owens and Molder 1975b)
| and to a lesser extent, in 7. canadenszs (Murrill 1900 Sterllng 1948) and T. '
carolzmana (Buchholz 1931). The effects . of selfing or no polhnauon on-
megagametophyte. ovule and embryo,developznent in Tsuga has not been described.
The stages 'where a potential redu_ction in seed yield results in empty seed l"las not
~-been determined for Tsuga. ST |

.



Chapter III 1 S ' o
_Materials and Methods ‘

A

3.1 Fixation Techmques for Light Mlcroscom

A}i material that was to be used for hght rmcroscopy was fixed unmedlately
upon return to the lab. Pollen-cone buds were fixed whole after the buds scales
were removed Bud scales were removed from seed-cone buds and the cones sliced

~ along both sides ‘before ﬁxmg After bud burst, separate ovuhferous scales were
fixed. I_ater once the cones had started to elongate and the ovules increased in 51ze .
mdmdual ovules were removed from the scales, sliced along one side and fixed. All
material was flxed in Navashms chromic ac1d - acetic amd -formalin (CRAF)
Aﬁxauve (Berlyn and Mlksche 1977) F1xed specimerns wére dehydrated in a terttary |
butyl alcohol series (Johansen 1940) and embedded in Ttssue~Prep Serial

10ng1tud1nal ‘sections  were cut at, 6,urn and. stamed with safranin and iron

‘hematoxylin for tmcroscoplc exanunatlon The descrlpnon of the development'al I

}.stages for pollen- and seed- one devel()pment was summanzed from may
, vl |
observanons of each stage. . e S A T~

A
bl

3.2 Fixation Techniques for Scanning Electron Microscopy

- Three. methods were used to prepare material for scanning electron :
vmi'croscopy (SEM) observations. . Fresh seed cones' were dissected o?Aiferous

scales, ovules.and bracts were mounted fresh on a stub using sﬂver conductive paint -

~ and observed- 1mmed1ately with a JEOL—SSU SBM operating at 10Kv. This was'
suitable for observatlons at low magmﬁcatlons At hlgher magmﬁcanons and after
pollen was present on bracts and scales, fresh matenal was gold coated usmg a
Techmcs Hummer Sputter Coater before scanmng electron m1crographs were made.

As well as reducing the chargmg of the pollen grams the gold particles enhanced

the epicuticular waxes on the surface of the. bracts and scales. Partially dlsseeted o
cones and ovuliferous scales with and without pollen and pollen:tubes were fixed in |

Zircle-Erliki ‘fluid (Comn ef al. 1960), dehydrated throdgh an ethanol series to
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‘absolute ethanol followed by dry-amyl acetate. The specunens were crttlcal pomt
dried and kept under vacunm in a desswator The specimens were mounted on
 stubs, gold coated and scanmng electron micrographs were made o ,
- 33 Pollmatron Techmgu T S - R
In all trials'in whrch controlled crosses were . conducted the seed—cone buds
were 1solated using wmdowed paper polhnatlon bags before or during ‘bud swell |
','thh the exceptlon of the. two studles used to deternune the’ opumal tlme of
pollmatlon all controlled Crosses were: conducted after. the Stl‘Oblll w1th1n a bag had
completely emerged through the. bud scales A rubber bulb with’ a one-way valve o
| attached to a 20-cc synnge w1th a 13—gauge needle was used to spray approxlmately‘ o
one ml of pollen at the cones‘in each bag. The needle was 1nserted through the'l- i
. -paper; and the plastlc window in the unders;lde of the bags allowed a good view of
- the cones The puncture holes were 1mmed1ate1y sealed-wmh tape The bags were
Shaken to ensure an even distribution of the pollen to all the cones, judged by v1sual '
mSpectlon of cones through the plasue window. | ’ , :
- The .bags were left on the branches for. several weeks nntil the cones closed
and began to velongate. At this time,; $he v_bran_ches .‘Were taggedand the rpdllinati‘ony./
bags replaced with mesh insect bags. The cones were allowed to mature within the ) S
~insect bags. Cone survival within the bags y@(as near 100%. . |
T 34 Cone Analysis ‘ ) _ -
) Mature cones were collected in rmd September after they had turned brown .
and showed signs of drylng For each controlled pollmahon twenty cones per trlal -
- were placed in individual envelopes to finish drylng and ﬂexmg For each cone the
. number of stenle d1stal scales, fertﬂe scales sterile basal scales, round seeds, flat
- seeds and total seeds were deterrmned All round seeds were dewmged 'and then |
radlographed on Industrex Instant 600 paper usmg a Faxttron X-ray umt and an - '
- exposure - factor of 360mA at 12.5 KV to determine the number of filled seed per - .'

- e -
cone (contoining a full-51ze embryo). Seed potentlal ‘(SP) and seed efflclency (SEF)

9
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- were calculated per cone.. SP, whrch is the maximum number of seeds a cone is’

capable of producmg, was calculated by mulnplzmg the number of fertile scales by
two because each fertrle scale bears two ovules each capable of producing a seed :

SPis deternnned the year before pollmatlon by the number of bracts, ovuliferous

- “sgales and ovule prlmordla initiated~ SEF which is the ratio of filled seed (FILL) to -

' potennal seed (SP), expresses the productmty of a cone in relatlon 10 1ts ‘biological
y ;‘._capacny (Bramlett et al. 1977), ' ‘
E Since SEF'i is expréssed asa percentage the angular transformation (arcsme
atransformauon) was performed on the ratio - FILL/SP (ARCSEF) whenever

statlsncal analyses were used to compare SEFs. A mocllfrcatron of the’ Freeman and

: Tukey (1950) transformatron was used because many of the SEF values were zero or
Aclose ‘to zero (Zar 1984). .
‘ _ "

_..ARCSEF = o.S(arcsiﬁ(FrLL/_(sp+'}))‘1/3 + arcsin((FILL+ 1)/(SP+1))1/2)

3.5 Pollen Cone Develepment

Tw1gs 3t0 5 cm in length ‘bearing pollen-cone buds, and later pollen cones -

© were collected in 1983 from elght western hemlock clones located at the Canadian

Forest Service’s Cobble Hill Clone Bank 55 km north of V1ctor1a B.C. Spec1mens

. | _\‘W:y ollected weekly from J anuary 10 to Mareh 3, then twice weekly until Apnl 3,

- _ wWhén pollen shed commenced. Twigs were placed in v1als of water and 1rnmed1ately

' transported to.the Umversny of chtorra where the cones were ﬁxed embedded '

- stained and secnoned for nncroscoprc exammatron

Pollen-cone development was d1v1ded arbttrartly into nine ph nologlcal

bfstages (Table 1). The stages of development for .each of the elght clones were_

monitored throughoupthe collecnon perrod $0 that pollen -cone phenology could be

' compared to pollen cytology | o ' |
Pollen phenology was momtored for an addltlonal 52 clones at two- to three-

: day mtervals from March 19 to. Apnl 26." The period of pollen shed was noted for

—_—

each clone.
R N



'TABLE 1: Classification.of western hemlock pollen cones.-

SIAGE* © - . DESCRIPTION
2- | .Swollenbud )
— 3 . Bdbust, .
S Cortelesst-_han01K_;t_qu,-:,_1;-1;‘3_-(:,_mﬁ,_rc_Ied | o
4~, ’ Cone one-quarter to one—half ecmerged . o
5‘ | Cone one-half to” -
-~ . Less than fully emerged SRR
7 .» “"-conefullyemerged R .
$g " Pollen shed e T
9 - Empty cone

lBeyond the bud scales. -

¢

_;6_ Effect of Forcing on Pollen DeVelopment
Two methods were used to- study the effect of forcmg (above ambient

temperatures) on pollen development The flrs( method 1nvolved forcmg pollen on ”

cut branches with bases placed in flasks of water at room temperature The second o

. method con51sted of foﬂcmg small’contamenzed trees with abundant pollen cones in

. growth ch_ambers

e

S 361 Cut-Branch Method

Small branches (40-60. cm), W1th pollen-cone buds and later pollen cones,
were collected on six ‘occasions between February 9.and March 30, 1983 from two
clones, at the Cobble - Hill Clone Bank The six collectlons were: labelled pollen-‘ _
= forcmg tnals PFI‘l to PFT6. (Table 2). The buds and, cones were classﬂied

accordtng to the phenologtcal stages descnbed in Table 1 The sixth collectlon was
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obtarned two days before . the pollen shed in the field. The bren(ihes ‘were.
transported to the Umversrty and the bases placed in flasks of water on 2 laboratory _
bench. The temperature in the room ranged from 18 to 21°C.” At one- to two- day _
intervals from ﬂié‘ﬁm of collection, four to six pollen cones.were sampled from the
| branches, ‘bud scales removed, and the cones fixed, embedded sectioned and
- stained for IIllCI'OSCOplC exannnatlon The number of abnormal or aborted pollen L
co_nes that d1d not shed po_lle_n as weIl as the number of cones that shed pollen were
h . taltied for each collection From this informarion the proportion of pollen conés
(%) that shed pollen was deterrruned ‘The volume of pollen collected was recorded
" The- percent pollen cones shed and the total pollen produced in each trral were

compared usmg multlple compansons for, pr0port1ons (Zar 1984) after the data
V'were transformed using the same formula as for the SEFs. The fmal length of 20
. 4

_ polien cones at dehlscence was measured for each collecuon

-
;‘a

TABIE 2: Collectlon dates and phenologlcal stages (STAGE) for western
.. . - hemlock pollen cones in the cut-branch pollen forcmg—trlal
(PFT) , 1983. _ _ _

" TRIAL DATE COLLECTED STAGE

“PFTL- - " February 9 L
PFT2 . February 23

PFTS  March 19

2
3
"'PFT4".. ~ March 13 4
. -

PFT6  March 30 7

e —

. The ‘f‘ert‘ilizing potenti;il of the p'ollen produced by each trial was reeted in

~ early April, 1983 by-controlled pollinations of two. clones at the Cobble Hill Clone

Bank. The pollen produced by PFT1 was stlll 1nsuff101ent for controlled crosses, SO
| only pollen from PFIZ to PFT6 were used Due o the small amount of pollen
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; produced in PFI‘2 and PFT3 it was apphed to each cone using a srnall #2 camel
hair pamt brush The rubber bulb -syringe method was used to apply the pollen
,produced in PFT4, PFTS and PET6, Pollen was retested in the spring of 1085 after
- two years in storage at 4°C by controlled polhnatlons of containerized ramets usmg
camel hair paint brushes. ‘

7

Twenty to 25 seed-cone buds on five branches per clone were 1soIated in nud-

March, 1985. Controlled pollinations were conducted 1n early Aprrl The cones - -

were collected in early September of 1983 and 1985 just before seed shed For. each_ |

clone, 20 cones per tnal were analyzed " The ARCSEF values were compared - |

between trials. for the two clones in 1983 and the single clone in 1985 using the
Kruskal—Walhs test. Whenever a srgmﬁcant Kruskal-Wallis test (p<. 05) was found .
pairwise comparrsons were made using the Wllcoxon 2.sample test. )

Since all pollen cones used 1n the six pollen-forcmg trials were collected from -
the same two clones ‘the ‘only difference between the pollen produced in PFT1 to
-, PFT 6 was the degree of pollen forcmg All polhnattons were conducted within a a
clone so the rnaternal effect on seed development was constant therefore SEF
: should give an indication of the fertilizing potent1a1 of the forced pollen, - |

. o

3. 62Whole-Tree Method

- In 1983, pollen—cone buds were mduced on eight-year- ~old western hernlock .
rooted cuttlngs by a combination of water stress and GA4 /7 The’ cones were
- mduced by spraylng ‘the trees weekly with a 100 mgL 1 solution .of GA4 /7 for 51x .
weeks starnng the week of May 12, when 50% of the buds ‘were at vegetattve bud
* burst (Ross et al. 1981; Brix and Portlock 1982; Pollard and Portlock 1984).
Three clones W1th abundant pollen cones, represented by five to seven'
- ramets each, were used in the whole- tree pollen forcmg trial. In’ early 1984 the

Iramets were placed into growth chambers on three dlfferent dates (Table 3) Each‘
' v-date is de51gnated by a different pollen forcing trial number (PFT) as well as- the the'
temperamre at wh1ch the trees were forced On January 16 (PFT1-18), 22 (PFT2-
18) and February 5 (PFT3- 18) one ramet of each clone was placed into a growth :

..,.-v"
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chamber with a day and night temperature of 18°C and a 16- hour photoperiod.
Also on Februaxy 5, one ramet of each clone was«placed into a fourth growth -
chamber set at 10°C day and night with a 16- hour photoperlod (PFT3-10) One

-

ramet of each clone remamed outdoors in a lath house under amblent condttlons 10

L.

serve as controls (PFI3-C). One cione contamed an extra 2 ramets one of each was
added to PFT3-10 and PFT3-C. ‘ |

’I’l!BI.E3: Startlngdates gmthchambertempemturesandpollencone
. phenology (STAGE) for the western hemlock whole—tree pollen
_ forc:.ng trlal (PFI'), 1984. . N

 TRIAL DATE - TEMPERATURE STAGE
. PFT1-18 . Jamuary 16 18°C 1
PFT2-18  Jamuary 22 - 18°C 1
’ PFT3-18  February 5 - 18°C ' = 1.
PFT3-10 ° February - 5 - 10°C 1
PFT3—C .- February 5 ﬁ amblent 1

_The data were analyzed as two separate studies. The first study incinded the
three ramets place'd into 18""C growth chambers on three different dates (PFT1-18,
PFT2-18 and PFT3- 18). The second study included the three pollen-forcing trials

vstarted on February 5 (PFTB 18, PFT3 10 and PFT3-C), and maintained at d1fferent ,
‘ temperatures ‘ | )

Pollen-cone phenology was monitored for each trial from the time the trees .
were placed m the growth chambers until pollen shed - using’ the same nine
phenological stages descnbed in Table 1. At wo- to three-day intervals, four to 51x '
cones per tr1a1 were collected flxed embedded sectioned and stained for
'II]lCI'OSCOplC examination.— Cytologmal development was correlated to phenologmal |

~ developmest. All pollen collected in each trial was pooled.



. The fertthzmg potentlal of ‘the pollen produced in each trial was tested by

controlled pollinations. Seed-cone buds on three ramets of one clone were: 1solated -

in Jate March and the cones were pollmated in early Aprﬂ Unfortunately, all cones :
were lost due to root weevil - mfestanon of the ramets. The polhnatlons were
| repeated. on two ramets of one clone in the. spring of 1985 The "cones were"
: co]lected and analyzed in October 1985 The ARCSEF of the d1fferent trials were
compared using Kruskal-Wallis test. When a sngmfrcant Kruskal-Wallis test (p<.05)

was found pair-wise comparlsons were conducted using. Wllcoxon s 2—sa.mple test

37 Pollination Mechamsm , R S R

. Seed-cone development was d1v1ded into mne dlStlnCt phenologrcal stages
ranging from the qulescent bud to cone closure (Table 4} so that seed <cone
" phenology could be compared to_j_owle.dev_,elopment. Seed-cone buds a_nd young
cones from‘a minimum of 3 clones per date were collected from the Cobble. Hill
"Clone Bank and Western Forest Products’, Lost Iake Seed Orchard m 1983 and
1984, reSpectrvely, at d1fferent stages of development, before, durmg and after :

' poll1nat10n. Fresh and fixed material was observed using a SEM.

3.8 Optlmal Time of Pollination Study _
To determine -the opttmal time of polhnanon In western hemlock a

-preliminary study was conducted in 1983 at the Cobble Hill Clone Bank and a more
intensive study was conducted in 1984 4t Western Forest Products’ Lost Lake Seed
‘QOrchard. o e ) ”* - '

3 8.1 Cobl:le Hill - 1983 . . |
‘\Two clones (7-10 and 9-3) from the Cobble Hlll Clone Bank were selected in

1983, -In mid-March; before bud burst seven branches with at least 25 seed-cone

~ buds were isolated per clone Stage 6 and 7 pollen cones were collected from 50
* clones between March 19 and March 26. The: cones were allowed to dry at room

temperature and’ shed pollen The pollen was extracted ﬁltered to remove debns )

rd



- and bulked for use in the pollination trials. On March 30, all cones in one bag per

clone were pollinated as described 'previously. The cones on clone 9-3 were at stage

4, and stage 3-4 on clone 7-10 (Table 4). The bags were shaken to ensure an even

distribution of pollen to the cones. After 30 minutes when the pollen had settled,
- the bags were removed excess pollen shaken off the foliage and a new bag placed

on the branch to ensure no pollen contaxmnatlon durmg subsequent deveIOpment

‘ ' - ~ - .
‘TABLE 4: Classification of western hemlock seed cones.

STAGE - DESCRIPTION
n T _ Quiescent bud '
2 . Swollen bud
3 Bud burst, . 1
Cone less than one—quarter emerged
4 Cone one-quarter to one-half emerged
5 *  Cone one-half-to :
. © Less than fully emeo}ai : o Lo

6 - Cone fully emerged-

T 7 a | Elongahnx; ovuliferous scales

Iess than one-half bract covered

8 - Elongatmg ovullferous scales
Greater than one-half bract covered

o . 9.. - ClosedVCOne
lpeyond the bud scales. ' }

One bag per. clone was pollmated every two days regardless of cone stage

frorn March 30 to Apnl 9 and final bags polhnated April 14 (Table. 5) The

phenology of the seed -cones in the bags was recorded at the time of polhnauon

28

2

The polhnatlon bags were replaced wnh insect bags on May 14, 2 to 3 weeks dfter (‘

~ all the cones had closed (stage 9) The cones were left in the-insect bags unul

matunty They we&e coliected in mid- September after they showed 51gns of dryxng 7

-

‘and processed as described prevxously



. TABIE 5: Pollmatlon dates and seéd-cone phenology for two western _
hemlock clones at Cobble H:Lll in the optimal time of ’
poll:.-natlon study 1983. »

croms' 7-10 CLONE 9-3

‘March 30 -4 4
L '. April 1 : 3-4 _‘ ) | '4:5
CoApril3z 4 5
. April s s 6
' April 7 . as 6
"Aprll 0 5-6 6
AprJ.l 14 g7 7 X

AR

For each.clone, 20 cones per pollination date were placed .in individual

29

; envelopes and allowed to dry and flex. For each cone; the number of stenle distal -

~ scales, fernle scales sterlle basal scales round seed, flat seed’ and total seed were

“ determmedT Fll‘ledseed, SP and SEF were calculated. The SEFs for each clone -

- were plotted versus date and stage.

,382LostLake 1984/ :

- Four, clones with abundant seed -cone buds were selectedﬂm early March,

A

- .19'84-for the second optnnal-tlme-of-polhnauon study. Stage .six and seven pollen _

cones were collected from 15 clones located at the Pacrflc Forestry Center (PFC) in

* Vlctona The cones were air dried at room temperature and the pollen extracted

and ﬁltered to remove debris. Six to seven branches per clone were bagged when

_conduc.ed by stage rather than by date (Table 6). Due to a shortage of cone bu

o polhnatlons could not be carried out at each stage for each clone. Except.,for stage

(

the seed-cone buds were at stage 2.- Unhke the Cobble Hill trial, pollmatlons were




-different types of pollinations.

2, at least three clones were polhnated fof an\bone stage (Table 6). Before pollen

- was 5prayed into each bag, any cones that were delayed or advanced were removed. '
~ One ml of poIlen was sprayed into each bag using the rubber bulb- synnge method.
- The paper polhnatlon bags were replaced with mesh insect bags on April 9 after all

“the cones had closed (stage 9). The cones were left in the insect bags until mid-

Septe’mb‘er- after they showed signs of dryify and were processed as previously |

“described.

ol
L

39 9 eed Develo ment in F:eld Grown_Clones

Separate experiments were conducted.to determine the effect of wind, cross, -

self or no polhnanon on seed developm

the Cobble Hill _Glbne Bank. Seed cone and ovule developrﬁent were monitored

t in field-grown western hemlock clones at

- from early January, before the end of dorr%a{_lcy, until seed maturity and seed shed

in late September. Seed develdpment and ‘seed yield were compafed among the -

for four

30 W

lNo poll:matlons

I.ost in w:md stormv

Marchv31 ‘

. April 4

2 TABIE-G: 'Seed-cone phenology (S'I?XGE) and’ polllnatlon da
B . western hemlock clonés at the Lost Lake Seed O in the
optmal—tnne—pf—pollmatlon study, 1984.
'STAGE CLONE 39 'CIONE 142 CIONE 143  CLONE 190
— 2 March 4. -1 —-1 March 14
3 March 16 March 14  March 14 Maxch 17
R . March 16" March 16  March 21
5 March 2l March 18  March 182  —-%
6 - March 21  March 2I'  March 24
7  March 26 March 24  March'24 . March 31
8" March 31 March 26  March 31 - April 42
o april 42 ‘ S —
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- 3941 VVind Polhnatlon , B _

Twigs bearing seed-cone buds or seed cones were collected in 1983 at the

Cobble Hill Clone Bank from the same eight clones used in the pollen—development '

study Specrmens were sampled weekly (January 10 to March 3) until bud burst,
twice weekly from bud burst: to cone closure (March 3 to May 1) and weekly until -
mature seeds were found (May 1 to July 10). Twigs, 2t05cm long, with cones were
placed in v1als of water and transported immiediately to the Umver51ry - The cones '
and ovules were fixed, embedded, ~sectioned and | stained “for, microscopic
examination. Seed -con¢ phenology was'observed for 60 CIones at é- to -3- day
~ intervals from March 19 to Apnl 26 mcludmg the periods before durmg and after
pollmanon so that seed -cone phenology could be compared to peak periods of |
pollen shed ; R | . B
In September when the cones started to turn brown and dry, 20 seed cones

| were collecfed from the ‘mid-crown region of 60 clones. The eones were bulked by'
“clone-and allowed to open. - Seeds were extracted, dewinged and filled seeds were -
determined by radiography. The number of sterile}dis’tal scales, fertile scales and -
sterile basal scales were determined for 20 cones per clone and the :avera'ge' SP
calculated for each clone. SEF was calculated from the 'average number of filled
- seed per cone and the 'av'era'ge_ SP. o
3.9.2 Cross Pollination ' , L T

-~ One to four branches with 20 to 30 swollen seed- cone' buds were lsolated on
16 clones in late March. On Apnl 3. and 5, when most of the seed cones were at
stage 6 one ml of pollen was sprayed into the pollination bags as described -
. 'previously with-the same pollen ¢polymix used in the optimal-time-of-pollination
study (section 3.8. 1) _

. Seed cones were collected from 4 of the crossed clones chosen at random, for
E 'subs'equent ‘microscopic examination using the same collection and treatment
schedu'les as for the vlrind-p‘ollinated clones. The remaining cones were left until
nﬁd-S‘epTemb’er, whentbe cones were collected, dried and the See'dSvextracted. SP
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.-and SEF were calculated for 20 cones per clone. The SEFS resulting from cross
pollinations were compared to SEFs-produced by the same wind-pollinated clones.
393 No Pollmatlon versus Cross pollination
Four branches with a minimum of 30 swollen’ seed -cone buds (stage 2) were

| _1solated on\one clone in late March Two of the bags were pollmated with one ml of

- pollen using the rubber-bulb- syrmge method on Apnl 2, when the seed-cone buds _
were stages 5 and 6. Cones in the other two bags remained unpollinated. One cone
per bag was sampled weekly from the 2 pollinated and 2 unpolhnated bags startmg
| on polliriation day (Apnl 2) u_ntll Jupe 9, then every 10 days urtil July 10. The cones |
‘were dissected and four to six ovules per cone were fixed, embedded sectioned and -
.' stained for rmcroscop1c exammatlon The rematmng cones were left until maturity..

In mid- -September the cones plus unpollinated cones from 3 more clone§* were

collected from the 4 clones drled and the seeds extracted. SP and SEF were

LY

calculated for md1v1dual cones

'*394 SelfPollmatlon - N , e
Ten clones from the Cobble Hill Clone Bank were selected tQ determme the '

effect of selfmg on seed development One branch per clone, with a minimum of 30
seed-cone buds at stage 2, ‘was 1soléted in late March Small branches with pollen .

| cones were collected between March 19 and 24 from all 10 clones. The pollen cones .~
had emerged completely thrdugh the bud scales (stage six) and in some cases the
stalk had started to elongate (stage seven) The branches were transported to the
Umversxty where the cut ends of the branches were placed in flasks of water.- The

- pollen was collected as it was shed. On April 3 when the cones were. completely
‘beyond the bud scales (stage 6), -one ml of self—pollen was sprayed mto ‘the

' polhnatm ags using the rubber bulb-syrmge rne\Elod |

| 'F\wj

'every 10 days- until July 10. " The matenal was fixed, embedded, sectioned and |

seed cones were collected per. clone weekly from May 1'to June 9, then

stamed for Inicroscopic exammatmn The rematmng cones were left until matunty
- ‘
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In mid- September they were collected and dned SP, SEF and percent filled seed -
. (PCFILL) were calculated for mdmdual cones. PCFILL was calculated by dividing .- .
the number of ﬁlled seed per cone (FILL) by the round. seed (RND) and °
,: multiplying by 100. The SEFs resultmg from selﬁng were compared to SEFs
produci‘gby wmd polhnatlon in the same clones. -

: _.lg Seed Development in Contamer-gr__own Clones ) ‘ ‘ f
| The 1983 seed-development study identified several key stages where a
reducnon in potential seed yleld occurred in the. selfed and out- crossed cones.
These mclu—ded pre- and- post-polhnanon ovule abortron no fernhzanon
megagametophyte degeneratron and embryo degeneratron The 1983 sarnphng was
_ too 1nfrequent and the sample skze too smell to deterrmne‘t_he effect of these stages
* on the final seed yield.. Based on the trends observed in 1983, a detailed study of the -
factors 1nﬂuenc1ng seed development - ‘after self- and cross-polhnauon was
undertaken in 1984 at the Pac1f1c Forestry Centre (PFC) in Victoria. Four '
contalnenzed clones with a basal stem age of 4 S years. andnpproxrrnately 1 m tall,
bearmg both seed- and pollen-cone buds were. selected Each clone was represented |
by two ramets. Approxrmately 50 to 60 seed-coné buds per clone were isolated-in
early March using several sm'all windowed, pollination bags per clone. Stage six
pollen cones were collected from each clone, from which the pollen was dried,
‘extracted and frltered Pollen for the cross-pollmatlons were collected and bulked
frorn four clones at the Lost Lake Seed Orchard as prev1ously desmbed :
On March 23 when the seed:cones had emerged cornpletely beyond the bud
scales, one ramet per clone was selfed whlle the other ramet was cross—polhnated
Two cones per ramet were collected randomly at_ one-week 1ntervals to determme_‘
when pollen germination began Once germmatlon started, .one or two cones from_ o
the selfed and crossed bags per clone were collected weekly from May 8 to July 16.
Erght to 10 ovules per cone were dissected and flxed in Navashm s ledthC
embédded, sectioned and stained for rmcroscoplc exammanon The stages at which ..
| pollen tubes, the megagametog}hyt_e or emb_ryos aborted were determined..

4
1



| .34
_ Chapter IV '
S ~ RESULTS

4.1 Pollen Development in sitn -
- Western hemlock pollen-cone buds were found on proximal branches in the

lower regions of the CTOWn. They were borne termmally or in axﬂs of splrally.--
arranged leaves ‘appearing as a cluster just below the terminal vegetauve or pollen-
conebud. Axrllary pollen-cone buds were found. also in h1gher reglons of the crown
on proximal branches of low. vigor. Qulescent or stage 1 pollen-cone buds averaged
1,,'-8 (=.2) mm in length (Fig. 1). Each ~bud consrsted of Sprrally arranged
'nncrosPdrothIIS arid was enclosed by bud scales (Fig 2)." On the abaxial surface.of -
each microsporophyll were two nucrosporangra each contarmng loosely-packed,
. thln-walled pollen’ mother cells (PMC) ‘with densely stained cytoplasm and a large
.nucleus (Fig. 3). Within.each nucleus were several densely—stalned nucleoh and
hghtly—stamed chromaun strands. The PMCs were arrested at pachytene of meiosis. |
' ; Surroundmg the- ?MCS was a umnuclgate smgle-layered tapetum (Flg 3).
Cytolog1ca1 development resumed during the first week in February There
~was a ten-day difference between dates when the first and last treg ended pollen
cone-bud. dormancy "The nucleus of a few of the tapetal cells dmded (karyokmesrs)
a wnhout subsequent cell wall formation, resultrng in blnucleate cells (Fig. 4).
Karyokmesrs of all tapetal cells occurred over the next two to three weeks. A few
random dxvrslons were observed m the: cells of the microsporangial wall and cone- -
~ bud axis. Merosrs of the PM'Cs resumed approxrmately one week later between
ebruary 12 and 20. The chromatm condensed and passed raprdly through ‘,

' pachytene drplotene and d1ak1ne51s | The nucleoh dlspersed at dlaklnesrs '

| Following bivalent formation, the subsequent- stages of meiosis from metaphase Ito
- telophase II were completed i in 3105 days The nuclear membrane dlsappeared jLISIZ
~ prior to metaphase I (F1g 4). Telophase I resulted in four mrcrospores enclosed
E within the PMC wall. (Fig. 5).. After telophase IT the chromosomes uncoiled, the _

nucleoli reappeared and the nuclear membrane reformed. Meiosis was completed

. J’ﬁ«,'" + o ) ?
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in six to 10 days. %y the end of meiosis--all tapetal cells had undergone karyokinesis

jresultmg in a contmuous layer of bmucleate cells Random cell divisions in the

mtcrosporangral wall caused an increase in the size of the mrcrosporangla The

tapetal cells 1ncreased in srze due to t'he enlargement of the mrcrosporangm The
tapetal cell walls appeared to pull away from the. cell membrane (F1g 5).- The
. tapetal cell walls began to degenerate startmg with the radial walls (Fig. 5)

’ Meiosis resumed and was completed while phenotyprcally the buds appeared

| qurescent (stage'1). The pollen cones started to mcrease in size durmg meiosis

| (stage 1) the increase was not noticeable externally until the end of meiosis. - By the = °

'tlme the buds had v151bly ‘enlarged enough to be con51dered swollen (stage 2},
* meiosis ‘was complete After meiosis, the buds enlarged raptdly w1th1n the bud
iscales due- to numerous cell. divisions along the central axis and in.-the,

_ rmcrosporophylls resulting in round, swgllen, stage2 buds (Frg 6)

The tetrads were enclosed within ‘the PMC wall and floated within a hghtly o

| 'starntng liquid, .the thecal flu]d (Fig. 7). About five to seven days after tetrad

‘formatton the PMC walls degenerated and tetrads separated releasmg fthe. I-cell - -

microspores. The tapetal cell walls were almost completely degenerated during
separatron of the IIIICI‘OSporeS The. tapetal cytoplasm became very vacuolate and
~ irregular in outline (Flg 8. Lo 1 .

‘The pollen cones reached stage 3 (bud burst) about one week after tetrad

: 'separatton (F1g 9) The increase in cone size was due to continued elongation and- .

. . some cell d1v151on in the cone axrs Baculae were v151ble as small projections on the

| mtcrospore walls five to seven days after tetrad separatron -Granular Ubisch bodtes
_ ,formed on the surface of the tapetal cytoplasm were released into the thecal fluid

and 1ncorporated 1nto the pollen wall (Fig. 10). The baculae mcreased in size and

-fused formtng a tectum about two weeks . after tetrad separatlon The exine

thlckened becoming 3 and 6 p,m (F1g 10) There was httle increase 1n microspore

'smedurmgthlsttme' : : T ; T

P



Flgs 1—5. Stage 1 pollen conés. '

' F:Lg. 1.

Fig. 2.

Fig. 3.

‘Fig. 4.

‘Fig. 5.

w. Figs. 6

| F_ig. 6.

Fig. ?-_‘

Fig. 8.

.o . L~

Spirally arranged axillary pollen-cone buds x6. :

Iongltud_mal section of a quiescent pollen-cone ‘bud showmg
nu.crosporophylls (nsp) and bud scales (bs). x27.

Iongltud.mal section of a- mlcrosporanglum -(ms) within a
microsporophyll from. a qulescerrt pollen cone showing loosely-
packed, thin-walled pollen mother cells (pm¢) arrested at’
pachytene of meiosis. Surrounding the pollen mother cells is

a un:.nucleate smgle—layered tapetm'n (tp) x120.

Resumptlon of meiosis;" blvale.nts are 1med up during netaphase ‘

'I. © The tapetal nuclei divide to  form binucleate cells

(arrow). The thecal fluid (tf). has” started to accumulate
within the nu.crosporargla x240. :

Telophase II, the thecal flu:Ld cont:mues to accumulate in. the _
microsporangia. The tapetal walls . (twc) have pulled away from
the cell membrane and have started to brea]-: down xz40 :

6-8. Stage 2 pollen cones.

'Swollen pollen—oone buds. x6.

Tetrads of mlcrospores (tm) enclosed by the pollen mother cell
wall (mcw) floating w:.thm the thecal f£luid. x400. '

Breakdoom of the pollen mother cell wall releases the one-
celled microspores (m). The tapetal cell wall has degenerated
almost completely and the tapetal cytoplasm 1s J.r'regular in
shape %440. : . ‘ _
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By stage 4, about 10 to 12 da;s after tetrad separation,_ the pollen cones were |
~ one- -quarter to one-half emerged (Fig. 11). - The microspores started to expand -
rapidly, accumulated reserves and the tapetum was severely depleted (Fig. lél-}- An.
'mtrne was observed shortly after microspore expansion. The exine pulled away from
- the inner layers of the pollen wall) along the margin of the microspores, forrmng
K vesngral wmgs (Fig. 12) These became more pronounced as the pollen 1ncreased '

in size and were visible throughout pollen developrnent (Frgs 12 14, 16, 17).- h
" Stage 5 began in mid- Ma_rch, about 14 to 16 days after tetrad separation at

. which tim,e the cones were greater than one-half but less than fully emerged beyond

the bud scales. (Fig 13).  During stage 5 cell dmsxon began. The microspore

" nucleus divided to produce a small, lens-shaped primary prothallial cell and 2 larger |

- embryonal cell (Frg 14). A thin 1nt1ne formed around the prothalhal cell. The 2-

.'cell pollen gratns were almost full sized and the tapetal cells were almost completel
o degenerated. ' . , '
.. Four to seven days later the cones emerged completely beyond the bud _

‘ scales to reach stage 6 (Fig. 15) Two cell divisions occurred durmg stage 6. The -
: embryonal cell divided to form a second small prothallral cell and. an anthrrdlal _

nutral (Frg 16) A thin layer of intine formed around the second prothallial cell :

" The prothalhal cells were pushed against the pollen-grain wall making the two cells '

drfflcult to dtstmgursh during later stages of development. Remmants of the tapetal
cells were still visible. Durmg late. stage 6, just before stalk elongation and two to

four days aftelt the second cell drv;sron the thtrd cell drvrsron pr?/ed a generative
- .cell and tube cell (Fig. 17). The generatrve cell formed next to the two prothallral

cells whlle the tube nucleus remained near the nuddle of the pollen grain. A thin L e

layer of intine formed around the generatrve cell By thts tlme the pollen grams
'. ‘were full sized and the tapetum was. no longer visible.

- Durmg stage 7, the stalk of the emerged pollen cone elongated (th 18).
"Hus began two to four days after the thrrd lelSlOIl Durmg stage 7, the fourth and -

. ¥inal cell division of the generatrve cell resulted in mature 5-cell pollen consisting of

.two prothalhal cells stalk cell, body cell and a large tube cell (Fig. 19)

> *



39

_Figs. "éflo Stage 3 pollen cones.

Fig. 9.

Fig. 10 .'
)

| Figs. 11—-12 Stage 4 pollen cones.

Fig. 11.

Fig. 12.

Iess than one—quarter of the pollen cone has emerged tln:ough_‘ ‘

the bud. scales (bs).

Ubisch bodies (ub) released - from the surface of the .

degenerating tapetal cells are moorporated into the exine .

‘(e) of the one-celled mcmspores, r&_eultmg in" a thick

pollen wall. x'?25. Y 1

Between one—quarter and one—half of the pollen cone has

'emerged through the bud. sc:ales. x6.
‘Ihe.one-celled micrespores are starl:i.ng to expard Small e

vestigial wings- (vw) develop on the microspores and remain -

~thréughout development The tapetum is severely degenerated

X75.

Figs. 13~1d. Stage 5 pollen cones.

"Fig. 13.

Fig. 14.

-of the small first prothallial cell

Approxa_mately three—quart:ers of the pollen—cone has emerged :
~ through the bud scales.’ x5. .

The first cell division produces two—oelled pollen‘ oon51stmg :

embryonal cell (ec) The pollen wall | n%lsts of ‘an outer
exine (e), an J.nner J.ntlne (1) amd two small vestlglal wings.-

'%530.

and ,a -larger . - -
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Figs. 15-17.. -Stage 6 pollen cones, - _ ‘ '
ﬁ;g. 15. “The pollen” cones have emerged ccsmpletely from the bud scales.A
- xs. =
Fig. 16. The second cell division produc% three-celled pollen which
' . includes a small second prothalllal cell (pz) and an.
antheridial . Jm.tlal (ai). XS30'\J" : : :
Fig. 17. The third d1v1s3.on, resulting in four—celled pollen, produces
: a generat:.ve cell (gc) and a large tube cell (tc). The tube
nucleus (tn) remams near the center of ‘the cell x530.
Figs. 8-—-3.9. Stage 7 pollen cones |
Fig’. 18: The elongatmg stalk (s) pushed the mlcrosporangla away from
: . the stem. x8 ‘
Fig. 19." The fourth and final division produces mature flve—celled o
_ . pollen consisting of two prctlmlllal cells, stalk cell (sc),
-body c:ell (bc)andtubecell x530 . *
. _Fig. 20. . Stage 8, pollen sheddlng x7.
: Fig. 21. 'Stage‘9, the errpty_pollen cone. x8.
. . . ‘ . . : . . . ) - } \
S .
. - : E 2 “ o i )
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‘The' irregularly thi'ckened cells of the microsporangial wall dried "and the

microsporangia spht oper along a predetemuned line, resulting in pollen shed, stage

-8 (Flg 20). Pollen was shed in early April, 2 to 10 days after the formatlon of

mature po]len The duratton of pollen shed for the eight clones ranged from 4 10 10 .
days. Pollen shed was momtored for an additional 52 trees in'the clone bank The
empty cones (stage 9) remamed on the trees until the next winter (F1g 21)

A companson of pollen-cone phenology and cytology is presented in Table 7

- Pollen-cone phenology was synchromzed with pollen cytology, independent of the

collection dates. Pollen shed commenced about eight weeks after the end of pollen-
cone bud dormancy, seven weeks after me1051s f1ve weeks after tetrad separatmn

and three weeks after the fu'st pollen cell dlvxston

Tgbie 7: A ccmtparlson ‘of polle.n-ccne phenology ' (STAGE) and pollen
cytology for eight wmtern hemlock fle.ld—grctm clones in 1983.

Dates bound the period during which each: stage was observed. Cytology a
was determined from sectioned terlal oollected at each stage. o

STAGE ~  DATES  POLIEN PHENOIOGY - FOLLEN CY‘IOIOGY ‘
1 Jan 10 - Feb'25 Quiescent bud 'BMC to the erd of meiosis
2 Feb 20 - Mar 5. ° -Swollen bud .. o 'I'etrads of m:.crospores to
- , ‘ separatlon of tetrads
3. Mar 3 -Mar 10 Budburst . .  .° 1-cell pollen
4 Mar 10 = Mar 17 Cone cne-quarter ~cell pollen .
: o, .~ to one-half emerged accn.nmlatlon '
5 © Mar 13 - Mar 19  Cone one-half to . 2-céll pollen . -
s L less -than fully Starch accumilation
6  Mar 19 - Mar 26 ;Conc_-: fully emexged 13- arld"é—cell pollen |
"7 Mar 26"-_-_Apry 3 . Stalk elongation 4— and 5-—ce11 polle.n ”
8 Apr 3 -2prila Pollen shed . 5—cell pollen’
°

. Bpr 5.~ } ‘Empty pollen cone ;
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4.2 Effects of Forcing on Pollen Development

42.1 Cit-Branch Method

- 42.1.1PFT1 _
, “The pollen-cone buds were qulescent (stage 1) when the ‘branches were
7 -collected_on February 9, 1983. . A distinct uninucleate layer of tapetal cells
surrounded . the PMC, which -were at pachytene of meiosis (Fig- 1). Meiosis
" resumed and was completed within two days, resulting in four microspores enclosed
.~ within the PMC wall, During this time nuclear.division resulted in binucleate
tapetal eells. The tapetal -Walls and cytoplasm began to d'egenerate releasing théir-
contents 1nto the thecal fluid three to four days after collection, Increased R
nncrospore size and numerous cell divisions i in the axis of the pollen cone caused the
bud to enlarge to stage 2. The exine developed very qule‘kly, and by tetrad
,_ 'separation baculae were p‘resent (Fig. 22) The exine attained full size. about two
days after tetrad separation. Seven to eight days after collection, the pollen cones

elongated beyond the bud scales (stage 3). '
Severe degeneratlon of the cells of the microsporangial wall and the .
..,.,.mlcrosporophylls were observed about elght to 10 days after gollectlon (Fig. 73) N
- These cones dlsplayed abnormal pollen development
The f1rst cell d1v151on was observed about 10 days after cotlection. However :
_.very few pollen gI‘all'lS underwent cell d1v151on Most of the pollen grams started to
| degenerate about 10 to 12 days_.after collection (Fig. 24). Those that did not
. degenerate‘ underwent abnormal 'divislon -resulting’ . in atypical cell patterns
(F1g 25). Other pollen- graln abnormalities mcluded 1rregular1y shaped grains at all
stages of: cell division, shrunken cytoplasm and undeveloped m1crospores (Flg 26)
.‘Any cell divisions. that occurred were asynchronous so - that- within any
o rmcrOSporangrum 2- to S-cell pollen grains could be found. o

About 17 days after collecuon the first polien was released Pollen was shed
‘ ___,_over a ten-day penod Of the total 1900 cones, 1213.cones (63. 8%) either aborted
~ (shriveled); or failed to open. . All polien cones that falled 1o shed pollen had

s ) . ~‘»,:" ) . '
o B . s . ' ’
s

"
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;‘sev'erely degenerated microsporophyll and _microsporén_ginl cells. The re_maim'ng

687 cones (36.2%) prOduced: less than one-quarter of a. ml of pollen. The pollen
cones that aborted or did not del:nsce eIongated very httle The cones that released
pollen elongated only 2 5 (+ 1) mm. ' '

4.2.12 PFT2 : . L
When the branches were. collected on February 23, the pollen-cone buds
were swollen (stage 2) nucrospores were stamng to separate and meiosis had been

completed under ambient condmons Baculae were not visible. The tapetal cells -

" were binucleate, large and mtact, thh distinct cell, walls Within three days the '

,.a

Imcrospores began to- expand baculae _appeared and the tapetum started to

| degenerate The first cell division was observed five days after collecnon By seven -

days the exine was very thick (5- 6 wm), the 2- and 3-cell pollen gra1ns were almost

full-size and the pollen” cones had elongated to. stages 4 or 5. Abnormalities,

(:ons1st1ng of severe degeneration of the mlcrosporanglal wall cells (Flg 23),

shrunken cytoplasm within the pollen complete pollen degeneranon and abnormal

and asynchronous cell dmsmns (Fig. 24, 25) were observed about 8 days after

collection. Pollen at the 3- to S-cell stage was released first twelve days after

- collecnon Pollen was shed over a five-day period. Of the total 1871 pollen cones

419 cones (22 4%) did not dehlsce and 14;2 cones (77.6%) released approxxrndtely

Sml of pollen The final length of the pollen cones averaged 29 (=. 1) mm.

4213PFT3

The polleri-.cone ‘buds were at bud-"‘ burst {stage:3) when the 'branch_es Yvere .

collected on March 6. A thick .exine was present on the I-cell microspores. “The

blnucleate tapetal cells lacked. cell walls and were degeneratmg Starch--. -
o accurnulatlon and rmcrospore enlargement was observed within two days 'I;he-.

cones elongated and w_ere completely ernerged (stage 6) within fo_ur days. ‘On this_. . L

date the first cell division occurred, followed by the second division one day later.
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Figs. 22-26."° I.ongltud:inal sections through pollen cones showing the

Fig. 22.

‘ 1g. 23.

Fig. 24.

Fig. 25.

_Fig. 26.

variations in pollen and pollen-cone development after
forcing on cut branches.

' Sectlon through part of a pollen cone forced before meiosis.

Microspores (m) with thick exines (e) are bel?lg released from
the tetrads. Ubisch bodies (arrow) are visible on -the
surfaoe of the tapetal protoplasts (tp) . x400.

Degenerated mcrosporanglal and ma‘jcrosporophyllous cells

‘(arxowheads) conta:.m.ng mJ.crospores (m) . x35.

Degenerated pollen (p) w1th:m a mcrosporangmm (ms) . le.S

Abnonnal cell division m the pollen results in atyplcal cell
patterns. -The cells of’ the mlcrosporanglal wall (ms) have -
degenerated x115. ‘ .

"Ihe cytoplasm () has pulled away fromlthe pollen wall. 'I'he '
- cells™ of the mcrosporanglal wall ‘(ms)l have begun to

degenerate. x110.

Flgs 27-29. Iongltudlnal sections th.rough mlcrosporangla showing

Fig. 27.
Fig. 28.

Fig. 29.

. variations in pollen cytology after forcmg conta:.ner—
grown ramets of clone 13 at 18°C. ..

Cell-wall formation - (arrowhead) between two daughter nuclel
K after melosn.s I, results in dyads (d) %180.

"Varlous orlentatlons of the tetrads after meiosis II, such as

planar (pl), lI“s.h:':q:)ed ('I') and llnear (l) - X180.

Prollferatlon of the mlcrospores durlng me1051s ‘results in g
many cells (arrowhead) w1th1n the pollen mother cell wall.

X165.
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The pollen grams had a th1ck exing) a distinct intine and ‘darkly sta1ned cytOplasm

The: fll'St pollen cones started to shed ten days after collectlon at which time the

pollen grains were at the 3- to 5 cell stage. Some abnormalities were observed such
as shrunken cytoplasrn irregular cell division and degenerating pollen and. collapsed
Imcrosporophyll and m1crosporang1al cells (Fig. 23, 24, 25, 26) The severely |
degeneratlon was observed in the cones that falled to shed pollen. Pollen was shed
over a five day perlod .Of the total 1818 pollen cones, 198 (10.9%) did not dehlsce
and 16=" (89.1%) released pollen from which about 1.0 ml of pollen was collected.
The final length of the pollen cones averaged 3.1 (%.1) mm.

4.2.1.4 PFT4 .
The' pollen-cone buds r\ive‘re less than half emerged (stage 4) _when the
branches were collected on March 13. The 1-cell microspores had a thick exine,a”
: distinct intine and were about one-third to one half full size. - 'lhe‘tapetal cells had
‘ decreased to half size. The first cell division occurred the next day, followed by the

second cell division on day. three By the third day the pollen gralns were three-

quarters to full size and the’cones were. at stage 6. Pollen was released at, the 4- and_

_5-cell stage seven days after collection and was shed over the next three days. Some
wyloplasnnc shrinkage and. pollen degeneration was observed. Greater than 95% of
* the apprommately 1900 cones teleased pollen producing more than 3 ml of pollen.
*There was very little stalk elongatlon and the fmal length of the cones averaged 3.1

-

(+.1) mm.

.4215PF‘I‘5 R S B -

The pollen cones were three quarters ernerged (stage 5) when the branches

were collected on March 19. The 2-cell pollen grains were one- ~half full sizé and the
tapetal cells had degenérated. By day three the pollen grains were at the 3-'and 4-
~cell stage and three -quarters full size. Pollen was shed at the 4- and 5 cell stage

o _four days after the collecnons were made. Pollen was released over the next three :
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days Over 95% of the. 1900 cones observed shed pollen from wh1ch more than 3ml-

-~ of pollen were collected The: pollen cones averaged 3.3 (+ 1) mm.
" t .

" '/I

-

4.2.1.6 PFT6 _ L
On March 30 the pollen cones were at stage 7. The pollen grams were at the N

rnature S-cell stage More than 95% of tife 1900 cones shed within the next two days o

frorn whlch more than 3 ml were collected Final cone Iength averaged 4.1 (+ 1)
1mmed1ately PFT6 was consrdered to be the control for this study

4 2 1. 7 Trends in Pollen Development

Several trends in pollen-cone phenology and pollen cytology were observed" .

tology at the t1me of branch collectlon the number of days from collectlon to‘
o ollen shed and flnal cone length are presented for each trial i in Table 8..

The number of - days unf1l pollen shed decreased with eagh sticcessive |

~mm. Pollen was rnature when branches were- collected and began to be shed o

R etween the different “pollen- forcmg trials. PoIlen—cone phenology and. pollen o

e llectlon ranglng from 17 days in PFTl to one-day i in PFT6 Regardless of the. tlme - N 7_

L of collectton the rate of development w1th forcmg was about three times. that..“._,x._; o

ob erved in the held (Table 8). _ |
],., - There was very 11ttle 1ncrease in size from the qulescent bud (1 8 (‘+ 1) mm)_' N
to the f1nal stage 8 (sheddmg) pollen cone for cones forced i PFT1 to PFTS. This

‘ was due to minimal . elongauon along the central axis, resultmg in little or no

_ separanon of ‘the nncrosporOphylls and nnnnnal stalk elongation. The average |
- pollen-cone length of PFT 6 (4.1 mm) was 51gn1f1cantly higher than that frorn the first '
five trlals (Table 8).- Th1s mcreased length was:due to elongat1on along the central' :

_axis, causmg a greater separatlon ‘of the rmcrosporophylls and a very long stalk

-

L ) -
L
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‘Table 8: - Pollen ‘phenology, cytol arid final cone 1en§th in the
],983 western hemlock cut—branch pollen-forcing trials (PFT).

Pollen—cone phenology (STAGE) and cytolégy at the time of collecticn,
and-the average number of days until pollen shed from the.time of -
collection under lab and field conditions are presented for the six

50,

pollen-forcing trials. Mean pollen cone lengths for 20 cones per trial |

(LENGTH + SE) were compared using Student-Newman-Keuls test (
All means ,followed by the same letter are not s:.gnlflcantly dlfferent

T

® DAYS UNTIL - e

(Table 9). The percentage of cones that shed pollen increased from PFT1 (36. 2%)-""T""‘ R

to PFT 4 (95%) The percentage of cones -that shed varied mgmﬁcantly (p<-05)

between PFT1, PFIZ PFT3 and 'PFT4. No differences were observed between -

produced only a fraction of a-ml of ‘pollen from all cones while greater than 3 mi of
pollen were collected in PFT4 PFT 5 and PFT6. The pollen amounts collected in ~

PFI‘l PFTZ (5 ml), PFT3 (1. 0 ml) and PFT 4 (>3 ml) were 51gn1ficantly different

(p <.05) whereas no. differences in pollen productlon were observed between PFT4,

PFT5 and PFT6.(Table 9).

‘ ‘ POLIEN SHED IN - C
TRIAL STAGE CHTOIOGY .IAB AND (FIELD)  LENGTH (4SE
PFT1 - 1 - pollen . _ 17 (50) - - 2.58  (.3)
. -mother cells ‘ _
PFT2 2.‘“§séparétion of - 12 (37 2.9 (.1
PFT3 3 microspores’ 10 (30) . . - 3.2% (1)
“prra \ 4 starch . 7 (22). 319 (L1
L - . accummtation '
PFI5  © 5 ‘2-cell pollen 4 (13) AU 3.33. ( v .
.PFT6 7 >5—ce11 pollen_ ST 1@ 2.9 . 2)
CLe Several trends 1n pollen productlon and pollen developmer_lt were observed

J "PFT4 PETS and PFT6 where more than 95% of the cones réleased pollen ‘A

o smnlar trend was observed for the amount of pollen produced in each trial. PFT1
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TPable 9: Pollen produc:t:].on in the 1983 western hemlock cut—branc:h .
pollen—forcmg tmals (PFT) . - ,

The percentage of cones that shed (% SHE:D) and the quantlty of pollen

- produced (ml) from about 1900 cones were compared using multiple
comparisons for proportlons (p<.05). All values followed by the same ;
let:ter are not smgnlflcantly different. :

t
)

TRTIAL = STAGE % SHED _PRODUCED. POLLEN SHED
nFr_l | 1 BTN <tm?® abnormal

PFT2 2 77° smP | 1-5 cell

CPFI3 3 . 89C g 1.0 mC 35, cell .-
FTa T 4 ses® 1 szmd . gsceld

PFTS - 5 so5d - >3 md 45 cell

PFT6 . 7 >95d' | s3md % 5

The cytology of the pollen grains at the time of shedding varled between the, '

tf1als. PPT 1 produced very 11ttle pollen most of which was abnormal, About half of .

. the rmcrospores produced in PFT2 degenerated within the rrncrosporophylls Pollen”":"'"'""'-

' that did: not degenerate varted between the 1- and’ 5-cell stage when shed Less

degeneranon was observed in PFT3 where pollen was shed at'the 3- to 5- cell stage.. -
Pollen was released at the 4- and 5- cell stage in PFT4. and PFTS. W1th the

L except1on of some cytoplasrmc shnnklng and pollen~gra1n degeneranon most of the

"pollen grains produced in PFT4 and PFTS appeared normal The pollen collected

from PFT6 was 5-cell. R B e T

o

»4 2 1 8 Seed Efficrency » . _
: Two clones were polhnated w1th fresh pollen produced in PFI2 10 PFT6

The SE‘ Fs produced in each clone were not 51gn1f1car1tly dlfferent SO the recults were
'pooled (Table 10). The average SEF 1ncreased from 45 4 in’ PFTZ to 71 31in PFTG6.

Gy - e
o e
N R

- "The results fell into three srgmftcant groups (p< 05) PFTS (69 7) wag | the only trial .

7
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not 51gmf1cantly different from the control PFT6 (71.3), suggestmg that no
detectable loss in fertilization potential occurred ‘when pollen conés were collected _‘
oat stage S and forced to mature under lab cond1t10ns The SEFs produced from |

- pollen, collected in PFT2 (45.4), PF’I‘3 (52.2) and PFT4 (56 0) were 31gmf1cant1y

. lower than the control 'PFT6 (71 3) lmplymg that a reduction in the pollens

fertilization ability occurred durmg the forcing procedures Pollen produced in ~

PFTZ resulted in a s1gmﬁcantly lower SEF than pollen produced in PFI‘3 and PFT4.

Table 10: Seed efficiencies resultmg from pollmatloné of two ‘westerrr
_ hemlock clones with fresh pollen produced in’ the 1983 cut
branch pollen—forcmg trial (PFT).

The mean seed. efflc:renmes (SEF * SE) were determined for 40 cones (20 -
cones per clone) using pollen produced in PFT2 to PFT6. Means with the
"same letter are not significantly-different as determined by pair-wise .

comparlsons using WllOOXOIl 2—samp1e test (p< 05) . ' o

=

TRIAL

TRIAL - SEF _(+SE). "".‘
PFT2 40  45.47 (2.0)
PFI3 - - 40 522(20)_ |
. PFT4 a0 oseP 1)
‘ PFTS - eo - 69.7% (1.3)
" PFT6 (CONTROL) 40 71,3 (.7

The pollens‘ ability to produce filled seed (fertilization potential) was

~retested, a.fter two' years storage at 4°C in a 1985 polhnatlon trial (Table 11). The ’
-results were classified into two srgmﬂcant groups. (ﬂ)< .05). The first group included
PFT2 and PFT3 with SEFs of 2 9 and 1.2, respectively. The- second group consrsted -

. of PFT4 PFTS and PFT! 6 with SEFs of 58.3, 59 8 and 64 7 respectively (Table 11)

The 1983 and 1985 SEF results, comparing fresh pollen to pollen stored at _
4°C for, two years are presented in Fig. 30. After two years of storage the SEFS
_resulting from the pollen produced in PFT2 and PFT3 decreased from 45 % to- near,

- zero wh11e little or no. detectable decrease was observed in the SEFs resultmg from



the pollen collected in PFT4, PFTS and PFTS. . The decrease in SEF indicates

" considerable reductron in viability and/’or vigor after two years of storage for the
pollen produced in PFTZ and PFT3.

-

Table 11: Seed efflclenca.es rasultmg fram the pollmat;ton of a
. western hemlock clone with two-year-old pollen produced in
' the 1983 cmt—branch pollen—forcmg trial (PFT). oo

The mean seed efflc:.encn.es (SEF %+ SE) were determined for N cones in-

— ' 1985 using pollen stored at 4°C for two years. Means with the same
: ) . letter are not sigrificantly different as determined by paz.r-—w:.se
comparlsons usmg the Wilcoxon 2-—sarrple test (p< 05) ..

TRIAL N ~ SEF_(4SE)
PRIz - 18 2.9 (0.7)
PFT3 . ¢ 16 S 122 (0.4)
PFT4 T 18 . s8.3P (2.3) :
) . PFI5, 716 s9.8° (3.9)
‘ PFT6 (CONTROL) - 1_4 ' 64.7° (4.0)
/\422 Whole-Tree Method

.....

4,2,2.1 18°C Growth Chamber Trrals

Ramets of three clones (13, 37, 101) were placed into growth chambers

maintained. at 18°C on three dates (January 12, 22 and February 5). Average
pollen—coneﬁphenology (STAGE) for the clones 111 each trial were plotted . versus'
date (Fig. 31). The pollen cones were at stage 1 (qurescent) when the trees were put
~“into the growth, chambers. Wrthm 3 to 4 days, the buds in PFTi-18 and PFT2- -18°
~ .began tor swell (stage 2) The. buds on the ramets in PFT3-18 started to swell w1thrn.
_ _24 hours.” On any date the cones within a clone varied in phenology, with the dlstal_
cones bemg one or two stages further advanced than the basal cones. The drstal—to-:

basal trend was observed in all ramets at 18°C.-
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Figure 30. Seed effJ.CJ.ency and standard errors - for poll:l_natlons
' . "conducted in "1983 usingy - fresh pollen from the cut-

- .branch pollen fon::.ng ‘trials and in 1985 us:.ng the same
pollen stored at 4°C for two years sl v
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Pollen phenology at 18°C in the 1984 whole—-tree pollen-
forcing trial. Average pollen phenology for the three
clones in PFT1-18 (O), PET2-18 (m) .and PFI3-18 (a) were

-plotted versus date. Pollen cytology at each sampling date

is inciuded: po!len mother  cells (EMC), start of meiosis
(MS), end of meiosis (ME), separation of tetrads (T), 1-
cell pollen grains' (1), variable number of .cells per. pollen

grain, eg. 2- to‘#-cell pollen grains (2-4).
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ln the first two trials, PFT 1- 18 and PF’I2 18 the PMCs were arrested at
' pachyt‘ene of meiosis when, the ramets were Placed into growth chambers Meiosis

* resumed within two days in both trials. By day four all stages of meiosis could be

~ found within each pollen cone. . The PMCs in the basal microsporangia. were’fnr‘the'r N N

advanced than PMCs in°distal rrljcrosporangia ~When the basal mlcrosporangla

| contamed tetrads of rmcrospores PMC in the rmd-secnon of the -cone ranged_'

o 'between pr0phase II to telophase II while in ‘the djstal mlcrosporangla the PMC

. ranged between prophase I and rnetaphase I The tapeial cells wére binucleate and

- had started to degenerate Exceptrons were found in clone 13, where the reverse _

- was found in two of the six pollen cones sectioned at this stage. Pollen in the distal ~

mxcrosporangla ‘were further advanced than pollen in the basal microsporangia.

.Another anomaly dlsplayed by clone 13 was dyad formatlon (cell wall formanon

between the two daughter nuclet durmg prOphase) II in about one thlrd of all PMCS B

| (F1g 27). The second meiotic division tesulted in’ several orlentatlons of the"'r-'f" s

i tetradS' in the normal tetrahedron planar a hnear formatton T-shaped tetrads and
Arnany variations of the above (Flg 28). The unusual onentattons did not affect
tetrad sep@We cone a prohferatton of cells was observed within the PMC |

wall (th 29). =y ‘ ' , _ ' :

‘'The pollen cones in all three clones elongated to stage 2 durmg meiosis.
Me1os1s was completed in all reglons of the cones by day SiX. The cones continued -
to° elongate so that by day eight separatlon of the tetrads comcrded with bud burst_
(stage 3). The cones elongated to stage 4 whlle the 1-cell pollen grains began 1o
enlarge and accumulate reserves. ' R

In PFT3 18 clones 37 and 101 were placed into the growth chamber at the_
tetrad stage The tapetal cells were bmucleate and had- not started to break down.

_Wlthm one day the pollen—cone buds began to swell (stage 2) and hv the second day
the tetrads separated Clone‘13 was still at the overwintering (pacaytene) stage
when placed into the growth chamber. Meiosis resumed 1rnrned1ately and was

| completed within three days Pollen development in clone 13 was sumlar to that

observed for that clone m the frrst two trtals
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In all. clones the 1- cell pollen grains enlarged while, the pollen cones

elongated to stage 4. The rate of development from the separanon of tetrads to

'pollen shed _was similar for all three trlals, m_dependent of the dates and bud stages

when the ramets were placed into the growth chambers (Fig. 31). It to'o'k.about_lﬁ

days from the time the first pollen-cone buds started to swell until the start of pollen
' , Shed_- " ‘ ' ’ . st . . .

‘The average time sp_art between the separation of the tetrads and the first cell

division was about five‘days. The pollen cones were. at stage 5 and the pollen grains’ ;

were one-half {o three-quarters full size. Cell divisions were ’asynchlronous,' so that.

within a cone 1- to 3-cell pollen graiﬁs could be found. Pollen shed occurred about

seven to nine days after the flrst—cell d1v1sron Many pollen grains had a shrunken -

cytoplasm a few were 1rregu1arly shaped and some pollen-grain degeneratlon was

' observed In PFTI 18 PFTZ 18 and clone 13 of PFT3 18, pollen was shed at the 3-
T to 5-cell stage wh1le the. other two clones m PF’I‘3 18 shed pollen at the 4- to 5 cell

' ,stage

4.2.2.2 Effect of Temperature on Pollen DeveIOpment

‘Separate rarnets of three clones (13, 37 and 101) were placed into. growth S

' chambers set at 18°C and 10°C, respecuvely, on February 5, 1984. Other ramets of

the same clones were kept outdoors under ambrent condmons The pollen-cone

' _buds were qulescent (stage 1) on February 5. Tetrads were found in clones 37 and

E "10’1, while clone 13 was at pachyterte. Average pollen-cone phenology (ST_AGE) for: -

“clones 37 and 101 was plotted versus date (Fig. 32). Clone 13, which consistently

' 1aggedA eight to <10 days behind the other two-clones at all temperatures, will be,

discussed separately.



Figure 32.

\

Pollen phenology at 18°C, 10°C and ambient temperatures in’

the 1984 whole-tree pollen-forcing trial. Average pollen
phenology for two clones in PFT3-18 (O), PFI3-10 (m) ‘and

PFT3-C (A) were plotted versus date. Pollen cytology at
"+ each sampling date is included: ]

end of meiosis (ME) ,
separation of tetrads (T), 1l-cell pollen grains (1),

‘variable mumber of cells per pollen gra:.n, eg. 2- to 4-cell

pollen grains (2-4).
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‘ The rate of pollen development varied with ternperature Tetrad separation
- in PFT3- 18 PFT3-10 and PFT3-C occurred 2,4 and 7 days later, respectrvely At
_ tetrad separation the pollen cones in PFT3-18 were at stage’ 3 whrle in PFI3 10 and'
PFI‘3 C the pollencones were still at stage 2. The exine was fully developed 3,8
and 13 days respectively after tetrad separatlon The tlrne between the separation
~of tetrads and first'cell division was 5, 11 and 15 days, in PFT3- 18 PFT3-10 and
PFT3-C, respectlvely The pollen cones in each trial were at stage 5 when the frrst

" cell division occurred L ‘

| Cell divisions were asynchronous at 18°C. Onge- to 3-cell pollen were found
within stage S pollen cones. At 10°C and ar@ﬁmperatures cell divisiOn was
synchronous Two cell pollen grains generally were found within the stage 5 cones.
By stage 6, 3- and 4-cell pollen grams were observed in the three trials. Durmg‘
‘stage 7, mature 5-cell pollen grams were found in PFT3- 10 and PFT3-C, while 4-

and 5- cell pollen grains were observed in PFT3-18. Pollen shed in-the three. trrals -

' started about 8, 13 and 22 days respectlvely, after the first cell drvrsron in PFT3- 18 -

‘PFT3-10 and PFT3-C. In PFT3-18, a few degenerated pollen grains and some with

shrunken cytoplasrn were observed and pollen shed stdrted 16 days after the trees.

- were placed in the growth chamber. In PFT3-10 and PFT3-C, pollen shed started 30

and a4 days respectively, after the start of the experrment

As mentroned prevrously, clone f_lagged behind the other clones. Merosrs .
-was completed 3, '7 and 11 days respectwely, after being placed in the growth
chamber in PFB 18, PFT3-10 and PFT3-C. After tetrad separatron pollen
development occurred at the same rate in clone 13 as in clones 37 and 101 except
“that . it lagged 8 to 10 days behind. At 18°C, a cell wall forrned between
| -apprommately one-third of two daughter nucle1 after meiosis. I, resulting 'in the

: Aunusual orientation of the tetrads within the PMC walls ‘The cell wall did not form

at 10°C or under_ambrent conditions. i"_ '
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4.2.2 3 Seed Effi clency ) S
‘ The first polhnatrou trial in 1984 usmg freshly collected, pooled pollen was

mcomplete due to root weevil mfestatlon "The cones aborted and later the ramets L

died so no SEF data could be collected. The air-dried pollen was stored at4°C and
the pilmatrons repeated one year later. The SEFs produced in-the 1985
~ pollinations ar_e presented in Tablelz._~ ' ' AP ‘

y—

. Table 12: Seed eff1c1ency results using pollen stored for one year
, : at 4°C 1n the whole‘-tree pollen—forc;.ng trlals ’

+ TRIAL ~N ﬁ‘ ' SEF (#SE)-
< - Pr'm—te': 16 3.3% (0.9 . |
| PFT2-18 = 13 5.3% (.7) ot
| : PFT3-18 15 11.8° (2:1)
/ © PFI3Fl0 13 40.1° . (3.7)
, r CPFI3-C 12 51.9% (2.5)

After one year of storage at 4°C, pollen forced at 18°C produced low SEFs

o wrth values of 3. 3 5.3 and 11.8, respecnvely for PFT1-18, PFT2 -18 and PFT3 18.

| Pollen produced-in PFT3-10 resulted in an average SEF of 40. 1 while’ the h1ghest |
. -average SEF of 51.9 was obtamed from pollen produced in PFT3-C. 1In PFT3:18,

o ~ where the pgllen was forced after the completron of merosrs, the average SEFs were

- srgmfrcantly higher (p< .05) than the. average SEFs resulting from the pollmatlons by
pollen produced in PFI‘l 18 and PFI‘Z 18, where forcmg started before meiosis. It _
must be remembered that about one- thll‘d of ‘the pollen in PFT3-18 was derwed"""
from clone 13, which was forced before meiosis. Even with this pollen the SEFs -

_ produced by the PFT3- 18 pollen were srgmflcantly higher than those’ produced by

the first two tnals " Pollen. forced at 10°C produced a SEF (40.1) that was; f '

: significantly hrgher than the SEFs produced by the 18°C trials. Pollen collected

'from the trees grown under ambrent condmons produced the- hrghest SEF (51 9) B
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which was signiﬁcantly higher than that from the 18°C growth-chamberq trials, but

ot the 10°C trial From these results it 'carmot‘:be determined whether forcing
pollen or stormg it at 4°C for one year caused the reduction in SEF. Smce the SEF

. results of freshly collected pollen are unavatlable the separate effects of forcmg and.

storage cannot be determined from this trial.

‘ 43Pollmatlon Mechamsm o

Cone development in western hemlock was d1v1ded into nine phenological *
stages as described prevmusly in Table 4.- These included the qulescent seed-cone
bud through cone development until cone closure (Frgs 33-41)

Westeln hemlock seed-cone buds were located terrrunally on distal, more

wgorous branches in the rmddle to upper crown, Seed cones were, collected before,

during, and after polhnatlon in 1983 and 1984 _Quiescent (stage 1).seed-¢one: buds'

‘ averaged 25 (= 4) mm-ifi’ length (Flg 33) Each bud was enclosed by bud scales )
- "and con51sted of splrally arranged bracts (Fig. 42). In the axil of most bracts was a'
~small swelltng which would develop into an ovuhferous scale’ (F1g 43). Most
ovuhferous scales bore two ovule primordia. The ﬁrst three or four basal bracts | 7

were stenle since they lacked ovuhferous scales. The next four to eight ovuliferous

' scales were also sterile because they lacked ovule prlmordla The distal one to four

ovuhferous scales also lacked ovule primordia. _The average rt_urnber of ‘fertlle- :
ovuliferous (+ SE) scales was'lﬁ.‘4_(£2.5) ranging frorn 141022, -, &
Enlargement of the seedACone buds to stage 2 was obs_e_rved in late February
and early —March (Fig.'3'4)_. Cell dlvision and elongatio"n: in the"central axis of the
~cone ‘as well as in the brac':ts,oyuliferous scales and -ovules caused the cone to.
' increas'e in width and length "The cells surrounding‘the nucellus divided and
enlarged forrmng the 1ntegument a ring of merrstemanc tissue (Flg 44). - The
1ntegurnent elongated and overgrew the nucellus to form a short funnel with a wide
| opening, the nucropyle (Figs. 44, 45). Stage 3, bud burst, ‘resulted from elongauon

~ along the central axis, bracts and ovuliferous scales. This caused the bud to mcrease_ B

in size and the distal bracts to protrude through the bud scales (Flg 35)
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. Figs. 33-41. Seed—oone phenology, stages 1- to 9.

Fig.

"l Fig.

Fig.

Fig.

Fig.
Fig.

© Fig.

Fig.

33. .

Stage 1; qu.escent seed~cone bud completely enclosed by bud

o scales (bs)+ collected :Ln mld—February x12.

g T

34,

35.

36..

b .

37,

38.

39.

40.

a1.

‘ Stage 2, swollen seed-—cone bud, collected in nu.d-Mard'l x10.

,Stage 3; bud burst, lessthanone—quarterofthe cone has

emerged through the bud scales. . x10.

Stage - 4,‘ one—quarter to one—half of _the oone has emerged )
through the bud scales ' exposing bracts (b) and oVullferous B

-scales (os) in md-— to late-Maxch x8.

s
s

'Stage 5, ' three—quartezs of t.he cone has emerged through the

Stage 6; seed—cone conpletely emerged through bud scales. m

. late -March to early April. x8.

‘ Stage 7. ovul:.ferous scales have start:ed to elongate over the
bract:s Iess than 50% of the bract covered x7.

Stage 8; bracts more than half covered by cvullferous scales.

Stage H clos‘ed cone, - bracts .Ac':or_npletel)i‘ covered by .

_ ovullferows scales. x6. '
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' Figures 42-47. Scammg electron ‘I-ru.crographs (SEM) and - "1ight-

Fig_._':

Fig.
- . "
Fig.

~ Fig.

_ Fig.

42,

43.

44,

45,

46.

47.

development - : . _ e

SEM of a qulesoent seed-cone. bud cons:r.stmg of splrally o

arxanqed bracts. x30 _ _ ,
Iongitudinal sectlon thrmgh a. qulesoent ‘seed-cone bud

showing bud scales (bs), bracts, ovullferous scales and ovule

primordia (op). x35.

SiM of developlrx; ovule on an’ cvullferous scale show:.ng‘

nucellus .-(n), elongating integument (1) ' ovulde  and part of

_the ovulifercus scale. x100.

I.ongltudlnal section through stage 2 seed-cone bud show.mg" a

portion of the bract, ovuliferous scale and an ovule w:r.th,_

“a

developing nucellus, mtegmne.nt and mlcropyle, (m) . x80.

SEM of ‘a fully enlarged ovule on an ovullfemus scale where
the J.ntegument has elongated, forming a short micropyle (m)g
The nucellus is v:.s:.ble at the base of the short mlcropyle.
x100. - . . - /

]'_ongltud:nml section thm.lgh stage '6 seed cone showmg /a
portion of the bract, ovuliferous scale. and an ovule - at

" pollination.  The integument has elongated fommg a short

micropylar canal within which is the nucellus . x80 A

e

yire
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micrographs of = sections --of . seed - cones, bracts’  (b), . o
- ovuliferous scales (os) ancl ovul&s (o) durlng post—dormancy -
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At bud burst the ovuliferous ‘scales were .abm}xhe same length as the bracts. As a
result of cell d1v1510ns 1n ‘the integument’s tlp, the nncrOpyle mcreased in length
(Figs. 46, 47). ' o _ .
The seed cones continued to 'elongate' and emerge from th the bud'.scales over
‘'the next several weeks. Cones were con51dered stage 4 when 25 to 50% of the cone
had emerged (Fig. 36). Stage 5 cones were greater than 50% emerged but less than
fully emerged (Fig. 37). Stage 6 cones were emerged fully (Fig: 38). All but 2 few
basal bracts were exposed. The ovultferous scales elongated more than the bracts so "
that by stage 6, the ovuliferous scales were shghtly longer than the bracts The |
.~bracts reached maximal length by stage 6. .
Durlng stage 6 the bracts and scales often reﬂexed however not suff1c1ently
so that the ovules were exposed: About one week after the cones reached stage 6
the ovuliferous scales started to elongate beyond the bracts. Cones were con51dered
in stage 7 if less than half of the bract was covered by the ovuhferous scale (Fig. 39)
and at stage 8 if bract coverage was between 50 and 100% Cones were at stage 9

after the scales completely covered the bracts (Fig. 41)

No structural changes were observed in the ovules other than an increase in © -

size between stages 3 and 9. All cones had closed by the end of April in 1983 and by

" the first week of April in 1984. ‘Onice the cones closed they elongated. to full size

over the next 5 t0 6. weeks mcreasrng frorn an average of 5 mm to about 24 mm. -
Smce the bracts and scales never reflexed enough to allow pollen to fllter
down to the ovules pollen was 'not observed near the 1ntegument or in 'he ‘

A rmcropyle Pollen was found con51stently on the surface of the bracts (Flg 4 )

- which was covered with a thick, thread like, waxy layer (Fig. 49).. The outer, =
exposed edge of the. ovuhferous scale also had a smularly thick layer whtle onlya
thrn\axy layer was found on thc rest of the ovuliferous scale (Fig. 50) |
The surface of western hemlock pollen is .roughly sculptured and contams
many spmes and tecta in a verrucate pattern which became entangted in the  waxy
layer of the bracts, _ftnnly atﬂ,achmg the pollen to the bracts_ (Fig. 51, 53) where it

-remdined. 'Eventu'ally the ovuliferous scale elongated over the bracts, ,trapping the

AN
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| pollen between mé ‘bracts and scales (Fig. 52).
| ) Sh rtly after cone closure, several chanues were observed on thc surface of
' the bracts. . The epmermal cells a.long the margin of the bracts developed long
pro_]ecnons About. one week after cone closure each adaxial epidermal cell
." produced a single smooth projection which erupted through the waxy. layer (Fig, 53, '
'54). They first appeared along‘the mid-rib of the’bract and then spread toward the
margins The - longest prolecttons were observed al‘ong the centre of the bract

(Flg 55) Long projections were observed also- arising frofn the epldertnal cells on

' the margtn of the ovuliferous scales, where they overlapped, forrnmg a seal between =

“the scales (F]g 56). On the bracts. the projections developed around any pollen
grams adhenng to the surface (Fig. 57) . _ S

‘Shortly after the projections were observed the poilen gratns began to

hydrate and swell and within a few days pollen tubes were visible (th 58) The

pollen tubes grew along the bract surface (th 59) towards the’ nncropyles It often :

| appeared that pollen gralns located on. the margin of the bract furthest from the
ovules and cone._ axis grew pollen tubes in ‘random directions while pollen closer to

- the rmcropyle grew tubes towards the rmcropyle About six weeks after pollmanonl_

and four to ‘seven days after pollen germination, pollen tubes JBrew into the

.' nucropyles (Fig..60). Usually 1 to 6 -pollen tubes -were observed thhm each .

nncropyle but on several occas:ons up to 10 pollen tubes were found

-

44 Optimal Time ofPolhnattbn IS '.\.
44.1CobbleHill-1983 T
o ' A relauonshtp was observed between seed -cone phenology, and SEF for the
o two clones i in 1983 (Fig. 61) The SEF results for the two clones are also presented .
ﬂm Table 13 For both clones 7-10" and 9-3 the average SEF. tncreased w1th

-4

‘ phenologtcal stage Since phen010g1cal class was. deternpned by the arnount of cone

_ eXposed it was related to the number of bracts accessﬂﬂe to pollen. The polhnatlons S

" were conducted by date rather than stage so the cones Wlthln each bag were at‘f .
R d1fferent plhenologlcal stage@ : L : B _
‘ /&' - . S . . a L -."‘z‘ S T o



Figures

. Fig.

Fig.
Fig.
Fig.
Fig-.

" Fig.

Fig.

48.

49.
50_.

51.

52.

53.

‘54

48-—54. ' Scanmng electron mlcrographs (SEM) and llght
mcrographs of sections of seed cones at polllnatlon.

Pollen (p) adherlng to the exposed bracts (b) of a stage 6
seed cone. x10.

SEM of eplcutlcular waxes on. the surface of the bract at
pollmatlon. x1650. o . -

"SEM of eplcutlcular waxes on the surface of the ovullferous |
scale at pollJ.natlon. x1650.

-

- SEM of a pollen grain entangled in. the epJ.cutlcular waxes (w)

on a bract. x950

Longitudinal sect:lon of pollen trapped between a bract and an
ovullferous scale (os) after cone: closure x88.

SEM of epldermal prOj ections (ep) erupt:l.ng through the waxy

- layer (w) next to a polle: qrain. The peollen - grain is -

‘entangled in the wax flbres X3500.

SEM -of , epldennal pmjectlons (ep) developing from the

o epJ.dermal cells of the bract. x510.

[47
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'Figqures 55-60. . Scannlng electron mlcrographs and Ilght mlcrographs of

Fig. .

Fig.

- . Fig.

Pig.-

Fig.

Fig.

55.

56.

57..

58.
i

59.

60.

%50,

sections +of post—polllnatlon seed oone,‘ and pollen tube

SEM of the epldennal projectlons on the surface of a brdct. :

. . ) ; .‘..
'

Iongltud_lml sectlon | show:.ng progect:.ons -('pr) ‘ between -
ovullferous scales (os) - x88. N '

SEM of epldermal p:rojectlons (ep) around pollen (p) on the

' surfaoe of a bract: x150.

‘SFM of a partlally Qissected seed cone showmg two ovuliferous

scales (os), two ovules (o) and three bracts (b) with

- devel ing pollen tubes (pt) x35. . 7 )

of pollen tubes growmg along the surface of the bracts.
x130. °

SEM showing a brect, an ovuliferous scale and pollen tubes
growing into the micropyle of an ovule. x40. -

7
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_Table' 13: Seed efflcz.ency results for two watern hemlock clones at
Cobble Hill in the 1983 optimal tnme—of-polluxatlon study.

Poll:matlon dates, phenological stagas average seed eff1c1enc:1es
(SEF *- SE) for N Cones we.re determined for two clones.

CIONE 7-10 - ' o CIONE. 9-3

DATE -  STAGE N SEF_(#SE) - STAGE N SEF (i%E)
March 30 3-4 20 18.3 (2.4) 4 20 48.7 (4.9)
Ppril 13-4 20 22.3 (3.1) 45 20 67.8 (4.8) e
April 3 4 19 37.5 (2.6) 5 20 79.7 (2.4)
" April 5 4 19 35.0 (2.5) 6 20 77.3° (2.0)
Q}@mﬁl. 7 4-5° 20 40.9 (2.7) .. 6 20 77.8 (2.1)
April 9 5-6 19 u47.7‘ (3.4) 6. 20 79.1 (2.0)
" April 14 6-7 19 52.8 (3.1) 7 20 1;:6’»(3.1)__

In 1983, the pollmatlons were started after the seed cones became receptwe
‘the stage of development dlffered between the two clones. The cones were at stage
.4 (25 to 50% ernerged) in clone 9-3 and between bud burst and 50% emerged
(stages 3- 4) in clone 7-10 (Table 13, Fig: 61). In clone 9-3, a significant i increase

(p< .05) in SEF was observed from March 30 to- April 1 (th 61) No &gmﬁcant |

differences in SEF were found between April 1 and Aprtl 14, during whlch time

seed-cone phenology ranged from stage 4-5 to stage 7. In clone 7-10, an mcrease in

SEF was’ found between March 30 and April 7, correspondmg to changes in seed--

cone phenology from stages 3-4 to stages 4-5. Maximum SEF occurred from stages
4-5 (Apnl 7) to stages 6-7 (Apnl 14) in clone:7-10. For both clones maxmlal SEF
was observed when the cones reached stage 4- 5. ' ‘
. Maximal SEF was lower in clone 7-10 than 9—3 due to a higher level of pre-
polhnatmn ovule abortlon Up to 35% of the potential seed per cone in clone 7-10
aborted early in development resultmg in small, rudtmentary seed attached to 4

- seed w1ng in mature cones, compared to 7% ovule abortion in clone 9-3.

-
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Seed efficiency -versus date of pollination for two western
hemlock clones at Cobble Hill, in the 1983 optimal time of
pollination study. Average phenolegical stage ard standard
errors are presented for ‘each pollination date for clone
7-10 (O) and 9-3 (m)- :
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4.4.2 Lost Lake 1984 _
A relatlonshlp between stage of de(elopment and SEF was observed in four |
clones at Lost sze Seed Orchard in 1984. The mean SEF for each clone and stage,

as well as the ave age SEF for each stage, is presented in Table 14.

Table 14: Seed efficiency resuli:s for four western hemlock clones at
: the Iost Iake Seed Orchard in the 1984 opt:.mal—t:une—of—

pollmatlon study.
The average seed efficiencies (SEF) for N cones were determined for

each clone by phenological stage at pollination. For each stage
thetotalN andmeanSEF(**SE)werecalcmlated . .

39 . 142 . 143 . 190 ~ TOTAL

STAGE N SEF N SEE N SEF N SEF - N SEF (+SE)

2 'e__o.o - 1 s 11 o0, -19 0.0 (0)
-3 . '3 0.0 3 13.7 .6 3.8 10 17.0 22 10'.1(2.3)"
4 e -'1o: 53.9 8 63.7. - — 18 58.3 (3.0)

5 5 76.8. .8 8L1 X — = - 13 79.5 (1.7)
Te - — 10 8.1 4 79.6 9 73.7 . 23 77.9 (1.2)

7 12 72.6 5 78.6 10 73.8 ‘. 4 72.3- 31°_75.6 (1.0)
8 ' 7 .62.9 3 702 4 71.0 - - 14}.8 (2.6)
9 - — 9 0.0 j_-' — - - 9 0.0 (0)

" IN6 values for these stages ' L

. -The relationship between seed-cone phenology and SEF can be related to
- the numbgr. of bracts exposed. A'stage 2 cone. was completely enclosed w1th1n the
bud seales Aolhnatlon of stage 2 cones resulted i 1n a SEF of Z€ro. Stage 3 cones are
: less than “on quarter exposed and the resultmg SEF when these cones were
'polhnated averaped 10.6 and varied between 0 and 17." The average number of .
sterile distal scales ¥aried between the clones. In clones-39 and 143 two to four of
the distal scales were enle so most of the exposed bracts of the stage 3 cones were

assoc1ated wrth stenle 5C es This accounts for the SEFS of 0 and 3.8. In clones 142
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and 190, only one or two of the distal scales were sterile so some bracts with fertile

scales were exposed in the stage 3 cones, which gave-SEFs of 13.7 and 17.0,

Vrespectwely By stage 4 the cones were about half emerged and the SEF averaged .
583, rangmg from 53 9 to 63 7. Maximum SEF of 79.5 was attained durmg stage 5

-when the cones were almost cor:npletely beyond the.bud scales. The cones averaged

29.1 total scales, ranging from 26 to 31. The number of basal sterile scales ranged

between 7 to 10 so the basal one-quarter of each cone was sterile. The maximum

' SEF rate was miaintained during stage 6 and 7, which averaged 77.9 and.75.6,
respectively The average SEF decreased td 66 8 during stage 8, when half or more
of each bract was covered by elongatmg scales. At stage 9, t,‘he ovuliferous scales

| completely covered the bracts and the SEF was zero.

The relat1onsh1p between phenological stage and SEF 15 presented in Figure

- 62. -The SEF mcreased after the cones elongated beyond the bud scales, reaching a L

‘maxunum at stage 5, which was mamtamed until stage 7. A shght decrease was
' observed between stages 7 and 8, followed by a large decrease to zero as the

ovuliferous scale completely covered the bracts (cone closure) at stage 9.

‘The high rate of cone abortion observed. at Rollinaticn n 1984 may have

_been, due to below-freezing temperatures. Temperatures in the Seed Orchard
dropped to below 0°C-on at least three nights during the pollination period: |
Seed Cone Receptivity in 1983 and 1984

Differences were observed in seed -cone phenology between 1983 and 1984

" Average seed-cone phenology for erght clones at'the Cobble Hill clone Bank (1983)

and four clones at Lost Lake Seed Orchard (1984) were plotted versus date in
Figure 63. In'1984 bud burst (stage 3) occurred about eight days before bud burstin-

1983. The. average time between bud burst and cone: closure (stage 9) was.34 days'

' 1n 1983 but only 23 days in :984. If optimal seed-cone receptmty is con51dered to be

vbetween stages 4 and 8 then seed-cone receptivity occurred during approxnnately_ -
23 days 111 1983 and 14 days in 1984. The differences may be “clonal, and/or s

envrronmental_ because different clones and sites were used in the two years.
. . w . . b .

. - ' . . ' i toe t“ LA - ,
‘ “ . ".‘ ) Lk ' . v .
. - . . . 3 . ‘ |\ ) ' . . ) -



Figure 62:-

.80

)

Seed efficiency versus cone phenology. in western hemlock at
the Lost Iake Seed Orchard in 1984.  Vertical bars .
represent standard error. ‘The average seed €fficienty
(£8E) for each stage is included in parentheses.
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ASeed—cone phenology for wm hemlock in 1983 and 1984.

Average phenology is plotted versus date for eight clones

~in 1983 (O) at the Cobble Hill Clone Bank and four clones.

in 1984 at Lost Lake Seed Orchard (m).
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. Seed Cone Receptmg Versus Pollen Shed in 1983

( obble Hill clone Bank in 1983 until seed cones were 10 longer .receptlvé The .

Humber of receptrve clones (between stages 4 and 8 ) and the number of clones
shedding pollen (stage 8) were plotted versus date in Flgure 64. - One clone had
stage 4 seed cones on March 19, so was consrdered recepnvp By March 26 ten
clones had receptrve seed cones.. Pollen sheddmg was observed first i in three ,cl_ones_

.on April 3, ‘by which time 52 clones had receptrve seed cones 'l‘he maximurf

7 number of clones sheddrng pollen at one time was 48,..wh1ch occurred from April 7

to April 10. Three clones released pollen before April 7 and nine clones did not
start pollen shed until after April 10 All 60 clones had receptwe seed cones‘
between April 7 and Aprll 14. The number of clones sheddmg pollen decreased to -
24 by Apnl 14, to four by Apr11 17 and.to zero by Aprll 22. ‘Seed-cone recepnvrty'
decreased after peak pollen shed. On Aprll 17, 59 clones were st111 receptrﬂe This -
decreased to 33 by Aprrl 20, to f1ve by Aprll 26 and to zero on April 28.

Seed- -cone receptivity occurred before pollen release and contmued for about .

| one week after all the pollen was shed. The average clone was recepnve for 23 days

: Varlablhty in pollen-cone phenology resulted in the average clone shedding pollen

over four to seven daxs B - |

4.7 Seed Development in Field-Grown Clones

4.7.1 Seed Development After Wind- Pollmatron o
4.7.1. 1 Post- dormancy DeveloPment .

Stage 1, or quiescent, seed-cone buds consisted of bracts, ovuliferous scales
. and ‘ovule prrmordla which were initiated before dormancy W1th1n each ovule
prunordmm was_a large megaspore mother cell (MMC) surrounded by layers of

smaller cells forrrung the megasporangium or nucellus. Each prerne10t1c MMC had o

Both seed- and P ollen-cone phenology were momtored for 60 clones at the -

darkly stalmng cytoplasrn and a large nucleus with a- distinct nuclear membrane e

several prorrunent nucleoh and 11ght1y sta1mng chromatln (F1g 65)
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Cell d1v131ons were observed ﬁrst on February 12,1983, Random d1v1srons
were found m the ovules, ovuhfe;ous scales bracts and cone bud axrs Between
February 12 and 20 the MMC enlarged and proceeded qu1ck1y through leptotene to
' 'zygotene Very few’ cells were observed at leptotene sO it was assumed that this _
. stage was relajuvely short. The MMC remained at zygotene for the nextlthree to- -
four weeks. During' this time the bracts, ovuliferous sc':ale's,'-ovules and cone axis |
'enlarged through cell"di'v‘ision causing the buds to swell to stage 2. -The integument' N
" developed and the micropyle was formed. Durmg the. first two weeks in March
meiosis resumed and the MMC went qmckly through - the rest of prophase 1
 (pachyterne, dlplotene and d1akmes1s), metaphase I, anaphase I and telophase I with

' Do ‘subsequent cell wall formation, producing two nuclei within . the MMC- wall.

Wlthm a few days a second meiotic dmsron produced four nuclei (Flg 66). Cell B

wall formation resulted in a trlad a linear arrangement of three cells with a
'bmucleate center cell. The bmucleate cell and the cell closest to' the nucropyle-
degenerated Ieavmg the umnucleate cell farthest from the- rmcropyle as the

- functional megas (Fig. 67) Funcnonal megaspore formation c01nc1ded with

~ bud burst (stage\.S.). The funcnonal megaspore was vacuolate and surrounded by o

‘ ‘developiug tapetal cells. . By late March the "functional megaspore started freé-
nuclear d1v151on (Fig. 68) The start of free-nuclear leISlOIl comc1ded w1th'
pollination and continued for the next four to five weeks. h '
Several ovules aborted or ceasec! development. before pollination and .‘
| rernamed as emall rudlmentary structures at the base of the developing seed wmg
At cone maturity thesetbvules were 1dent1f1ed as small ﬂat seeds at the base of the
- seed wing. The prepolhnatlon ovule abornon rate, based on the numberaf ﬂat
© seed in mature cones, was determlned for 23 clones which were 1ncluded in several
of the studles at the Cobble HllI in 1983 (TabIe 15).
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. Table 15 Estlmates of the’ prepoll:matlon ovule abort:lon rate. (%) for "
. 23 clones at the Cobble Hill Clone Bank in 1983 based on: flat

The ovule abortlon rate (+ SE) was calculated for 20 cones per clone.

' i

% ABORTTON" -

CLONE % ABORTTON CIONE

2-05 - 13.9. (1.6) 9-03 7.4 (1.0)
2-09 9.5 (1.1) - 9-10. 110.6 (1.3) ]
.. 3-04 7.9 (2.0) 10-04 - .-9.7 (0.6)

4-01 8.4 (1.2) 10-07 - 7.9 (1.2) - -
- 5-08 . 13.7 (1.7) 10-09 11.5 (2.0)

v 5-10 11.7 (1.6} 11-02. 8.2 (1.2) . ¢

6-03 - 15.0 (1.8):.. . 11-08 5.9 (0.7)

6-06 © 6.0 (1.2)° 12-03 15.9 (1.4)

7-04 40.8 (2.5) 12-10 5.5 (1.0)
7-06 6.9 (1.4) 16-02 - 5.9 (0.8)

7-10 33.4 (2.3) i6-06 7.6 (1.7)-

9-01 . . 7.8 (1.0) l , -

o e TOTAL - 11.8 (1.8

L~
S

- By late 4Aprll all cones were clbeed and elbngating Stage 9 éelnclded with

the final stages of free nuclear division. The first cell walls in the develong

megagametophyte were observed by the end of April (Fig. 69). Cell-wall formation -
) «resultmg in primary prothallial cells began at the penphery and proceed\ed,

Ao,
D T

centnpetally Several of the prlmary prothalhal cells at the rmcr()pylar' end " - -

enlarged formmg archegomal initials (Frg 70) Tl_l,e cells of the megagametophyte

contmued to divide and enlarge within the megaspore cell wall. The archegomal -

initials elongated over the next two weeks. Small cells surroundmg the archegonial

" initials divided j::ericlinally, forming an archegomel jacket around each-archegénial

‘initial. ,
By mid-May the -ar hegomal initials d1v1ded unequally, forming. a small

, prunary neck cell at the micropylar end and a large vacuolate central cell (Flg 71). ".

The primary neck cell dmded once, -anticlinally, producmg two neck cells. .The

nucleus’ of the central cell remained at the ,rmcropylar end whlle the cytoplasm

| contmued to expand and accumulate densely -staining material. The neck cells |

/ ‘ ) T )
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~en1arged overarchmg the neck cells, formmg a shght depressmn or archegomal

'chamber ‘ R

The central cell dmded once, producmg a small lens-shaped ventral canal

cell ad]acent t0 the neck cells and a large egg cell. The ‘nucleus of the- :1:4 cell

‘mrgrated to the center of the cell. Both small and large cytoplasmic inclusions

_ (th ’73) Two to five mature archegonia were observed within thé ovules

Between cone closure (stage 9) in late April and the formation of the mature

-

megagametophyte in late May the seed cones increased from an average of 5 mmto-

24 mm in length. The cones elongated at an average rate of 0 5 min per day The

- increase in, size was due to cell elongation along the central axis and the ovuhferous

'closure (end of pollmatlon) 0 25 mm at the formatron of the mature

) megagamewphyte (fert;hzatmn)

l_;;'-?

-

4711 Fertilization ‘
Pollen tubes penetrated the mucellus in ‘'mid- May, about- the time the

_ archegomal 1mt1als divided to form the primary neck cell and the central cell

(Fig. '74) Pollen tubes were. visible ougside the megaspore cell wall in the neck cell

pt)tlen tubes pierce':d I"the megaspore cell wdll and penetrated between, ‘an_d'

canal cell and penetrated between the egg cell and archegonial Jjacket for a short
dlstance before piercing the egg cell wall and discharging its contents 1nto the egg

cytoplasm. ‘A receptlve vacuole was usually found in the egg cytoplasm where the

the stalk 'cell; the tube nucleus and tube cytoplasm containing starch. Sometimes

8% -

. elongated and accumulated starch The cells of the megagametophyte divided and

x

'became prominent in the egg cell (Flg 72). At about the time the egg cell formed _ B

-in mtd-May, ‘cell division and enlargement in the megagametoohyte ,stopped :

- scales. The 1nd1v1dual ovules increased from an average length of 0. 5 mm at cone .

~ region dunng or shortly after the central cell divided. It was during this time that °
the body cell d1v1ded to form two unequal-size male gametes (Fig. 75, 76). - The

'éventuall'y diSrupted the neck cells (Fig. 77). The pollen tube 'bypassed the ventral *

~ polien tube discharged its contents. The pollen tube contained two male gametes, -



o

. . 2 L : . , 90
: only the: larger male gamete was dtscharged into the egg cyt0plasm The second
‘male gamete was observed in the pollen tube outside the neck cells, in the neck cell
“region; inside the receptwe vacuole or w1th1n the egg Srtoplasm (Fxg 78 79, 80)
_Su:mlar observattons were made for the—other ‘components. of the pollen tube .'
" including the stalk cell, tube nucleus and starch .The larger rnale gamete rmgrated
to the center of the cell, fused with the egg nucleus and the two haplord sets of
chromosomes mergecf (Flg 81) Fertthzatlone”occurred in mid- to late-May.
Twenty—SIX ovules were sectioned at fertilization or shortly after Twenty .one_':
of these (81%) were fertilized. An avp%'age of 1.5 zygotes was found, rangtng from B
"zero to four zygotes per ovule ' Lo o
'_ 4.7.1.3 Proembryo development g e - ‘
‘ The first zygotlc division (Flg 81) resulted in two free nuclei “surrounded by
| densely stammg neocytoplasm A second d1v151on produced four free nuclei ‘
(Flg 82). The four free nuc1e1 plus some neocytoplasm rmgrated to the chalazal
end of the egg cell, forming one tier of four nuclei. The time between pollen tube
_ penetrauon of the neck cells and the one- tiered proembryo was 4 to 6 days
— Vertical sptndles forrned and, the-four nuclei drvrded to form two tiers of
' elght nuclei. A transverse cell wall formed between the two tiers, followed by axial
wall formanon Ieavmg the proxtmal tier Open to the egg cytoplasm and the distal
primary embryo tier completely walled in (Flg 83). The open tier divided to form a
completely walled rosette, or d15funct1onal suspensor t1er and an open tier. The
~ primary embryo tier dmded to form .a suspensor t1er and”a distal embryo t1er
(Fig. 84). " The matyre proembryo consisted of u@I; tlers of four cells wrth the
proxtmal tleg' open‘to, the cytoplasm of the egg cell The time between fertilization
“and the 16-cell proembryo averaged about 10 days e cytoplasm at the lmcmpylar
end of the egg cell began to degenerate by the time the 16- cell proembryo formed.

-~



Figs. 65—'73. Median longltudmal sectlons of ovules showing post--

" Fig.
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> Fig.

Fig.

.Fig.

Fig.

. Fig.

Fig.
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* Fig.

- Fig.

65.

66,

L]

67.

68.

69.

70,

71.

72.

73.

' X190

dormancy megagamatophyte develogment
Oovule (o) shown.ng a domxant megaspore mother cell (mmc) in

‘ _early February x250.

Ovule shown.ng four nuc1e1 w:.thm the negaspore wall (mw),

Ovule shcw:l.ng énlarglng funct:.onal megaspore (fm) and two

3 degene:catmg megaspores (arrowhead) x200.
- Ovule  showing early freg; muclear Vdiyis,ion (fn) of

megqgametophyte x270
Megagarretophyte at cell-—wall formatlon in late Aprll x200.

Megagametophyte m (early my showmg ‘an archegonlal :Lm.tlal
(al) x220. ;

Megagametophyte in mld-May shcmmg a large central cell ( cc)

primary neck. cell (pnc), jacket cells (Jc) an_d_ thlck'

| megaspore cell wall. x200.

Megagametophyte in md;May enclosed by thlck megaspore cell

wall (mw) showing the two neck cells (nc), ventral canal cell

(vcc), eqgy: cell (ec) with a large egg nucleus (en) and small
and large” “inclusiors m the cytoplasm (*) x150. ’

longitudinal section through an ovule in l'l'lld— to late May
Jjust before- fertilization ing the mature ma;agametophyte,
megaspore cell wall -and lus (n) w:.th:m the. develop:.ng
seed coat {s;c) x45. , . . :
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Figs. 74-81. Pollen~tube. develo;nnent and fertlllzatlon in western

FJ.g.

-\'1

Fig.

Fig.

Fig.

- Fig.

 Figs

Fig.

Fig..

74.

750‘ N

76.

77.

78.

;79..'l.;
- (mg) in cytoplasm . and the large gamete fué:mg with egy

80.

81.

hemloc:k

Iongltudlnal section through the nucellus (n) and mtegtment
(i) showing where - the pollen tube (pt) has penetmted the
nucellus and the megaspore cell wall (1) . x180. - :

Sectmnthxnughapollentubeneﬁttothemegasporeoell wall
showing the "body cell (bc) dividing to form two gametes.

%320.

" The body cell has dlvxded within the pollen tube, producmg .
- two' unequal-sued male gametes {(mg) next to the megaspore

cell wall. x2?5.

'Dlsruptlon of the rregaspore cell wall (mw) and neck pells '

(nc) by a pollen tube. The egg cell (ec) contains a large

- mucleus (en) and small and large mclus;ens in the egg'

cytoplasm x340. - ‘ R

' Section through an egg oell showmg the fUSlOI‘) of the large

male gamete with the egy nucleus. x330
Section through’an egg cell showing the small male gamete
nmacleus: (en) X330,

Supennm'eraxy nucleJ. (sn) and receptlve vacuole (rv) at pon.nt'

- of pollen tube entry w1thln the egg cell %350.

Sectlon through the eqy nucleus showing the flrst zygotlc

. division with chromoscmes-at telaphase I attached to spmdle
f:bres x320. o

¥
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© 471 4 Early Embryo Deve]opment | | -
- In early Juire the suspernsor tier elongated pushrng the embryo t1er deep 1nto
'_the megagametophyte “(Fig. 85). The megagametophyte cells around the embryo -
- tier degenerated producmg a small corroskon cavity (F1g 86) The -cells in the path
= of the corrosron cavity were full of starch which was released when the cells
: degenerated (Fig. 86)‘ The suspensor cells’ elongated raprdly, resultmg in .the
_ suspensors becommg corled and twisted. The cells of the, rosette tier and open tier "
degenerated soon after suspensor cell elongatron (Frg 85) D1v151on of the rosette ’
‘cells to form rosette embryos was not observed, ‘
P The cells in the megagametophyte which had been qurescent since the -
. _/f’éf/manon of the mature megagametophyte resumeid development shortly- after the |
B suspensors elongated Some of the. nuclei u‘nderwent nutosrs, resulting in brnucleate -
cells. The cells in the megagametophyte enlarged and accurnulated cytoplasrmc
~ material (Frg 87) Vascular strands could still be found leadmg into the developmg '
' .megagametophyte and the mtégument at the chalazal end, of the ovule (Fig. 87).
" The three layers of the seed coat arising ‘frorh the integument were drstrngurshable
(Fig. 87). Maximal' 'Seed-cone elongation' coincided: with elongation of the
susPensor cleavage polyernbryony and ‘resumption of - megagarnetoj)hytic -

. development T . ) . : _ L
B _-When'the embryo tier was pushed about three- quarters of -the way into the_/ e
megagametophyte the embryo(s) underwent cleavage entarhng the longltudlnal
separatron of the four cells of the embryo trer (Frg 88) Thrs -produced fourf : /\
tseparate embryonal umts each with a smgle aptcal cell. Between four and 16

_ developmg ernbryos were observed in fertrhzed ovules. Some embryos degenerated

'. \'\_, atthis time.’ | ' | | o
L Around the time cleavage occurred the cells of the mtegument tip began to
expand transversely, closing the\lrmcropyle and crushmg the distal portion of the. -
nucellus and pollen tubes (Fig. 89) The cells of the nucellus degenerated and were

soon pushed against the developmg seed coat by the expandmg megagame_toph_yte.

* .
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The aplcal cell of each embryo dtvrded in all planes formmg a dome shaped

group of menstematrc cells (Flg 90). Two weeks after suspensor elongatton the-“f..",, n

embryo furthest into the megagametophyte was usually the largest One to 6 other '
embryos could be found in most of the ‘ovulés (Flg 91). The megagametophyte

' continued ‘nuclear division, re§erve accumulatlon ‘and cell expansron Intact

vascular strands were still found leadmg mto the ovule

-

s .7 1.5 Late Embryo Development

By late June: the embryo was a club- shaped mass of cells (Flg 92) The

_aplcal cells enlarged; formmg a small dome The cells around ‘the ap1ca1 dome.
| .d1v1ded glvmg rise: to the cotyledons or embryomc leaves, leavmg a small aplcal‘-'
~ meristemn between. A root ap1cal ‘meristem formed 1n thercentral portlon of the

' embryo The embryos were about one-fifth full -size and w1th1n the next three weeks

mcreased to almost full srze The embryos elongated by transversé cel,l d1v151ons in

Q the regton below the aprcal merlstem resultmg in a distinct rib mens‘térn between )) N
‘the’ aprcal merlstem and the - proxlmal region. The cotyledons elongated and, o

| . provascular tlssue appeared (Fzg 93). In. the prox1ma1 region, the root apex’ gave |

rise to a massrve root cap. By late July the embryos attamed full srze and. began to

accumulate storage products (F1g 94) Similar ¢ cellular storage products were i

observed in_the megagametophyte This stage, referred to -as se_e_d A,matura_tlon,

continued unfil late August.

Approxrmately 10% of the sect_/ned ovules contamed aborted or

‘ degeneratmg megagametophytes and/ or embryos A few of these appeared to have‘

degenerated before fertlhzatlon and others’ after parttal embryo development All

H‘ovules that degenerated after pollmanon had completely developed seed coats )

’I‘hese could not be vnsually d1st1ngu15hed from seed contammg an embryo Whlle.'

ovules whrch degenerated before polhnanon were con51derably smaller at matunty"

(Flg 95). - .tk



Flgs 82-87. ILongitudinal sections of ovules shom_ng post-

"Fig. 82.

{Fig. 83.°

Fig. -84.

- Fig. 85.

Fig. 86. .

Fig. 87.

fertilization proembryo , embryo and megagametophyte

~development. . _
The free nuclear stage of embryo showing three of 'th‘e' four
free nucle:l. (fn) WJ.thJ.n the eggacell (ec) x130. '

Section through two archegonia; The upper one is undergo:.ng
mitosis in the one tier, while the lower one contains a two—

" tiered, eight-cell proembryo after transverse cell wall

formatlon. x115.

Two - four—tlered 16—celled proembryos, from an ovule
collected in early June showing the apical or embryo tier

(et), susPensor tier (st), rosette _tJ.er (rt) ard open tier

(ot) x1'70.

'Early embryc in the megagametophyte (meg) durz.ng suspensor
tier elongation showing the open - -tier, rosette tier and -
embryo tier. x125. , , o

The embryo tier has d_WJ.ded once after suspensor ('éier‘
-‘elongatlon. - The cells of the megagametophyte (meg) which

break down to form the corrosmn cav1ty contaln starch

' (arrowhead) . x115.

Section through part of the gvule showing the corrosion

., cavity (cor), vascular strands (vs) penetrating the seed coat
and the “three layers of seed coat (sc) x45.-

97
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Figs. 88-95. Iorgltud_l_nal sections through ovules shom.ng embryo and

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Figl

~ Fig.

88.

89.

91.

92,

93. S
. July showing megagametophyte and a -differe
- showing cotyledons (¢) and shoot apex (sa)r

95.

d abortion (anowhead) x12.

<

. corrosion
' cleavage. x110.

94.

seed development.

‘Section . th.roug: the megagarretophyte (meg) showing the
cavi

/(co_\zj ﬂle embryo tiers (e) undergoing
Expanded eells of the integument (i) close the mlcropyle,
crushmg the cells of the nucellus (n). x60. -

Multlcellular embryo { e) within the negagmretophyte in mld-
June x50. o .

Two larger nmltlcellular embryos and the large corros:Lon

cavity within the megagametophyte in mid- to Vl’ate-{rune. %40..
A club-shaped emb:yo' (e) within the large corrosion cavity in

late June and a smaller degenerating multicellular embryo. (e) -
at the micropylar end -of the megagametophyte. .The cells .of .
the megagametophyte are isodiametric and have accumulated
storage products. The three layers of’ the seed coat (sc) are

distinguishable. x50

Median lorgitudmal section of a develop'

mature embryo showing cotyledons; shoot ‘e procambial
strand (pc), ‘cortical initials (c:.), root apex . (ra) and root
cap (rc). x.‘35. ‘ ' A . o

Mature seeds a developed full—s:.ze seed below (s) w1th seed
wing (sw) and a smaller undeveloped seed due WO early ovule







4 7 1. 6 Seed Effic;encws after Wind Pollmatxon . SR ,

>

.- . The average SP and SEF for 20 cones per clone from 8 clones at the Cobble

HlIl clone Bank were determined for 1983 (Table 16) Whlle 60 clones were
momtored two clones did not have’ enough mature cones to be mcluded m “this
study SP (seed potential) varied among the clones, rangmg from 26.6 10 43.5
(SE 67) with a mean of 32.1..The cones were collected from the upper crown of

-, eachoftheramets S ;“

Table 16: Seed potentlal (SP) and seed efflclencms (SEF) after wind
.. pollination for 58 western hemlock clones at the Cobble Hill
Clone Bank, 1983. . :

SP ,anc'l EF were determa_ned for 20 bulked cones per clone. The average
error (SE) forSPwasO6?. . -

"‘-;," .‘-‘ N “ ) . R .
o : - | 101

CIONE sp SEF . - CIONE = SP SEF g
L 1-02 1 38.3 47 . 7-02 - 29.3 79
1-05 31.3 39 7-03  29.4 63,
2-04 38.3 71 7-04 . 33.0 38
2-05 . 37.6. 73 7-06 31.8° .72
2-06 . 33.6 66 . 7-10 - 38.9 46
2-08  36.1 60 8-01 36.1 53
2-09 - 29.9 - 77 - 8-03 31.9 62
2-10 . 31.2 77 8-10 ' pB2.3 57
3-03 39.7 70 . ' 9-01 3.7 67
3-04  40.4 76 9-02 40.1 69
3-05 ‘33.2 55 -'9-03 29.5 78 °
3-07" 31.22 71 9-05 - .33.6 75 .
4-01 36.2 76 9-10 -~ 30.6 38
4-02 34,3 74 " 10-04 34.2° 72
4-06 30.0 62 10-06 35.8 75 -
- 5-02 41.1 54 "10-07 - 35.3 67
5-03 36.2 65 10-09 37.3° 69 .
5-04 - 29.4 . &9 11-02 35.1 61
5-07 39.4 ° 64 ° 11-08 -38.1 59
5-08 33.9 68 - 12-03  32.0 64
5-09 26.9 54 12-04 31.9 73
5~10. 34.1. 74 '12-05 32.0 . 65
6-02 38.7 60 12-09 32.1 .67
6-03° - 33.6 43" 12-10 34.6 71
6-04 26.6° 63 16-01 32.0 58 -
6-05 28.3° 75 16-02  35.7 71
C 6-06 34.2 59 16-03 .30.0 41
6-07 32.9 58 16-05 . 35.8 80 -
6-09 43.5° 59 '
6-10 27.6 73 TOTAL . 34.0 63 -
: ~(SE) ¥ (0.5) (1.7)

Ed
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The SEFs reenlﬁng froni wind pollinations also‘varied anlong the . clones,

- rangmg from 37.8 to 79.8 with a mean of 66.7. The SEFs were determined ff‘om |

) bulked 'samples, so the variation within a clone is not known. = ..

. N o

—

4.7.2 Seed Development After Cross Pollmatmn

Seed development in the bagged and pollmated cones was similar to that- |

_ observed in the wmd-pollmated clones : Seed-cone phenology was slightly

" accelerated in the bagged cones relatlve to unbagged wmd—polhnated cones Dunng

the receptlve perlod the cones in the bags were about one stage further advanced

than the cones on the nearest unbagged branch. The bagged cones reached stage 9
'(cone closure)\about four days before the unbagged cones. Pollen germination was -
~ observed in the bagged cones, on May 7, four days before pollen germmanon

~occurred in the unbagged cones. ,The subseqUent stages of seed development

occurred at about the same time after the pollination bags were replaced w1th insect

“ bags - Lt o

Twenty-two OVules were sectioned ‘at fertilization or shortly - thereafter. .

 Twenty. of these (9 1%) were fertlhzed An average of 2.5 zygotes was found in the

" sectiened ovules, rangmg from zero to four zygotes per ovule.

The SEFs were determined .for 20 cones per clone for each-of the 16.cross-

- polhnated clones. - No ‘significant differences were observed when SEFs were

compared between the cross-pollinated (69%) and wind-pollinated (66%) cones

(Table 17). Clones 7-04 and 6-03; which had the lowest SEFs after cross—polhnanon

- .with values of 43 and 48, respectively also had the lowest SEFs in the wmd-

polhnated cones w1th values of 38 and 43, respectlvely Clones 9-03, 3-04 and 16- 06

- had the hlghest SEFs of the 16 cross-pollinated clones, with values of 80, 81 and 83,

respectwely. Clones 9-03 and 16-06 had the hlghest SEFs after wmd-polhnanon,

- with values of 78 and 80, respectively. Clone 3-04 ranked fourth after wind- |

x pollina.tlon with an avei'age SEF of 76. : .
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Table 17: Seed efficiencies in 16 cross- and wind~pollinated western
- hemlock clones at the Cobble Hill Clone Bank, 1983.

‘The seed efficiencies (SEF) were averaged from 20 cones per clone for
the cross—pollmated cones (CROSS). SEFs were based on 20 bulked .
cones per clone for the wnnd—pollmated cones (WIND) > The average

-standard error was 2.1.

CLONE, SEF SEF
. 2-05 74 73 ‘
2-09 73 77
 3-04 81 76
- 5-08 . 68 68 ‘
. 6-03 47 43
7-04 - 43 38
7-06 77 _ 72
7-10 . 54 z 46 : .
9-01 .72 . - 674 - .
9-03 - 80. _ " 78.
10-04 77 .72
. 10-07- 77 67
10-09 . 73 9
© 11-02 61 -6l
. 12-03 - 70 . 64
16-06 .83 80 - ¢
" AVERAGE 69 66
~ (SE). (2. 9) (3-1)

".4 7. 3 Seed Development After No Pollination
_ 7 Ovule development fii the unpollmated cones was similar to that observed in
) “the’ wmd-polhnated cones to the’ mature—megagametophyte stage. The archegoma.
- of unpolhnated ovules began to' degenerate abdut two weeks after the expected tlme .
- of fertthzatton The egg cell filted with large, prormnent darkly staining _ bOdleS
"Thls com01ded with proembryo forrnatlon 1n the pollinated ovules of the sarie clone
The cells that would have degenerated to form the corrosion cav1ty contained starch
- but d1d not break down.. In the polhnated ovules the corrosion cavrty formed at the
time the suspensor cells elongated The megagametophyte of unpolhnated ovules‘
did -not resume development and. started to degenerate 1to2 weeks after the

archegoma at about the time the aplcal cells of the embryos would have started cell |

division. © © L



The seed coat was well developed by the time the unfertlhzed ovules
'degenerated Unpolhnated empty seeds couId not be dlstmgmshed externally from

filled seeds. The average number of round seed per cone, based on 20 cones per
) sample wds 25 8 (SE=.68) for the pollrnated cones: and 27.1 (SE 62) for the
unpellinated cones. The. average SEFs for the 20 pollmated arid unpolhnated conés -

4

were 73. 6 (SE=1. 93) and 0, respectrvely L, .

4,74 Seed Development After Self-Pollmatlon

Ovule deveIOpment in the self-polhnated clones was surular to that observed-

in the wind-pollinated cones up to fertilization and proembryo development Cone - -

closure was cqmpleted by ‘April 26 for the ten self-polhnated clones at the Cobble

Qt/ C‘lone Bank. Pollen gerrmnatlon on the bracts was flrst observed on May 7. By o
- May 16, pollen tubes were found growing on the bracts, in the micropyles and into

“the nucellus. With the exceptron_ of clone 6- 06,, where I_ess thar 5% of the polleri

| gernﬁnated,,'the germination pereentage n the_other nine clones tvas greater than
- 75%. In 'ea'rly’ june about‘-three weeks after pollen germination the. cells of the
integument had elongated closrng the mlcropyle and crushing the pollen tubes and

‘nucellar ttps ' e
A few ovules aborted shortly after meiosis resumed but before polhnauon

When abortlon occurred at this early stage, the ovules remamed as small

vrudtmentary structures at. the base of the ovuhferous scales. As in the ‘wind-

pollinated study, these were- 1dent1f1ed as small ﬂat seed in mature cones. A few

._ other ovules aborted durmg megagametophyte development after pollination but '
. before fertrhzatton ‘usually between. the archegomal -initial stage- and the mature .

archegomal stage In ‘several cases, pollen tubes were ~observed outside ‘the

‘megaspore cell wall of ovules that contamed degeneratrng archegorua (Fig. 96).

’These resulted in fully developed but empty seeds. Ovule abortlon after pollmauou

also resnlted in such seed

Fe rtrhzatron occurred between May 18 and 23 in1983. Thnrty-seven ovules

—_—

| were sectloned at feruhzatron or shortly thereafter Thlrty-one of these (84%) were . |

b
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fertilized An averagé of 22 zygotes was. found in the sectioned ovules, ranging from
© zero to four zygotes per’ ovule. .In fom‘ of the unfertilized ovules no evidence of
~ pollen tube penetrahon was found in-the nucropyle or nucellus. This may have
resulted from lack of_ pollen ger_nnnatlon or madequate pollen-tube growth. Three
, of the four unfertilized ovules were sampled from clotie 6-06. The remains of pollen R
tubes were found in the rmcropilar region and the nucellus of two of the unfertlhzed |
" ovules (Flg 97) In these pollen-tube arrestment w1th1n the nucellus accounted for
) the Iack of fert111zat10n Pollen—tube arrestment: w1th*m the nucellus was not
| observed in the- wmd-polli‘h ted ovules but this may have been due to);the small
number of ovules secttoned at this stage
| Embryo degenera’non was observed durmg several stages of embryo
development in the majonty of the selfed ovules that were: successfully fertilized. |
| No degeneratiori or 1rregular1t1es were found durmg fertlhzanon proembryo‘
| development or early suspenSOr elongatlon The flI'St case where .complete -
degeneratron of all developmg embryos was found was in early June after cleavage
(Fig. 98) These embryos were typtfled by densely sta1mng, shrunken cells
comparedto la.rger lighter stammg, healthy cells. ‘ '
- Many embryos developed past cleavage but degenerated durmg early embryo
_ development after a few cell divisions, while others d1d not degenerate until later in
development (Fig. 99).- Frequently, the embrye deepest into the female
: gametophyte which often ~was the largest embryo, degenerated Ieavmg several .
smaller kealthy, embryos at the nucropylar end. These m1cropylar embryos had.
become arrested durmg early development and never attained full srze o o
. - In a few’ 3“‘Bv.?"ules the megagametophyte expanded but w1thout the
correspondmg mcrease in reserves and eventually degenerated, even though several
o small healthy embryos were present in the corrosion cav1ty (Fig. 100) In others the |
; megagametophyte failed to expand (Fig. 101) In a few ovules the embryos became :
quite large even though the cells of the megagametophyte were quite vacuolate and
_lacked the characteristic storage products (F1g 102) In both cases the embryos

eventually degenerated S L o , \
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' FJ.gs 96-103. Ionglmdlnal sections through ovules showing stages :
during ovule, embryo and megagametophyte development
‘ which result in empty seed. -
'Fig. 96. - Pollen tube (pt) contammg a male gamete (mg) outside a
. degenerated axohegonlmn (a). x300. -

Fig. 97. 4 Polle.n tubes in the mzcellus (n) oﬁ unfertilized ovules | L
. still at the ey cell (ec) stage after fertlllzatlon should .
. have occurred xl'?O.

Fig. 98. - Degeneratlon of all cleavage embxyosi (ej : W:!.th]_n the
: megagametophyte (meg) . x160. ‘ f

Fig. 99. Degeneratlon durlng late embryo development The cells of
~ the megagagametophyte have accumulated storage products
- x120. ‘
. Fig. '100.‘-‘Sectlon through an ovule show:mg ‘a degenerated
‘ ' megagametophyte with sevex:al healthy embryos at the -
.mlcropylarend x130. . . _ :
'Fig. 101. Section thrbugh” an - ovule where the cells of the |
L " megagametophyte failed to acamulate. storage products. = A
o _’healthy ernbryo is found w1thJ.n the corrosion cav1ty x125. -

Fig. 102. A sectlon through an ovule. where degeneratlhg oells of the - '-_

' ! 'negagagamtophyte have acamulated ‘some storage products

“A multicellular embryo 1s found within the corros:.on cavity
c(eor). x200 o | VAR
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_ when crossed.

. o | 108 .
- " While more than 80% of the ovules s‘ectio_ned! had been fertili_'Zed,—‘very f&v -
N se’lfed'onules ‘had embryos‘that 'developed past the club-shaped stage. ‘Clone '6-06'

daqd very few (< 10%) fertlhzed ovules, probably due to low pollen germmapbn No--
embryo degenerauon was observed after the embryos started to differentiate.

: Approm‘%:ly 80% of all femhzed ovules degenerated By léte July a few healthy,
 full-sized 8mbryos were found. SRR o | \ ‘

-

4,74.1 Eﬂ‘ect' of Self- and Wind-Pollination on Seed Efﬁciency .

Selfmg decreased SEF in all 10 clones relative to wmd polhnatlon (Table 18)
The effect of. selfmg on SEF varied between the clones, ra.nglng from a SEF of 1 in
clone 5- 10 to 43 1n clone 12-19. The average SEF for the 10 clones after. self—
poﬂlnatlon was 17, compared to an average SEF of 66 when wmd-pollmated

" Clones that ,&oduced a low SEF when selfed did not necessanly produce a low SEF

L B

R

‘Table 18: Seed ‘efficiercies in tén self- and w:.r:d—pollmated waﬁtern
hemlock clones at the Cohble H_'!.l]. Clone Bank, 1983.

'Ihe seed efflclenc1es (SEF) were averaged for 20 cones per clone for
the self-pollinated cones (SELF). The SEFs for the wind-pollinated
cones were determined from 20 bulked cones per clone. The average
standardemrforSEFsafterselfmgwasl? " T

. SEIF. - WIND

CIONE  SEF SEF
2-05 26 73
4-01 - - 23 76
4-02 . 20 74
5-10 1. T4,
606 3 59
" - 9-10 i6 38
- 11-08 -7 59
©12-03 13" 64 .
12-10 . 43 71 .
16-02 15 71
<2 . - " \' . .
. © AVERAGE & 17 66

“(SE) (3.8) . (3:6)
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4 8 Seed Develo ment in Contamer-Grown Clone

SRR 109

L

A detalled study of the factors affectmg seed developrnent after, self- and
cross-pollination was undertak’ez;m 1984. Four container-grown clones (11-7 3 5 6-
8 and 6-9), consrstlng of two ramets pér clone, were. polhnated with self and
inrelated pollen Pollen deveIOpment femhzatlon rate, embryo development and

~ factors affecting seed yreld after selfmg and crossmg were compared between

v, . 4

clones _ .

"As m the 1983 “seed- development study, several stages were f,ound dunng
Wthh a reductlou in potenual seed yxeld occurred These included ovule aboruon
before pollination, ovule abortion before fertilization, failure of pollen tubes to
~, reach. the wgucellus, pollen-tube arrestment in the nucellus, and embryo
- '~'degener_ation; Embryo degeneranon was further subdmded into three stages: -
' 'degeneration. during or after cleavage? degeneranon - during early embryo

| development and ovules in which megegaxnetophyte degeneration preceded embrye

. degeneratlon These stages were found 1n both the selfed and crossed ovules, but*

the frequency with wluch each occurred varled between the two tnals \

4, 8 1 Ovule Abortlon _ )
- Ovule abornon before pollination and fertlhzanon was observed in both _'

| selfed and crossed cones (Table’ 19). Very ‘few. ovules degener_ated‘ .before -
~ pollination, so pre-and post—polhnanon 0 l&ayrtion were combined to 'deternu:ne
~tptal pre-fertlhzatlon abortlon Ovules that aborted before pollination resulted in -
the degenerauon of the entiré ovule These ovules had a developed integument but
degenerated nucellar or megagametophync tissue. Post-polhnahon ovule aboruon
occurred around the time the archego.nml 1n1t1als began to differentiate, Just after '
the complenon of free-nuclear division and cell wall formatlon In these ovules the
seed coat continued to develop, resultlng in full-size empty seeds The cells of the -
seed coat expanded to fill in -the cav1ty formed = by theo degenerated
'me_gagnmemphyte. No dlfference's'wer.e obs‘erved' between the 'selfedland crossed | R |
. ovules within each clone,.imply‘ing that ovul.e abortion before fertiliZdtion may be a

LA
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maternally controlled charactenstrc Ovule a'bornon was more frequent in clones'
11—7 and 6- 9, averaging 7% and 9%, respectlvely A low level of ovule abortlon (2% o
and 1%) was fonnd in clones 3~5 and 6-8, respectrvely The pooled ovule abornon |
frequency for’ the four selfed and crossed clones (TOTAL) was 15/341 and 157299, - |
- respectively, reducmg the. potent.lal seed yreld by 4% in the selfed tnal and 5% in ._

' the crossed trral Overall ovule abortlon approached 5% (30/ 640)

- v

f

Table 19°' ovule abortlon in four self- anc‘l cross—pollnrated western
' hemlock clones, 1984. L ]
S

’ Fr.rnn the total number of sanpled ovules (OV) Ppre— and post—polllnatlon o
" ovule abortion (FRE and POST) and total percent: abortion (%ABRT) were
 determined ‘for each clone. The average abortion rate per clone (AVE.
" %AERT} combines the selfed and crossed results. The standard error for
the average rate was 2 0. C ) - B :

1773 1 .5 8 | s 1 4.6 7
35 .83 0. 1 1 - T T W § 2
69 . - 99 2 6 8 72 l; 5 10 )
68 . 86 0 o-'- 0 76 o1 1 1

qomaL 341 . 209
~AVERAGE 3 12 4 4 1 s 5

4. 8.2 Fertllrzatlon ,' ,

. Y

Fertrhzauon occurred between May 8 and’ 12 1984 approxrmately six weeks '

o after pollmatlon The ovules collected and sectioned after. fertilization were d1v1ded. -

~ into three groups: unfertlhzed ovules with no’ pollen tubes in the nucellus (NT)
unfertlhzed ovules with pollen tubes visible in the nucellus (TNF) and fertrhzed .' '
ovules. (FERT) Aborted ovules were mcluded in the total count but not in any oggf
~ - the three groups (Table 20). The average nurnber of zygotes per ovule was 1.9 in

| the selfed clones and 2 0 in the crossed clones, rangmg from zero to four zygotes per :

ovulesmbothcases S ' LT 4_
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Table 20: Fertilization status in ovules sampled from four self- and
) -pollmated western hemlock clones, 1934

The sectioned ovules (OV) , were divided into three groups for each
selfed and crossed clone: unfertilized ovules with no pollen tubes in
the mucellus (NT), unfertilized ovules with pollen tubes in the <&
micellus (TNF) and fertilized ovules (FERT). Each variable is followed

parerrthetlcally by its percent value..

$ . sEF o CROSS
coNe oyt NT- INF FERT 0OV NT 4 OINF  FERT
- 11-7 40 7(18) 7(18) 24(60) 54 . 2(6) 2(6) 46(85)
| 3-5 50 3 (6) 11(22) 35(70) 49  4(8) 2(4) "42(86)
‘69 59 .2.(3) 5 (8) 46(78) a8 1(2) 0(0) 44(92)
68 50 3 (6) 6(12) a1(82) 50 1(2)  1(2) 48(96)
TOTAL 199 15 20 146 201 9 5 182

AVERAGE, 8 15 73 \ a2 . 91
oV includes post-pollination aborted ovules . f

Among the selfed Aramets, jNT ovules ranged from 3% to 18% io clones 6-9
(2/59) and 11-77/40), respectively. The number of NT ovules in. the crossed‘
* ramets vaned from 2% to 8% in clones 6- 8 (1/50) and 3 5 (4/49) Wher* the
propornon of selfed NT ovules was compared to crossed NT ovules by clone using
‘chi-squared analysis, no Sngflcant differences (p<.05), were found between the
clones. In the selfing trial each clone was polhnated with a dlfferent pollen whlle'
the same pollen lot collected from four clones was used to pollinate all cones in the
crossing trial The NT ovules reduced. the potentlal seed yleld in the self-a,nd Cross-
. ~p011matlons by an average of 8% and’ 4%, respecnvely
- Among the selfed ramets, TNF- ovules ranged from 8% (c]one 6-9) t0 22%
(clone 3-5) averaging 15% (Table 20) and from 0% (clone 6-9) to 6% (clone 11-7),
averaging 2% in the crossed-ramets. Chi-squared analysis of the fréqoency of TNF
ovules found thén; a sigoifica.ntly higbef (p<.05) number of polleo tubes ceased

-development in the nucellus of selfed ovules than in the nucellus of crossed ovules. -
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Chi-sqnared\analysis was' used to determine the relationship_ between
fertilized and unfertlllzed ovules 1n the selfed and crossed. clones. Slgmflcant
dlfferences (p<- 05) were found in all four clones The fertlllzatlon rate vaned from
60 to 82% in the selfed ramets and 85 and 96% in the crossed ramets -

A ‘total of 199 selfed ovules were analyzed from the pooled results of the four
clones, of whrc\J,S% (15) were unfertilized because of no pollen tubes, 15% (29)
were unfertlhzed even though pollen tubes were visiblé in the nucellus and 3%
(146) had one or more fert1hzed archegoma Of the 201 crossed ovules: pooled from -
the same four clones, 4% (9) were unfertlhzed due to lick of pollen tubes, 2% (5)
were unfertilized even though pollen tubes penetrated the nucellus and 91% (182) -
had one o.r rnore' fertilized archegonia. Chi‘squared- analysis: of the pooled results’ .
found srgmﬁcant differences between TNF and FERT rates of selfed and crossed -
ramets, while no differences were observed between t];le NT results. . The potentlal
) seed yield for the four clones was decreased by approxtmate]y 27% frorn selﬁng

' compared toa reduct1on of 9% followmg outcrossmg (Table 20)

433 Embryo Development
" No- 1rregular1t1es or degeneratton were observed during fertlhzatlon .and
proembryo development in either the self- or cross-polhnated ovules F ertilization
| and proembryo development appear-to be stages 1nfrequently affected by. abortron
or degeneratton However embryo degeneraﬁ'on was observed at several stages
durmg embryo development in both the selfed and crossed clones and the degree of
degeneration was much higher in the selfing trial. ' |
Many embryos degenerated durmg or just after cleavage but before the h
apical cell division. The megagametophyte continued to develop for about one |
.week after the embryos degenerated Dunng this trme many rmtoses were observed
" in the megagametophyte and the cells of the megagametophyte expanded and
started to accumulate reserves. After about one week the megagantetophyte ceased

nuclear division, cell expansion and reserve accumulation and started to degenerate,
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Other embryos developed past cleavage only to deg_enerate durlng early

- embryo development.. Some embryos degenerated after a few cell divisions while

others did not. degenerate until later in, development. The megagametophyte
continued to develop for only a few days after the embryos degenerated " Very few

embryos that attained the club- -shaped stage degenerated and no embryos

" degenerated once cotyledon initiation began.

In some ovules - with apparently healthy embryos the megagametophyte

ceased development during the early in the reserve—accumulanon stage. Nuclear -

" divisions and cell expansion also stopped. ‘The embryos contmued cell division at a

reduced rate over the next several weeks. In mid-June, ovules with healthy

megagameto'phytes. contained embryos. that were starting to initiate cotyledons,

‘while ovules in which megagametophyte development ceased 'had very small

K embryos By laté June to early July the embryos in thesé ovules degenerated

- For each self— and Cross- polhnated clone the. total number -of ovules-

sectloned during June and earlty July were " divided into fert111zed (FERT) and

- unfertilized ovules. The number of "fernhzed ovules in wh1ch tota] degeneratlon of

)

the embryos or megagametophyte ‘oceurred (DEG) was determined: - The

~ -proportion of fertrhzed ovules that degenerated (DEG/ FERT) also was calculated
. .(Table 21). h

5! 3

- The cross polhnated ‘ovules had a lower degeneration percentage than the

self-pollinated ovules. Percent degeneratton in the self-pollinated clones ranged-

- from 51% (clone 6- 9) to 71% (clone 6-8),’ averagtng 59%. Percent degeneranon in -

the cross-pollmated clones ranged between 13% (clone 6-9) and 22% (clone 11- 7) |
averaging 19%. The proportion of fertilized ovules that dcgenerated (DEG/FERT),
was much hlgher after self—pollmanon This- ranged 'from 70% (clone 6-9)° to 91%

' (clone 6- 8) after selfmg and 15% (clone 6-9) to 26% (clone 11-7) after crossmg, with

an average of 84% and 21% after selfing and crossing, respectwely
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Table 21: Embryo degeneratlon in ovules sampled from four self- and
. cross-pollinated western. hemlock clones, 1984. :

From the total mumber of ovules sanpled during late-enbryo development :
fertilization and embryo degeneration rates and the percentage of *°
fertilized ovules which degenerated (% DEG/FERT) were determined -for
each clone. Each variable is followed parenthetlcally by 1ts percent
value.

i

N . @oss
CLONE OV FERT .DEG DBEG/FERT OV~ FERT . DEG  DBG/FERT .
11-7 . 51 30(59) 26(51) 87 45  38(84) 10(22) 26
3-5 60  42(70) 36(60)- g6 39 32(92)%_ 8(21). - 25
6-9 59  44(75) ;1(55). 70 46 40(87) 6(13) 15
16;8. 55  43(78) 39(71) . 91 = 52 l49téh)_ 10(19} 20 .
TUTOTAL . 225 132 132 . _ 182 - 159 34 :
- AVERAGE . 71 se 8 . 87 19 21

" The DEG ovules (Table 21) were d1v1ded into the three classes
' 'deg.eneranon at cleavage (CLV) degeneration during early embryo development.
(EJ.\’[B) and rnegagametoph te degeneratlon (MEG) before embryo degeneranon
(Table 22). - The Stages
+ selfed clones The numbe' of CLV ovules was the lowest i in clone ll 7, averaging
12% (3/26) of all degenerate'
(9/3 1), of all degenerated ovules were in the CLV class In the other clones, CLV' ‘

here maximal degeneration occurred varled among the

les. This was followed by clone 6- 9 where 29%

ovules averaged about 39% of the total degenerated ovules. The number of EMB
nvules averaged. about half of the total degenerated ovules in all selfed clones"
, 'fexcept clone 11- 7 where 85% (22/26) of the degenerated ovules were in th1s class..
A low level of MEG ovules (2%), -was observed in clones 11-7, while in the -
' remaining clones there were about 16% MEG ovules. - The rna]omy of the
: degenerated‘crossed ovules (>80%) was found in the EMB class. Three clones'

-contained one or'more CLV ovules while only one clone (6 8) had MEG ovule.

. ..'..":\-
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‘Table 22: Embryo degeneratlon cla551f1cat10ns in ovules sa::npled from
- four self— and cross-pollinated- western hemlock clones, 1984.

The -fert:J.l:Lzat:Lon degenerated owles (DEG.) were divided into three
groups: enerated at cléavage (CLV), degenerated during embryo
development (EMB), and ovules where megagametophyte degeneratlon

. preceded embryo degenerat:.on (MEG). Each variable is followed
parenthetically by its percent value.

o DS v 0 BB M . D Qy  BO M
11-7 26 3 (12) 22 (85) 1 (4) 10 . 1 (10) _ 9 (90) - 0 (0)
3.5 36 14-(39) 16°(44) 6 (17) 8 1(13) 7(87). 0 (0)
6=9 31 -9 (29) 17 (éé) 5 (;5%""T?~Q\\\ZH (0) 5 (85) 1 (17)
6-8 39 15 (38) 18 (46) 6 (15) 10 (20) © 8 (80) 0O (0)
CqoTAr, 132 41 73 18 34 a4 29 1
| AVERAGE . 31 55 14 12 85 3
=

4.8. 4 Seed Yleld
The number of ovules with mature embryos was - detern’hned from Ovules-r '

sampled in rmd-July Percent filled seed (%FILL), was calculated for both the self-
and cross-pollmated clones (Table 23). The %FILL ranged from 6 (clone 6-8) to _
24% (clone 6-9), averaging 13% for the four selfed clones. A higher %FILL was
- found in the outcrossed ramets, rangmg between 65 (clone 11- 7) and 73% (clone 3-
5), averagmg 70%, for the four ramets. ‘

4.9 Summary of Seed Development in 1983 and 1984

The different stages mfluencmg seed development and ﬁlled seed yield for.

‘,-the self- cross- and wind-pollinated clones in 1983 and for the four self- and cross-
E pollmated clones in 1984 are summarized in Flg 103." In 1983, pre-polllnanon
~ ovule abortion accounted for an average of 12% reduction in seed yield for all
| pollinations. Unfertilized ovules reduced filled yield by about 14, 16 and 9 percent

for self, wrrld and cross pollinatlons,' respectively. The avefage SEF was 17, 66 aﬁd.
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69 percent for- self, wind and cross polhnatlons respectlvely The proportmn of
) ovules Tost due to embryo and megagametophyte degeneranon was extrapolated .
from the above results and accounts for about 57, 6 and 10 percent of the reductlon

in filled seed yleld for the three polhnatlons respéctlvely

-

Table 23: Mature embryos in ovules sampled from four self- and cross-
’ pollJ.nated western hemlock clones, 1984. ,

Percent filled seed (¥FILL) was determined from the total number of
~ovules sectioned at thls stage. - v

CIONE ~ OWNIES BMERVOS  &FILL OVUIES ~EMERVOS = 3FILL
11-7 47 .4 9 - 40 32 ) 85
3-5 - a8 7 15 5 - 33 73
6-9 54 13 24 s6 - 3 72
6-8 53 3 o 6 o 49 o m 69
CTOTAL . 202 27 " 193 130 "

" AVERAGE S 13 : | 70

In 1984; ovule abortlon, whtch 1ncluded both pre- and post—pollmatlon
~abortion accounted for a 4 and 5% reduction in potentlal seed yield for the selfed -
. and crossed ramets, respectwe y. Unferuhzed ovules with no poll” €n-tube (NT)
accounted for 8 and 4“/0 f all reduction for the selfed and crossed ramets,
re5pect1vely The. number of unfertilized ovules with tubes present in the rmcropyle
| and ‘nucellus was much higher in the selfed ovules than in the crossed ovules. These
accounted for 14 and 2% of all losses, respectlvely Embryo degeneration was
' observed in 57% of all selfed ovules compared to 18% of all the crossed ovules.
fT his was subdmded 1nto 8% MEG, 32% EMB and 17% CLV ovules in the selfed
tmal and 1% MEG, 15% EMB and 2% CLV: ovules in the crossmg trlal The |
predlcted ftlfed seed rate (FILL) was 17 and 71% for the selfed and crossed clones, :
' respectwely This is very close to the actual fllled rate of 13 and 70%, respecnvely |

(Tab1e23) . - , : | W o

Y



117

b

Figure 103: Summary of seed—loss causes m 1983 after self, cross and

- wind poll:natlon and in 1984 after self ard cross

N pollmatlon in western hemlock. In 1983, seed losses were

o X _divided into aborted: oviles (ABORT); unfe.rtlllzed ovules

" (NOT FERT), embryo degeneration (EMB DEG) and filled seed

) (FS).  In 1984, unfertilized ovules were further divided

" into owvules contalnmg no pollen tubes (NI) amd
infertilized” ovules w1th pollen tubes in the mcellus. -

: (‘INF) ' ’
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Chapter V. a
'DISCUSSION

‘5.1 Pollen l)'evelop.' ment ‘

' e Pollen-cone phenology was synchromzed closely with _pollen development
mdependent of collectton date in etggt ﬁeld-grown clones in 1983 and three
contatnenzed clones i in 1984, so phenology seems"an accurate tndlcator of cytology.

Vanablhty was observed in both studies’ as to the tlme dormancy ended and

development resumed ThlS initial vanablhty was mamtamed throughoult the study

_in any one_year because the rate.of development rernamed constant. On each
‘collection date pollen cone phenology varied both between and w1thm the clones

‘ w1th some clones up to 10 days further advanced than others. - Within the trees,
axillary pollen cones in‘the. proximal reglon. of a shoot were further advanced than
the more distal ct)n\, | " L R |

" These results amend an earher paper by Ho and Owens (1974b), where
pollen was. reported to be mature and shed at- the 4-cell stage Either thelr pollen'
was not sarnpled dunng stalk elongatton or, due to the squash technique used the
flfth cell was not. observed. Dunng both years of the present study, a- fourth cell
division occurred during stalk elongatlon resulting in 5-cell pollen Mature pollen

‘ consisted of two prothallial cells, a stalk cell, a body cell and a tube cell.

Other phenologlcal and cytological relattonshlps were observed. Bet’\}veen'the‘

' end of dormancy and enlargement of the tetrads many structural changes were

observed in the tapetal cells. These were assomated ‘closely with pollen—wall

development The tapetal cells began to enlarge prior to meiosis. During‘stage 2,

the’ tetrads separated and‘he tapetal cell walls degenerated Baculae appeared on

' the surface of the n:ucrospores several days after tetrad separatton Development of
the exine was assoc1ated with the release of the Ubisch bodtes from the tapetal .
cytoplasm The baculae 1ncreased in size and fused, formtng the tectum. The 1nt1ne .

.became v151b1e within the nncrospores about the tlme the pollen grams began to

expand. Ultrastructu_ral srudtes in Pinus (chklnson an_d Bell 1972, 1976) and other -

9
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gymnosperms (Slngh 1978 Mortra and Bhatnagar 1982) have shown that-the tapetal I
cells are responsrble for the synthesrs ‘of material composing the pollen wall, |
: mcludmg sporopollemn and various coatmgs (orbicules) found on. mature pollen.
.The relattonshlp between the degeneratlon of the tapetum and pollen-wall
: deveIOpment in western hemlock is in agreement w1th these observations. B
Changes in the tapetum were. associated also W_lth increase in pollen size in -
. western hemlock During early rmcrospore development and after the degenerauon B
- of the tapetal cell walls the -amount of tapetal cytoplasm decreased Thrs
_'corresponded to an mcrease m pollen size, perhaps due to the accumulatron of
reserves, the most ‘prominent bemg starch Accumulatron of reserves- occurred over
| a'two-week penod during stages- 4, 5 and 6. The tapetum was no longer v151ble after
the third cell division durmg stage 6, at wh1ch time the pollen grams were full srzed

The decrease in tapetal cytoplasm, Wthh co1nc1ded with the i increase m size of. the_‘_

pollen grams suggests that the tapetal cells are a nutritive source for the developmg o

‘pollen in western hemlock . This 1s'in agreement wrth the role of the tapeturn in.
mrcrosporogenesrs and pollen deveIOpment as rev1ewed by Singh (1978) and Mortra
and Bhatnagar (1982) The tapetum whlch is very actlve in RNA, proteln and lipid
-'synthesrs is believed to be the source of nutrients for sporogenous cells and young
: 'rmcrospores (chkrnson and Bell 1976) Tapetal cells are rich in starch and _
polysacchandes before melosrs but after meiosis the cells become depleted with a
corresponding increase of these nutnents in the thecal flurd in which the tetrads;
crospores or pollen grams are suspended (D1ckmson and Bell 1976)
. Pollen development in western hemlock was sumlar 10° that observed in
rnountam hemlock (0wens and Molder 1975b). Both specres began me1051s in the'
fall and overwintered durmg pachytene In the sprmg meijosis resumed about one
week after the breakmg of dormancy. In mountam hemlock meiosis was completed
.- in2to3 wee—ks; kcompared 0. the 6 to 10 days'documented here in western hemlock. -

. Indirect evrdence in mountam hernlock suggests that melosrs is completed bEfore or

durmg early bud swelhng (Owens and Molder 1975b) as in western hemlock ‘While. - |

'the authors d1d not directly compare pollen-gram cytology to pollen-cone phenology :
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m mountam hemlock they did observe that meiosis resumed in late March, tetrads -
were present by mrd—Apnl and visible swelling of the pollen-cone buds was_
' observed by rmd Apl‘ll coinciding with the end of- me1osrs Tetrads separated less
than one week after the completron of meiosis in western hemlock ‘whereas
: rnountam hemlock remamed at the tetrad stage for about three weeks In mountam_
hemlock the exine and. the sacci began to develop on the rmcrospores whrle the
tetrads were still confined wrthm the PMC wall. In western hemlock baculae drd not
appear until several days after tetrad separatlon ' ‘ '
o Shortly after the exine developed and before microspore expansron the exine
: ‘separated formmg vestigial wmgs in western hemlock. Fossil evrdence indicates
that the\nonsaccate Tsuga pollen of the Micropeuce subgenus, which contams-
western hemlock was derived from saccate ancestors (Wodehouse 1959). .f
Plerstooene bogs in westernk‘ashmgton contain Tsuga pollen with and wrthout sacci,,
and all gradatrons in between (Hansen 1941y The vestigial wings that appear on
- western hemiock pollen durmg development may - lndlcate that it evolved from
wmged ancestors.’ "The vestrgral wrngs formed where sacm would develop in winged
'v specres Fr(;m this study it was not possrble to deterrmne if the vestrgral wings
"formed by a separanon of the sexme from the - nexme as occurs in. wmged specres
- An ultrastructural study would be reqmred to determme this. - _
Western hemlock pollen grains.began reserve accumnulation soon after tetrad

separatlon while i 1n moun&%m hemlock this began while the migrospores were still

- confmed w1th1n the PMC wall In both specres the first cell division occurred 2103

| weeks after tetrad separatron By 'this stage the exine was fully developed but the

intine was strll forming. Cell d1v1sron laGted about two weeks and pollen was. shedat . -

' the 5-ce11 stage in both specres Pollen was shed»less than two months . after the

resumptlon of merosrs in western hemlock However, the same process took almost
. ._ three months in mountam hemlock Much of the variation between the two species.
. ‘vmay be attrrbuted to enwronmental effects, such _as. temperature. Mountain
hemlock usually grows at much higher elevatlons (Fowel]s 1965) and rnay be.

exposed to lower. temperatures durmg pollen development : )
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‘The stage at vlrhi‘ch | sporogenous tisstes 'oVerwinte‘rs rnay .inﬂuence" the
relanonshrp between PMC meiosis and pollen-cone phenology Western and,
possibly, mountam hemlock (Owens and Molder 1975b) which overwinter durmg
pachytene, complete meiosis before pollen-cone buds begin to swell. Recent work .
' has demonstrated a similar relattonshrp in Thuja plzcata (Owens et al. unpubhshed)
.Pseudotsuga (Allen and Owens 1972) and Lartx (Eriksson 1968; Owens and Molder g
1979b Hall 1982) pollen cones overwinter at the dtff{lse dlplotene stage; the1r- -
- pollen cones did not begm to swell until well after meiosis in the former. and ‘during

g:losrs in the latter.’ In Plcea?n%\Abzes (Mergen and Lester 1961; M01r and Fox

1975 Owens and Molder 1980a) pollen cones overwinter at the premelonc PMC _

stage and meiosis resumes about two weeks after the, resumption of development,

resulting in_early prerneiotic swelling of pollen-cone buds. - Meiosis occurs more

than one ‘month after the breaking of dormancy in Pinis. In P. contorta (Owens et
" Ial 1981a) and other hard pines (Konar 1960), Wthh overwmter at the sporogenous :
‘cell stage the PMCS increase in size before mCIOSlS whtch commdes with the
emergence of the small green cones through the cataphylls In P. monticola (Owens |
~ and. Molder 1977'c) and other soft pmes (Konar 1960 “Owston 1969) Wthh
overwinter at the mlcrospor‘ophyll stage, before the formation of’ sporogenous cells,
meiosis occurs' more than one rnonth after the breaking of‘dorrnancy by which time :
the pollen cones have emerged beyond the bud scales and between the basal ,
. .cataphylls and. turned green to yellow (Owens and Molder 1977c) Pollen-cone :
phenology can be used to predict the approxrmate time of meiosis for each specxes if
- the overwmtermg stage is known 0
- Post-meiotic stages of pollen development are similar in the P1naceae
nstudled to date, but minor vanatlons occur. in the duranon of these stages These :
';varlatlons occur dften between species wrthm a genus, as,was observed in western
and mountam hernlock Generally, tetrad separatlon occurs 1to3 \weeks afger

mejosis, the exine dlfferentlates and the nucrospores start to accumulate reserves,

- :, 'before cell division.. Cell dmsmns in.pollen usually are eompleted w1th1n two weeks

- and pollen is shed at the 4-or S-cell stage dependmg on the species.

. -
]
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' This study has dernoustrated that relating stages of nlicrosporogenesis and
. pollen developrrient to po]len-cone phenology‘are valid and more :us‘eful than using
- calendar dates since weather conditions plus clonal variation can chang_e the time

K Vand rate of development by several weeks from one year to another This
| _' information would be useful for pollen collections in seed orchards and wild stands.

Pollen-cone phenology can be ‘used to estimate all stages of development and to -

deterrmne when pollen Is mature enough to be safely collected without hav1ng to - -

make rmcroscop1c observatlons Similar studies would be useful for other conifers.
R

5.2 Effect of Forcmz on Pol]en Development

‘ Forcmg pollen before or during bud ‘burst on cut branches (PFTl PFI2
o PFT3) decreased the number of cones that matured, reduced pollen yleld and
- increased the prOp()l'tIOIl of abnormal pollen relative ' to results from forcrng buds
collected at later stages of development (PFI'4 PFT. 5) or non—forced pollen (PFT6)
. F orcrng buds collected during early stages, but using whole trees 1n growth chambers
' at 18°C d1d not reduce the number of cones that matured or their pollen yleld or
increase abnormal pollen frequency relatlve to deve%prnent at ambient
temperatures Sarvas (1972) found abnorrnal pollen. development in cut branches of ) "
' Populus tremula ‘above 11°C. Luornajokr {1977) observed normal development in
_ field grown trees at average temperatures of 13°C. The d1sagreement between the

| results was explalned by the fact that Sarvas’ forced pollen on cut branches while

Luoma_]okl observed pollen deyelopment on whole trees (Luoma]okr 1977)

Longterrn str\esses such as water- deficiency, can cause abnorrnal develOpment in
pollen from cut branches (Luomajokr 1977, 1986) Snyder and Clausen (1974) |
found that the collecnon of unr1pe pollen cones resulted in low pollen yields and
.pollen of low viability. In these western hemlock cut-branch tr1als abnorrnahtles_
' and pollen degeneratlon were not observed until eight to ten days, after collection. -
‘Collapse and degeneratron of the nucrosporophyll and rmcrosporangral wall cells, |
| usually preceded pollen degeneration. This may fhave been thernme required for .

- physiological stresses such as water and nutrient deficiencies to build up,to levels
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detrimental' for pollen development Abnormal pollen development in the early

tnals may have been caused prunarlly by desrccatlon since most pollen’ cones that

" _ degenerated had collaps_ed microsporangial “cells. - Similat degeneration . was ",

| observed in all cones that developed past' bud burst but failed :to‘ shed pollen.

" Degeneration of the cells in the dehlscence layer - would  have: prevented the ..

nncrosporang1a frorn opening properly and releasing the pollen Pollen in PFI'4:

| wh1ch matured within seven days did not have degenerated lmcrosporanglal cells. It

appears that in the cut-branch rnethod forcing per se d1d not cause abnormal. '

development but. rather that pollen. d’evelopment may have been affected by

physmlogrcal stresses caused vy the - cut- branch techmque Successful cone R
maturation was unaffected. by temperature in-the whole- tree pollen—forcmg tnal o

. suggesting that many of the problems assoc1ated with the cut branch techmque were R

due to physrcal stresses. - This is contrary to the results of Ross (1988) for

contatnerlzed chea engelmanmt ramets, where htgh temperatures ' in . polyhouses '

mcreased propornons of under-developed and rotted pollen cones and decreased e

pollen yields. -~ The temperatures in the spruce. study, 24:18°C, day night,

respectlvely, were higher than the temperatures used in the western hemlock study

polyhouse -
contnbuted to the hlgh mC1dence of pathogen 1nfected pollen cones. A more recent

Cstudy in- western hemlock (Colangeh unpublrshed data),” using 18°C growth

~ chambers and hlgh hurmdlty caused many of the pollen cones to case harden and

not shed. The effect . differed by clone, wrth some. clones bemg una.ffected by the |

T hrgh humldlty and others not dehlscmg properly
Several studles have observed the effect of temperature on cone. phenology

"(Sarvas 1967; Boyer 1981 Ross 1988) Others ‘have attempted to correlate

'temperature and the rate of meiosis (Luoma]okr 1977, 1986) In the present study‘
.. not only was pollen- %&phenology and pollen cytology dependent on temperature .
but also the relatlonshrp between phenology and -cytology was affeffed by ;

' temperature At 18°C, pollen cytology lagged behmd cone phenology relanve to
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-develo,pment at 10°C and ambient temperatures. Also, the duration of each stage
 was significantly shorter at the higher ternperatures
| In the cut—branch trial, the fertilizing potential of pollen was affected by
forcmg Considering that the pollen produc_eﬁ&f’__“‘.’ltel@_d_ahonLon&srxth the
quantity produced by the control (PFTG6), and it was shed at the 1- to 5-cell stage, it
is noteworthy that the resultmg SEF (45 4) was still two-thirds the control SEF
" (71.3). This implies that .the small amount of mature v1able- pollen that was
' pr‘oduced';vas capable- of fertilization. -
Unfortunately, no data are available for the SEFs resulting from freshly
collected, whole-tree-forced pdllen._ Since high SEFs were proddced using the cut-
branch technique, even though many abnormalities develioped and there was a high
incidence of pollen” degeneration possibly "due to stresses imposed by this metllod it
. may be reasonable to assume that the SEFs produced by freshly collegted pollen
kforced on containerized ramets would not differ significantly from the coatrol.
A relatlonsh1p was found between pollen forcing and longterm (2 years) .
. ‘storage effects. High temperatures durmg certain stages of pollen deveIOpment
affected storablhty, v1ab111ty and/or v1gor of the pollen In-the cut-branch trial,
pollen forced prior to stage 4, before 51gmf1cant pollen enlargement and reserve
accumulation occurred, resulted in very low SEFs after two years’ storage. The SElﬁ
of pollen forced after this stage was unaffected by storage. The hlgh temperatures

which caused a three-fold acceleration in development may ‘have hindered the

accumulatlon of storage products The active period of reserve accumulation was

reduced to 4 to 5 days compared to 2 weeks or more at. ‘ambient temperatures :
~ There may have been sufficient reserves in the ‘pollen to achieve fertilization when
fresh pollen:was uséd, as 1nd1cated-by the resultmg SEFs in the 1983 pollination

7 tnal but.not enough reserves after storage. A low level of metabolic actrvrty is

L .;-mznntalned during storage at 4°C{Stanley and Poostche 1962 Stanley and Linskens

1974) A constant draw on these reserves may have left the pollen with insufficient - -

reserves to’ achleve fertrhzanon after storage The SEFs after one and two years’

o .storage suggests that pollen forced before pollen enlargement and starch .-

)
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accumulation. had a reduced fertilizing potentral Slmrlar results were observed i/ .

the whole-tree trial. Pollen forced at 18°C, before reserve accumulatron, resulted in

51gn1f1c:antly lower SEFs after one yedr’s storage than pollen forced at 10°C or at
' arnbrent temperatures. c ’

Another stage that was affected by the hlgher temperatures was meiosis, ln

the whole-tree pollen,—forcmg study, pollen from PFTl-lS and PFT2-18, which were

forced before meiosis, resulted in a significantly.lower SEF after one year of storage

 than did pollen from PFT3-18,1f which two of the three clones were forced after
meiosis. A hlgh correlation between meiotic irregularities, stenle pollen and low

.ternperatures have been observed in Larix (Chr1st1ansen 1960; Ekberg and Eriksson

1967: Ekberg et al. 1968,_Er1ksson 1268, 1970; Andersson et al. 1969), Abies. (Mergen .

and Lester 1961) and Picea (Andersson 1965, 1980; Jonsson 1974). High

-temperatures also have been 1mphcated as the cause of meiotic 1rregular1t1es '

Ternperatures above 15°C (Chrra 1965) and 20°C (Eriksson et al. 1970a) were

‘believed to be respons1b1e for the. 1nductton of meiotic irregularities in Picea and a
‘temperature of 30°C- for- eight hours caused total pollen sterility in Taxus baccara
| -(Chlra 1964) '

f‘l.

- temperature sensitive phenomenon At 10°C or at ambient temperatures, merosrs

~was identical to the other clones. At 18°C, rne1051s occurred ba51petally rather than -

acropetally in about -one-third of the pollen ‘conies. Dyad formatlon in about one--

third of the PMCs after meiosis I resulted i in some irregular orientations of the four

rmcrospores within the tetrad after meiosis I Cell prohferatron was observed

'w1th1n a few. of the PMCs but; due to the low. frequency of this occurrence the

: subsequent fate of these cells is unknown None of these phenomena were observed

Clone 13, in the 1984 whole-tree-pollen forcmg study drsplayed a cytologrcal .

in the other clones at any temperature Chrlsttansen (1960) found that cell- wall . e

formann,at the- dyad stage was induced by low temperatures in Larix deczdua If

' temperature extremes can cause structural changes such as dyad formanon then,_ L

other more-subtle stages of meiaosis  may also be affected
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Many factors could have led t6 the reduction in the SEF aftex, pollen storage.

Mature pollen grains have been found to contain -enzymes ‘and isozymes

encompassing_ six classes of enzymes (Stanley and Linskens 1974), plant growth

regulators (Sweet and Lewis 1969, 1971; Kamienska and Pharis 1975; Kamienska et

al. 1976a, 1976b), ATP (Ching et al. 1975), soluble proteins (Pettitt 1985) and lipidé :
. (Andrikopoulous et al. 1985), all of which may play an important role in pollen

germination and pollen-tube development. Any of these cellular products could be

affected by the higher temperatures and accelerated rate of developrnent The

. moisture content of the pollen was not deternnned before storage Even though ali

pollen lots were stored under the same COHdlthl‘lS the moisture content of the

_Tlr”cut-branch technique can be used efficiently when the cones are three-
quarters emerged (stage 5) and at the- 2 cell stage. Forcing earlier than thlS is

possible, but it causes a reductlon in SEF Forcing earlier .than stage 4 not only

reduces.SEF, but also drastlcally decreases pollen yield. Common horticultural .

techniques such as recutting the branches underwater every few days and using a
.nutrienthﬁneral solution -ma'y' prolong the time within which pollen could Be forced

successfully Snyder and: Clausen (1974) suggested cuttlng branches at a slant,

changmg the water da1ly and using cut~flower preservatlves ‘with antlsepnc

substances to increase the number of cones that mature. The cut-branch techmque
isuseful ona smalLs\ale but for large pollen collectlons would be too 1neff1c1ent of

' time and space.

In the whole-tree pollen-forcmg trial, trees maintained at 18°C dlsplayed a

-three-fold acceleratlon in- phenology relative to trees maintained at ambient

_ temperatures Cone development is espectally sensmve to temperature (Sarvas
- 1967 Boyer 1981 Ross 1988). This suggests that temperature may be used to

' synchromze pollen maturation in’ contamerlzed clones, Where late- hedding clones

“can be accelerated by heat treatment and early- sheddmg clones could be delayed by

- cooling (Bower et al 1986; Ross et al. 1986)
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‘Before:- ternperature is used to accelerate or retard pollen developrnent more _

research s requlred 16 determjne optimal temperatures and ‘possibly hurmdtty for
I
forcing that are not detrimental to the pollens feruhzmg potent1al Throdgh the use

of controlled environment charnber and contamenzed ramets, the drfferent factors

affectmg pollen development can ‘be studied. Future studies that would help to
elucidate ‘why elevated temperatures reduce pollens storabthty could involve

forcing pollen at different stages and temperatures comblned w1th determmatton of

.

cytologlcal development starch, totaI carbohydrates /and 11p1d content in the freshly

: collected pollen and again at regular time 1ntervals ‘after storage. Resptratron and

germtnatlon “tests could be conducted to determme pollen v1ab111ty An

_ultrastructural study - of nucrosporogenesrs mlghv uncover temperature—sensmve '

' irregularities - in organelle development \-It is qutte likely that many factors are

affected by increased temperature and future studies could concentrate on
l .
determlnmg what these may be. - /

. -« . . rt

S 3 Pollination Mechamsm : , : /

l

“The polltnatlon mechamsm observed 1n western hernlock is different than

that observed 1n most other conifers and 1s Qharacterrzed by germmatlon out51de the

" micropyle where the roughly—sculptured pollen interacted with the- eplcutlcular layer

| of the exposed bracts and, to a lesser extent\the outer edge of the ovuliferous scales. -

The pollen remained on the bracts whlle the ovu_hfero_us scales elongated, trapping

the pollen :between_the'bracts and scales. ;; The brac_ts“and scales did not reflex

. sufficiently to allow pollen to filter down to the ovules, and at no time was the.

pollen_ obslerv_ed on or near the integument tip or micropyle, contrary to the reports
of Stanlake and Owens (1974) and oweﬁs and Blake (1983)." The pollination

mechamsrn in western hemlock observed here is similar’ to that described for Tsuga

. cangelensis (Doyle and O’Leary 1935b).

. Shortly after cone closure the pollen hydrated and gerrmnated The
rnechamsrn of pollen hydration is uncertain. The pollen was tightly sealed betweéen -

the bracts and scales. The epidermal projections which developed-on the bracts and
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“ovuliferous scales after cone closure may offer a suitable environment for pollen -

»

_hydration and germination. -
Pollen located on the margin of the bract furthest from the dvules produced

tubes that appeared to grow in all d1recnons Pollen closer to the rmcropyle grew

‘tubes onented less randomly with most of the tubes growing towards the micropyle.

| Whether the ovules secreted chemotroptc substance or whether it was the phys1cal

orientation of the bracts, scales and ovules forming a small chamber or to gutde the

~ developing pollen tubes (thigmotropism) that a_ltered tube ‘dir_ection could not be
‘determined in this study. The pollen tubes were packed tightly between the bracts
* and scales, 'so dissection tended to disturb the 'orientation and position of the tubes.

- This is very similar to the observanons of Doyle and O’Leary (1935b) for eastern

hemlock ‘where tubes were found,,growmg in masses, sometlmes in stralght parallel

- bands’ and other tlI'IlCS twrsted and 1ntertwmed _ - :
-+~ . Eastern and western hemlock are the- only mernbers of the Pmaceae found to

: date in whlch the polhnatlon mechanism involves non—rrucropylar gernnnatlon This

type of mechamsm has been observed in Araucaria and Agathis of the Araucariaceae

(Doyle 1945; Haines et al. 1984) and Saxegotheae of the Podocarpaceae (Doyle

_ 1945) Araucana is the only other genus where a srrmlar polhnanon mechanism has _
R been studted in. detall (Hames et al. 1984) Although the pollen germinates outside
..the mtcropyle the mechamsrn of pollen capture and tube growth is dtfferent from

. that observed in eastern and western hem]ock Several spec1es of Araucaria have a .

storna free furrow on the bract/scales which directs pollen onto a thm flange on the

tip of the ovuhferous scales. Other species of Araucarza lack the farrow but have a
| -broader scalloped bract/scale that traps the pollen in a band across both the fused
} bract and ovuliferous scales on the uprtght reflexed cones. After the receptive
: perrod 1s over the bract/scales swell and. elongate trapping the pollen between the'
fused bract/scales Unllke western hemlock in which the roughly sculptured pol]en _

grains come in. contact and adhere to the eptcutlcular layer of the bract, Araucana _

has a grawty—dependent poIIen-trausfer mechanism’ (Hatnes et al. 1984) " The

. mechanism found in Saxegotheae appears to be a'modified version of the Araucarza o
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type, :where the pollen is caught between the bracts and later germinates (Doyle. -
: 1945) As in western hemlock, :it was. difficult to speculate whether: the ovules’
secrete a chemotropic substance mdtng -the directional growth of the pollen tubes '
(Haines et al. 1984). After gertmnatron, the pollen tubes of Araucaria penetrate the
eptdernns of the fused bract and ovuhferous scales and travel for a short distance
~_ just below the -epidermal layer in the general dt_rectlon of the rmcropyle-. After

’ emerging from the bract/scale ‘the tubes grow on the scale in the general direction
~ of the cone axis and micropyle. Western hemlock pollen tubes grow approximately
1-2 mm in about one to two weeks while Araucana pollen tubes must. grow 10-12
mm over an 18-month penod between gernunatron and. fertrhzatlon “during wh1ch

time the pollen tubes are dormant for several months (Harnes et al. 1984) .

LY

5__ e Op_tlmal Time of Pollination - o
The optimal time of pollination was closely related to the stage of seed-cone

development and the number- of bracts exposed As the number of exposed bracts

ifcreased, the SEF increased. This trend was observed in both the field-and
" container-grown ramets in 1983 and 1984 and. relates well to a polhnatton |

" mechanism where pollen adheres to the bgacts. Polhnattons conducted before stage .
l‘ 3 (bud burst) or after stage 8 (cone closure), resulted in no filled seed- because no |
. bracts were exposed. Maximum SEF was attained by stages 4-5 and mamtamed_,
until stage 8 when a slight- reductron in SEF was observed. At this stage the
. elongatmg ovuhferous scales covered more than 50% of the bracts.- *

‘Seed-cone receptmty varied among clones and between the two' years of l'

observations. As found in other, studres (Doyle 1945; Dogra 1964) the optimal nme "

of recept1v1ty in western hemlock was affected by site and weather In a cool wet

spring, as occurred in 1983, the average time ‘between stages fouf and etght was

3 approxunately 23 days while in a warmer drier year, as in 1984 mthe penod was

- reduced to 14 days Since two dtfferent sites and clones were used thts may have ‘

contributed to the dtfferences The durattgn‘ of seéd-cone- recepnvtty in western ;

. hemlock may be predrcted from envtronmental conditions at the tlme of polhnatton
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' Tlns relatlonshlp may be used to accelerate late-ﬂowermg trees or' retard early- |

. flowering contamer -grown trees by moving trees mto or out of greenhouses

- 'In western hemlock the period of recepnvny occurs over a. much lo’ngerP
period than in other conifers due rnajnly to the much different pollihation
mechanism in this species. In Chamaecypans (Owens et al. 1980), Picea (Owens and
Blake 1984) and Pinus (Lill and Sweet 1977 Owens ef al. 1981a; Greenwood 1986,
~ Brown’ and Bridgwater 1987) 1nd1v1dual cones are receptive for about one week or .
rnore, while_individual ovules are receptive 'for'o'nly. about 2-5 d.ays _be-eause not all
pollination drops are exuded at thé sla'me'time.' In éseudoﬁugd meniziesii (Ovvens et
 al. 1981b), which has a stigmatic intégument tip, individual cones are receptive for 4-
6 da'yn.' The long period of receptivlty_ per cone in western hemlock should ensure a
, higher seed. crop, especially in years with abundant pollen production. A
comparison' of SEFs produced by‘ controlled 'crosees_'and wind-pollinared crosses in
. 1983 (Table 16) found no significant differences between the SEFs of the cones that

~ were bagged and pollinated‘ and those that Were'\vind-pollinated' This.is probably a

| - ‘reﬂectlon of both the extremely heavy pollen crop and the long penod of recepuvny,

that year. In poor poilen years even the long period of recepuvrty would not likely*
: overcome low seed set. -In such years - supplemental pollmanons should be
considered. | ' | | o |
. Other factors belng equal the pollmatlon mechamsm in western hemlock |
‘rnay favour higher seed vefﬁc1enc1es than those deterrmned for other conifers
because thls mechanism allows a large number of pollen grains to adhere to the' -
bracts and increases 'the probability of .fertilizatic‘m Micropylar ca’pacityhas‘:been B
L considered to be an nnportant factor in limiting the amount of pollen taken into the
‘h'—,ovule [(Sarvas 1962 1968; Lill and Sweet 19775 Br1dgwater and Trews 1981) A
| maxlmum of 6 or 7 pollen grams were taken into the rmcropyle of Picea, even |
though as many as 20 pollen grams were found on the rmcropylar arms (Owens and
Blake 1984) "In controlled crosses of Pseudotsuga menziesii- an average of 3 to 4
i pollen grains were taken into the rmcropylar cana] even though a rmmmum of 11

pollen grams adhered to each st1gmat1c tlp (Owens et al. 1981b) An average of3 to
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4 pollen grains were found in the nucropyles of Larix deczdua (Hall ‘and Brown o
| 1976) In sevéral species of Pinus- the number of pollen grains found within the

micropyle ranged between 1 and'5 w1th a maximum of 7 (Sarvas 1962 Lill. and

- Sweet- 1977 Owens et al. 19813 Greenwood 1986) The bracts of western hemlock

- are capable of trappmg over 100 pollen grains. The average number of pollen ’
grains per bract after controlled crosses was- 34, ranging from 2to 116 A possrble
dlsadvantagedo this polhnatron mechamsm is that the pollen tubes must grow: a
much longer distance to achieve fertlllzatlon thani in other conifers, where the pollen
is deposrted in the mrcropyles Wlth its long perrod of receptrvrty and the potentrally ‘
large. number of pollen grams per bract the polhnanon mechanism found in western . |
hemlock may mcreas genetlc effrcrency in‘ seed orchard.
- The relatlons ip between pollen shed and seed-cone receptrvrty in western
- hemlock is quite different than that observed in other spec1es In 1983 the seed
cones became recept1ve 4t07 days before and remamed receptrve 4 to 8 days after
the peak perlod of pollen shed for 60. clones at the Cobble Hill clone bank (Fig. 63).
In other species, the pollen starts to shed several days before séed cone recepuvrty
 and usually is frmshed at the same trme ora c0uple of days after the seed cones are
o no longer receptyve (Orr—Ewmg 1954; O’Rerlly et al. 1982 El-Kassaby et al. 1984).

'_ Whether the pollmatron mechamsrn found in western hemlock ensures greater -

» pannuxrs in'a seed orchard ‘has not been demonstrated but ‘since clones are

: recepnve for such a long. time relative to the pollen cloud and because of the ‘large
numbers of pollen grains capable of adhering per bract, out-crossmg may be -

'facﬂrtated

5. 5 Factors Affectmg Seed Development in Western Hemlock ‘ .
' Megagarnetophyte ovule - and embryo development have been studred in

- western hemlock (Stanlake and Owens 1974), mountain hemlock T. merrenszana '
- (Owens and Molder 1975b) and to a lesser extent in T, canadensis (Murrrll 1900;
' -Sterlmg 1948) and T caroliniand (Buchholz 1931) The , pattern of

', 'megagametophyte and embryo development found‘tn this study agrees generally.
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with -previous reports, however some variations occur. Unlike earlier studies, which
- were  cancerned prir,narily with normal seed developme_nt, the present studies
identified the different stages in the reproductive Iife cycle of 'w.ester_n-hemlock'-
where a reduction in potentlal and actual seed yield occurred.. ,

| Many factors affected seed development and seed yleld These inchuded pre-
and postpolhnatlon ovule abortlon cone abortion, 1nsuff1c1ent pollen pollen
) 1nv1ab111ty, pollen-tube degeneratlon and embryo and rnegagametophyte abortlon

‘- These factors can be divided into two classes prefertilization and postfertlhzatron

. factors. Self pollmatlon resulted in’a greater reduction in seed yield relatrve to

wind or cross pollination by i 1ncreasnng the proportion of degeneration or abortion at,

the some of the stages described above.

S 5.1 Prefertrhzatron Factors | | |
| The qu1escent seed-corre bud consisted. of bracts, ovuhferous scales, ovule
' primordia and premelotlc MMCS whlch were initiated the year prior. to polhﬁmon' | |
and seed maturation (Owens and Molder 1974a) This is the most-common pattern
. observed among the: natlve genera (Owens and Blake 1985) Meiosis was cornpleted-'
in early March with the formation of a triad of megaspores. Tnads are produced by
" the’ formatlon of only two transverse cell walls at telophase II, resulting in a
‘binucleate center cell. ‘Tetrads are the most common pattern among comfers (Singh
1978) Triads have been observed in mountain hemlock (Owens and Molder 1975b) '
| 'andAbzes (Dogra 1967; Owens and. Molder 1977d; Singh and Owens 1981b, 1982). |

Prepolhnatlon ovule abortlon which. occurred between the MMC stage and '

R "early free nuclear lelSlOI] resultlng in small flat seed; accounted for an average of

| 12% (S to 41%) of the reductlon in seed yield in the fleld -grown clones in 1983 an '.
average of 4% (2 t0 6%) in ﬁeld-grown clones'in 1984 and an average of 5% of seed

yield in the containerized clones in" 1984 (1lto 10%). Prepolltnation ovule abortlon

~ has been reported in the Pinaceae and Cupressaceae Several theories have been *

'postulated for the ‘causes, which 1nclude both envrronrnental and genetlc

' components Envrronmental cornponents 1nc1ude competltlon"for nutrlents (Lyons -

|
|
-
\
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. 1956; Burdon and Low 1973), drought (Simak and Gustafsson 1954; Sarvas 1962;
Dojra 1967) and low temperatu‘res' (Dogra 1967, SWeet and' Bollmann 1972; Owens
“and Molder 1980b) at the trrne of megagametophyte development. Orr-Ewing ’
(1977) found a Pseudotsuga menz:esu clone whtch was completely female sterile; all
seeds were flat. due to prepollmatlon ovule, abortion. Several ramets of the. clone
were planted in different sites and all vere female- sterile, lmplyrng that for thrs
clone female stenhty due to ovule abortlon was 1nher1ted The extreme vanablhty '
in the proportron .of flat seed between the fleld-grown clones and low varlabthty-
within clones 1n 1983 also suggests a genetlc cornponent Studies are underway toll_
determine if ‘the proportion of flat seed per clone varles or rernams relatively -
constant between years. Observing ‘the clones over several growmg seasons and
under dlfferent environmental conditions would help determme if ovule abd'r'ﬁon 1s‘
' genetrcally and /or envrronmentally controlled | .
| Cone abortion at pollination i 1n 1983 at the Cobble Hill clone bank was not |
observed, whereas cone abortion at this- stage severely reduced the number of
developing cones at the Lost Lake Seed Orchard in 1984 Unaborted cones had’
| high seed efl'lcrenaes (average 78%) and a low proportlon of flat seed (< 4%) As
prevrously discussed, ﬂat seed are caused by prepolhnauon ‘ovule abortron S0
- whatever factors resulted in whole ¢one abortion . occurred durmgf or after
polhnatton Frosts during or shortly after polhnauon may have beernr respon51ble for -
cone abortlon since temperatures decreased to below freezmg on three separate :
occasions durtng this period in 1984, It was not deternnned if the cold temperatures
had any effect on seed development Studies are underway to determine the effect'
‘of freezrng and near-freezmg temperatures -on seed and seed -cones before and :
durmg polhnatlon | S o . '
| Postpolhnatton ovule abprtron occurred before fertlhzatlon in a few-{bf the
X ovules. The proportion of ovﬁles that aborted 4t this stage was very low (< 4% or .

less than one seed per cone) at Cobble Hill in 1983 and in the contmnenzed ramets

’1n 1984. Most of these aborted between free- nuclear drvrsron and central~cell-- :

formation. prstpollrnatron ovule abortion does oceur in some genera if pollen is not_



... present. These include all species of Pinus (Sweet 1973; Plyrn-Forshell 1974; Owens |

et al. 1981a; Owens et al. 1982) Ficea (Sarvas 1968 Mikkola 1969; Kossuth-and
15 and Blake 1984) and Thuja (Owens et al. 1989). In these

_ genera pollen is' £ssential for ‘the contimed development of the prefemhzanon

megagametophyte. Pollen 18 not requrred for cone or ovule development in other
conifers (0wens and Blake 1985), 1nc1ud1ng western hemlock

Insuffrcrent pollen at polhnatlon has been cited as a pr1nc1pal reason for low

-~ seed ylelds (Sarvas 1962 Bramlett 1974 1981; Hall and Brown 1976, 1977; Daniels '
- . 1978; Kozmskl 1987 Colangeh and Owens 1989) Hall and Brown (1976) found
~ that in Larix 24% of the ovules contatned no pollen in the pollen chambers, even
- after- supplemental polhnatlon Insuff1c1ent pollen did not make a srgnlfrcant-
'contrrbutron to seed losses from controlled crosses in the studies reporte here.

.This’" can be attnbuted largely ‘to the polhnatton mechanlsm in this, species.

Inspection of the ‘bagged "cones after pollination 'established that pollen- was found

. on-most bracts. In 1983 approxrmately 10% of the cross-polhnated ovules (2 to 3;

per. cone) and 16% of the wmd-polhnated ovules were unfertthzed with no ev1dence )

of pollen in the nncropyles An.ovule wouId remain unfertrhzed 1f (1) pollen did not

* land on the correspondmg bract (2) pollen did not germinate on the corresponding
- bract, or (3) pollen germinated but the pollen tubes falled to reach the rmcropyle

“and nucellus No srgmflcant- dtfferences were found between the SEFs in 16 cross-'

and wmd-polhnated western hemlock clones 1n 1983 Thrs ‘may be due to' the

' polhnatlon mechanism and the heavy pollen cone crop that year. In poor pollen

: years 1nsuff101ent pollen. probably would be a ma}or factor contributing to low seed

yrelds In such years, “western hemlock seed orchards would be 1deal for .

N vsupplemental polhnanon because of the ease with which the recepttve penod can be.
»ldﬁﬂtlfled o . ' ' ‘

Low pollen gernunatron (low pollen v1ab1hty),, or pollen germrnanon out

1nadequate tube growth (low pollen vigor), was found to be a conmbutrng factor for- -

B reduced seed yield. In the 1983 selﬁng study, clone 6- 06 had a fernhzatton rate of
- Iess than 10%, because less than 5% of the pollen on the bracts germrnated The



'.

germination rate was greater than 75% in the other nine clones in the selfing trial,

as well asm the ‘cones pollinated with a polyrnix Empty seed resultmg from no .

pollen-mbe penetratlon of the nucellus was found in 6% of the ovules sectioned in

~ the 1984 corresponding to about 2 seeds per cone, . While greater. than 75% of the
pollen grams gerrmnated many produced very short. pollen tubes before

' development ceased, while others. grew long tubes but failed to reach the nucellus
In 1984 an average of 34 pollen grains were found per bract from which only about
3 or 4 pollen tubes per ovule penetrated the nucellus Clone 11-7 had the hlghest
proportlon of unfertlllzed pvules due to the absence of pollen; (7/40) constltuttng
18% of all the gvu s observed at this stage

s0 it could gt be detern‘nned if any clones produced pollen of low-vrabthty 0T vigor.

. S
In both the
“empty because o pollen tubes reached the_rnicropyles_. Low pollen germination has
~ been impliEated as.a contributing factor to reduced seed yield':in several studies
" (Hall and Brown 1976, 1977; Kozinski 1987; Owens et al. 1989). Pollen v1abrltty and
- vigor may play a role in seed yield but, unfortunately, pollen germlnauon tests or
'other pollen viability tests were not conducted to determine tlre state‘of _the yartous
pollen lots. N S | S

. In approx1rnately 2% of the cross-pollmated ovules and 14% of the selfed

‘ovules in 1984, pollen tubes ceased development within the nucellus (TNF) resultlng

" in unfertﬂlzed seed. The hlgher proportlon* of TNF ovules after se1f~polhnatron "

| suggests a self-mcompatlblhty reactlon Pre-zygouc self-1ncompat1b111ty has not
been demonstrated in comfer,s and it is generally beheved that gyrnnosperms lack
the ab111ty for prezygotic detectron of the pollen by the maternal sporophyte
(nucellus) (Sarvas 1962 1968 rev1ewed by Hagman 1975). In Picea glauca (Mergen

etal 1965) and Pseudotsuga menziesii (Orr—Ewrng 1957) no d1fferences between self-

and cross—polhnated ovules were observed from. pollen germmatlon to the two-

. tiered embryo Pollen-tube arrestment w1th1n the nucellus of both self- and cross-

‘ " polhnated ovules was observed in Pmus peuce (Hagrnan and M1kkola 1963) Pollen

The ollen used in the drfferent crossrng trials was a polymrx of many clones

83 and 1984 cros_s-pollmanon studies about 4% of the total seed was

1
:
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 tube arrestment w1thn1 the nucelll_ls_has been observed in 1nterspec1ﬁc crosses in
| " Picea (Mlkkola 1969; Kossuth and Fechner 1973) and Pinus (Hagman and Mlkkola.
1963; Kriebel 1972; Karmutak 1984)

In anglosperms two types of genetic 1ncompat1b111ty occur: (1) sporophytic.
1ncompat1b1hty, in'which the maternal sporophytic tissue rejects the pollen based on

the genotype of the pollen-producmg parent and (2) gametophyuc 1ncompat1b1hty,

~in Wthh the maternal sporophyte rejects pollen based on the genotype of the pollen.

:‘ In plants with sporophytlc mcompat1b1hty, rejectton oceurs usually between the
pollen grains and the SUgma, while in plants w1th gametOphytxc mcompaubﬂrty ‘
| 'rejectlon occurs between the pollen tube and the style or ovary (Heslop-Harnson
" 1975 1978; Lewis 1976; Nettancourt 1977 Seavey and Bawa 1986). |
Interspec1f1c 1ncompat1b1hty observed in- conifers may be similar to the .

gametOphytlc mcompat1b111ty of angiosperms. Several mecharnsms have been -
presented to. expla.ln why. pollen- -tube growth ceased in Picea -and Pinus after
mterspec1f1c crossmg ‘These include: (1) inhibition gﬁ pollen tube growth by a

.reactlon between specrftc protein(s) produced by the pollen tube and proteln(s).

' produced by the nucellus (2) 1nab1hty of the pollen tube to penetrate between thel-
cells of the nucellus due to the lack of some essennal or specific enzymes and (3)"
mablhty of the pollen tubes to assumlate nutnents efﬁcrently ‘from the nucellark
| - tissue (Mlkkola 1969; Karmutak 1984). '

A self-incompatibility reaction may ¢

(po‘llen tube) and the female sporophyte (nud
is elther a very weak reactlon since only abut 14% of the ovules were affected or.
_the reacnon can be overcome by several polle tubes penetranng the nucellus.

Pollen—tube degeneranon w1thm the nucellus may also. be due to low pollen

SO -vrgor The pollen may have had enough Teserves to gernnnate but not enough 10

between the male gametophyte_, .

15) mtwestern hemlock If it does it

'complete tube elongatlon. Western hemlock pollen tubes must grow a consuierable o

o d1sta.nce to reach the egg relative to other comfers where the pollen is deposned in

" _the rmcropyle or on the nucellus All of the factors contnbunng to pollen-tube

o growth are not known In 1984 the pollen was collected from four clones located at” - '
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the Lost Lake Seed _Orcharcl; The proportion of TNF ‘ovules in the four ctossed 7
" clones did not differ 'signjﬁcantly, ranging from 0 to 4%. The proportion of TNF N
ovules in the four selfed, contamenzed clones in 1984 ranged from 9 to 22% It 15;
possrble that the pollen collected from the four contarnenzed clones may have had a |
_ shghtly lower v1ab111ty than the pollen collected from the four orchard clones |
Alternatively, the vrgor of the pollen used 1n the selfmg tnal may have been lower .
than that of the polynnx thferences in individual pollen v1gor would be masked i in
- the polymix. Moran and Griffin (1985) found that certain pollen parents in a Pinus
radiata polytmx were more successful than others in contrtbuttng to the vrable- |
~ embryo populatton The compettnve success of each clone depended on the other '

males present - '

; In the prezygotrc phase gametic selectton between clones may -occur durmg |

pollen gennmanon and pollen tube growth (W1llson and Burley 1983) Stnce

~germination and other pollen—vrabﬂlty tests were not conducted 1n the western

hemlock study, the v1ab111ty and v1gor of the respecuve pollen lots is unknown To |

D

deterrnme if pollen—tube degeneratlon within the nucellus of western hemlock 1s due .

. toa p0551ble self~1ncompat1b1hty1reactron or low pollen wgor pollen from mdwrdual '

~ clones could be apphed to self cones and unrelated cones..If a greater proporuon of .

‘v___pollen tubes degenerate wrthm the selfed ovules some sort of self-rncorhpattblhty

‘reactxon rnay be mvolved . If no differences are found between the ‘selfed and-‘_‘ e

- 'outcrossed ovules pollen—tube degeneratlon may be a measure of pollen vrgor
- An rnteresttng obsérvation rnade at th1s stage was that, even though fewer‘ ‘
‘:'selfed ovules were fertilized, e;'ee quarters of all the fertthzed ovules in both the

“selfed -and. crossed cones- had mult1ple fert1hzatrons : The average: number of

'fertlhzed archegoma per ovule was 1.9 in the selfed cones and 2.0 i in the crossed AR

‘.cones Even though some of the self pollen may have been inhibited by a self' o
: 1ncdn1pat1b1hty reactton or because of lower pollen v1gor most of the ovules in
- Wwh..nn ferttlrzatton occurred had: tnultrple fertrltzattons It rmght be expected that if

. pollen tubes.were betng arrested w1th1n the nucellus due elther to: 1ncompat1btly
the

“low vigor, the averdge number of fertthzanons per ovule would be lower in/th
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selfed ovules than in the crossed ovules. This- was not found. The pollination . .
mechanism in western hemlock may play an important role in the high frequency of.
multrple feruhzanons observed in this spec1es The large number of pollen grains
per bract capable of penetratmg ‘the nucellus and effecting fert1hzat10n may |
| minimize the effect of self-mcompat1b1hty and pollen vigor. '
| Sumlar observations were made in Pinus peuce (Hagman and Mlkkola 1963).
Due to the small sample size they were unable to determine 1f pollen tube
arrestment within the nucellus was an mcompatlblllty reaction or a measure of -
reduced pollen v1gor. It was stated that, if a self—rncompatrblllty reaction was .
_i_nvolved,' then cases should exist in Pinus where all polle.n.cease. grovvth within the
nucellus when selfed and function normally when crossed. To date, no such
experiments have been made. As in the present western hemlock 'study,- Hagman
and Mikkola (1963) did not do any pollen testing on the different pollen' lots. They
. suggested that reduced vigor due to the pollen itself, or due to 1mproper handling,

could have accounted for the pollen tube arrestment wuhln the nucellus

5, 5.2 l"ostfertilizatior; Factors
5.52.1 Ovule development after no pollmatlon ‘

- The megagametophyte ceased development at about the time the’ egg cells
‘formecl Following fertilization, suspensor elongatlon was necessary for the "

megagametoph e to resume development If 'this failed to occur, the archegoma,

" .f-'followed by the megagarnetophyte degenerated wrthm two weeks of potennal

g fertlhzanon Suspensor elongatlon pushmg the embryo tier(s) into the .~

megagarnemphyte apparently was necessary to stlrnulate the rnegagametophyte to
resume development. The. embryo/megagametophyte- mteractlon observed here
has been observed in all conlfers studied to date; if fertlliiation does not oceur or all
: embryos degenerate the megagametophyte degenerates (rev1ewed by Smgh 1978;

' Owens and Blake 1985) |
In western hemlock intact vascular strands were observed leadmg from the

&

" ovuhferous scale into the chalazal end of the nucellus The seed coat d1fferent1ated
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around the vascular strands, whrch were not cut off unt11 well mto embryo' |

_development -after the megagametophyte had accumulated abundant starch and .

‘lipoproteins.” In other comfers it is bel1eved that. the vascular connecuons are

severed by the time fertlhzanon occurs (Owens ét al. 1982; Singh and Owens 1981a, o

b, 1982) In western hemlock, the ovules;, and perhaps the megagametophytes "
appear to be supphed by nutrients from the ovuhferous scale- after fertilization. |
- Studies” usrng labelled compounds would be necessary, to determine if the
“megagametophyte actually recerves nutrients from the ovuhferous scale after
fertilization. ‘

In some comfers a corrosion cav1ty forms even.if the ovule remains
unfertrhzed (Owens and Blake 1985) and it has been suggested’ﬁat cav1ty formation
may be caused by the release of substances from the degeneraung archegonia
(Singh and Owens 1981b, 1982). . In western hemlock a corrosmn cav1ty did not
form in the unfert111zed ovules even though | the cells that would: have degenerated :

~to form the corrosron cav1ty were qu1te distinct. Embryos were necessary for cavity
formation, and a corros1on cavity did not form unless the embryos came in contact_
w1th the cells of the megagametophyte The f1rst ernbryos to penetrate the‘
to be embedded within the cells of "the

megagametophyte appeared
'megagarnetophyte Wthh degenerated around the young embryos - An
~

embryo megagametophyte mteractlon apparently was necessary to stimulate first

- the resumption . of - megagametophync deve_loprnent and, second, the corrosion
iy, L T : S o , .
5522 Ovule development after fertxllzatron : -
Fertlhzatron and proembryo development were stages that d1d not contnbute |
to a reductron in filled-seed yreld In all the ovules. secttoned whether self-, cross—_ ‘
.oor wrnd-polhnated, if fertrhzanon occurred, proembryo development followed '
'i'.‘lrnmediately -aftér fusion, the zygote undenvent two qulck d1v151ons
| producli'ng- four‘ free nuclei. Each nucleus was surrounded by darkly sta.tmng

o neocytoplasm Ultrastructural studies have shown that the neocytoplasrn around



- members of the genus Tsuga
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each nucleus contains, mltochondrla contnbuted from both the male and female
parents. (Camefort 1969; Thornas and Chesnoy 1969) and plastids from the male
parent (Camefort 1968; Chesnoy and Thomas 1971; Ohba et al. 1971; Neale et al.

1986) It has been demonstrated in Lamc (Camefort 1968; Chesnoy and Thomas |

1971), and Pseudotsuga (Thomas and Chesnoy 1969) that the pollen tube releases a
small amount of cytoplasm contammg plastlds and mitochondria into the egg cell.
‘Paternal nihentance of chloroplast DNA in Pseudotsuga was demonstrated using a
B restnctton fragmdnt length polymorphlsm as a marker (Neale et al. 1986) In the
- present study not only were the male gametes discharged into the egg. cytoplasm but
~also the stalk cell tube nucleus and some conténts of the tube cytoplasm, which

included large amounts of starch. Ultrastructural studies are requlred to determine

the amount, integrity and fate of m1tochondna, plastids dnd Sther cytoplasrmc '

,organelles that may be dlscharged mto the egg cytoplasm These may have a
potential role in self—mcompattblhty or self-1nv1ab1hty '

:Proembryo deve10pment has been described for western hemlock (Stanlake
'and Owens 1974), mountam hemlock (Buchholz 1931 Owens and Molder 1975b),
_‘,T. canaden.m and T. carolmzcna (Buchholz 1931) Proembryo deveIOpment /in

- western hemlock observed here was sxmt]ar to that observed prewously and in other

-
3

i
J

“The next stage that accounted for a reductlon in ftlled seed was embryo .

_ E degeneration. - Embryo degeneranon occurred _]ust after cleavagc or durmg early

- embryo development but well before the club-shapcd stage “Thesé resulted in full-
size but empty seed. | |

Western and mountam hemlock have both sunple and cleavage

polyembryony (Stanlake and Owens. 1974; Owens and Molder 1975b). CleaVage is

g mdeterrmnate in that there are no mdtcattons that any one of the four ernbryos ‘

"derlved from the smgle zygote has ‘a dlstmct advantage duﬂng development.

- Cleavage occurs during suspensor elongatlon but before embryonal-tube formatlon

Cleavage polyembryony has been observed also in Pinus (Lill 1976 Owens and .
Molder -19779,. Owens et al. 1982) and Chamaecypa_ns (Owens and Molder 1975]’)'._.,-'

-
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In Pinus the embryo tier. divides before cleavage. The four files of oells do not
develop equally, with one or more of the files overgrowmg the others, resultmg in
unequal-smed embryos at cleavage (Owens et al. 1982). There is some controversy
over the advantages and dlsadvantages of sunple and cleavage polyembryony "
Buchholz (1929) argued that a single . large proembryo, as is fouud m 51mple'
polyembryony, should be able -to prevatl over a small cleavage embryo and
considered cleavage the most, primitive form of embtyo development in comfers
On the other hand, I_)oyle and Brennan (1971) found that cleavage embryos grew
faster.” Willson and Burley~(1983) proposed. that cleavage embryos may assimilate.
nutrients faster than a single large embryo. o | o

‘_ A. suggested role for simple polyembryony 1s 10’ mamtam heterozyg051ty even
when h1gh frequencnes of ‘self-pollination .are present (Lmdgren 1975). S,lmple
polyembryony can reduce __losses due to selfing and mbreedmg. If an embryo that
has originated through selfing dies, a normal seed may develop if the ovule contains,
in addmon to the inbred embryo one or several embryos orlgmatmg through cross o
~ fertilization (Hagman 1975; Lmdgren 1975; Sorensen 1982) Polyembryony
provides an opportumty for selection between_embryos during the early stages ‘of
embryo development (Sorensen 1982). B |

Emblyo abortion was a major contrlbutmg cause in reducnon of filled seed

. yleld in all studies whether selfed, crossed or wmd-pollmated Ovules that

" “degenerated at this stage were divided into three_ groups. (1) ovules: where_ all
embfyos degenerated at cleevage, _('2) ovules where embB¥yos degeherated‘duting

early development and (3) ovulés where megagametophytic degeneration preceded :

-~ embryo* degeneratlon All three stages were observed in selfed and crossed ovules, -

but these constituted 2 much greater proportlon of the selfed ovules. "~
Degeneranon at cleavage or durmg early embryo development could be due
to the 1mpact of lethal alleles. Degeneranon at fernhzatlon or durmg proembryo

| deveiopment has not been observed, so it can be suggested that the lethal alleles

. may be involved with- the development of the embryo tier. Failure at this early stage.~ |

‘may " be due . to pl_1y51olog1cal mcompatxbthty _ be_tween er_nbryomc .and B
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~ megagametophytic tissue (Orr<Ewing 1957; Mergen ez al. 1965) or due to increased )
| homozygosity of deleterious recessive genes which result in the inability_to effect cell
) _division, or lack of some kéy enzymes required for nutrient assimilation. The -
variation in the proportion of degeneration at cleavage and during early embryo
~ development among the four selfed clones in 1984 suggests that several lethal alleles
whlch mam‘lﬁst themselves at dlfferent stages of development may be rnvolved In
' clones 11-7 and 6- 9, most of the degeneranon occirrred durmg early embryo |
‘ development while 1n clones 3-5 and 6-8, degeneratron occurred with the same
frequency at both stages. In the crossed clones 85% of the degeneratton occurred
_ durmg early émbryo development '
L A proportmn of empty seed due to’ embryo abortion (18%) occurred after
- .outcrossmg whlch ‘cannot be attnbuted to selfing effects. If homozygous recessrvesl
- do occur ina populatron then it is qurte hkely that different clones may contaifi. the |
: same homozygous recesswes which could combtne through outcrossrng as well as

: selﬁng Koski (1971) suggested that the yteld of empty seed after outcrossmg can be

~ ascribed to the actton of common lethal alleles He calculated that if, after selfmg,

there -is an individual - ‘Tange of 2-20 recesswe embryonlc lethals with 94 as the
average, then there are approxnnately 70-80 lethals in the population. Bramlett and

- Pepper (1974) estnnated that 150-180 such - genes would provide . the most

satisfactory explanatron for the frequency of empty seed after individual crosses’ T

_ Pmus vztgzmana anfin and L1ndgren (1985) believe that empty . seed after

outcrossrng is predonunantly env1ronn1ental Johinsson (1976) found in a 6x6 dldllel |

that some 1nd1v1duals produced greater amounts of empty seed as females and other ..

| ‘imdmduals resulted in more ernpty seed as males. In the first case it was speculated o

that. certam recessive genes may. have a- lethal effect on the. ~haploid

megagametophyte Varlatlon in seed set (SEF) after cross-polhnatlon of dlfferent |
clones with the same pollen is abundant in the, ltterature orensen et al. (1976)
' found that seed set frorn the outcrossrng of 10 Abzes procera gnes ranged from 20
to 70% (average 51%); seed set by 10 Picea glauca clones (Fowler and Park 1983) .

ranged‘from 29 to 82% (average 57%) and in 16 clones oszcearmcmana (Park and

-

e : ' L
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‘Fowler 1984) seed set ranged from 43 to 96% (average 74%) These results are
comparable to SEFs of 43-to 83% in 16 cross-polhnated clones (average 69%) found '

. in western hemlock in 1983.

The megaga.metophyte failed to develop in ovules where fertlhzauon did not-

occur. . An interaction between suspensor elongatlon -and megagametophyte

development was observed in fertlhzed ovules. In 1984 the megagametophyte

either failed to resume development or. thc cells expanded but fzuled to accumulate '

reserves even though\apparently healthyv embryos were found in the corros;on cavity =

in 14% of the degenefeted' selfed OVules,;The failure’ 0. resume developruem may

bé due to many reasons, such as mactlvauon or lack of enzymes or growth regulators

produced by the developmg embryo that stunulate the megagametophyte to resume

: development

W
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. Chapter VI "~
SUMMARY AND CONCLUSIONS

Several conclusmns were drawn from the present study with respect 10 pollen
development pollen forcmg, the polhnatton mecharusm the optimal time of
"polltnatlon and factors affecting ovule and seed development after self-, cross-
gy wmd- Or no polhnatlon in-western hernlock These are summarrzed as follows: |
(1 Pollen phen.ology proved to be an accurate indicator of cjtology,'
‘ mdependent of collectron dates and rate of developrnent under amblent condltrons
- - The breakmg -of dormancy, the resumption of development and melosls ocaurred
during stage 1 (quiescent). Durmg stage 2 (swollen bud) the tetrad of rmcrospores |

separated. The exine was completely developed during stage 3 (bud burst) The I- -

cell rrncrospores expanded during stage 4, when the pollen cones were one- quarter -

"of one-half emerged through the bud scales. The first cell division occurred durihg a
: stage 5 when the cones were greater than half emerged but less than fully ernerged

| The second and thtrd cell divisions occurred durmg stage 6, after the cones had

emerged completely beyond the buds scales. The fourth and final cell d1v1510n o

'resultrng in mature 5 cell pollen grains occurred during stage 7 (stalk elongatlon)
Mature pollen cons1sted of two prothalhal cells, a stalk, bodly and tube cell. Pollen‘
"shed occurred at stage 8. The empty cones ( tage 9) remained on the trees untrl the _

'followmg ‘winter. -

(2). Pollen can be Jt'orced successfully on cuT) branches 'after stage 4 without

decreasmg yield/or fernhzmg potentral relative to unforced pollen Forctng poilen

eZ/at early phenologrcal stages (before stage 4) reduced the number of -

) cones that matured, decreased the quanttty and quahty -of pollen produced
| 1ncreased pollen abnormalities and reduced the pollens fert111z1ng potenhal.l '

E . -
e .
o .
.
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\\\ _- : (3) Forcrng pollen on contalnenzed ramets im growth chambers at 18°C o
accelerated development three—fold relatlve to ambient temperatures and altered
“the relat10nsh1p between pollen phenology and cytology In. one clone, high |
temperatures resulted in abnorrnal development L B
(4) Longterm storage of pollen forced at above: ambrent temperatures

reduced the fertlltzmg potenttal relatrve to stored unforced pollen

-

_ (5) Western hemlock has a pollination rnechanisnl"that does Tiot require
- pollen to be deposned near or in the nucropyle The polhnanon mechanism-involves .
.an mteractton between the roughly sculptured pollen grarns and _ the. long _

- ep1cut1cular waxes on the surface of the bracts.

(6) Seed cones are receptrve to pollen soon after bud burst when the bracts

-~"be-<":ome exposed and remam receptwe as long as bracts are exposed The optunal ’

time for polhnatron oceurs when the cones are one-half or more emerged beyond o

_ ‘the bud scaﬁs when all the bracts associated wrth fertrle ovuliferous: scales are’
e - exposed and continues until. ‘the ovuhferous scales elongate and grow ovef the -

I :bracts trapplng the pollen between the bracts and scales

.""
¥

(7) The optunal date for poll1nat10n varies among clones from one year to :

, h__another dependmg on site and weather condmons ranglng from two to-over three B

- weeks,

N (8) Several weeks after polhnanon and cone closure the pollen gerrrunates
| and forms long pollen tubes which grow toward and into. the nncmpyles
Fertlhzanon occurs approxrmately 51x weeks after pOlltIlB.thIl
. | Y
- (9) Pollen is not requlred for norrnal cone devclopment in western hemlock

AN

'(parthenocarpy) Pollen ‘and fert111zat1on resultmg in embryo development are



“ classes: pre-fertlhzatron and post—fertthzatlon stages. Pre-fertrhzauon losses

1474"'

,req‘niréd for/t'he resumptic)n of develooment' of the megagametophyte.

o‘

(10) Several stages which 'affect seed development' and resulted in a “ L

.reductlon in seed yield were revealed These stages were divided 1nto two major

'i_'ncl_u_ded pre- and post-pollination ovule abortlon inadéquate pollination‘ pollen_

intriability and low pollen vigor.  Post- fertilization losses included embryo

=3

~subd1v1ded into degenere_mon,at cleavage and during eorly-embryo developrnent.

. ',(11) Ovule abortion accounted for a rneasurable rednctlon in seed yield

Several thad a very high ovule abort1on rate. It is not known whether thrs is a

| genettcally /enmronmentally controlled ﬁactor ora combmatlon of both

(12) Inadequate polhnatlon was ot a ma]or contnbutrng factor in reducmg‘

o seed yleld after self- or cross-pollmatmn Low seed yleld dUe to Iack of po]len

would be a ma]or factor in reducmg yleld in a wmd-polhnated orchard in poor.f e

" pollen years.

Lo

‘degeneration and rnegagametophyte degeneration. Embryo degeneratron was

.~/’ . )

““‘( 13) Pollen vigor. and v1ab1hty 1nﬂuence fulal seed yleld The lmportance of,‘":"

LT

. these factors depends on the specific pollen lot. Several studles 1dent1f1ed low '

' pollen vrablhty, as exemphf1ed by pollen tube grthh but no ferttlrzanon as a

contrlbutmg factor to yleld reductlon

(14) Self—mcompatlblhty, whlch 1S 1dent1fled by prezygotrc selec{ron hdS not |

been demonstrated. prevrously in conifers. A hlgher proportlon of pollen tube

arrestment within the nucellus was found after self—polhnatlon than “after Cross-

polhnatlon This may mdtcate a self—mcornpatlbrhty reaction between the paterndl

‘ gametophyte and the maternal sporophyte .

T .
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(15) Self-mwablhty, which is 1dent1fled by postzygonc selecnon mamfested' o

_ in the form of embryo degencratlon, was the most-preva]ent factor reducmg seed' ,:.‘a g
yICld after self-pollmatlon S e . ' |

. (16) Many factors contrlbute to a reductlon 1n fllled seed yleld These
factors are affected by genetlcs and env1ronment and w111 vary from one year to’

T another and one 51te to another

g
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