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ABSTRACT

This review desegripes the reproduttlve
processes of most economically important
north temperate gonifer and hardwood
species. Tt contains essential baekground
information needed by everyons egnoerned
with seed production. The following topics
are povered within 2 developmantal Irame-
works {1) wvariation la reproductive
eyelas; (2) times and patterns of florsl
initiatien:; (3 enviromnmental rIaciors
affecting Tioral initiation; (%) floral

Inducticn and =nhancement;
pollination; (&) gametophyte devel opment
and fertilization; and, (7) seed develop-
ment. The physiclogy and ecology of these
processes are cxamined znd where poasible
cultursl, ophyslolegieal, and management
technigues which have been shown o afTect
seed production ars 3alsg dlscussed. L}
summery, and recoomendations for Ffuture
research, concludss each chapter,

{5) pollsn and

. Hé

Cette revue décrlt 125 processus de
reproduction chez les conifires et feulllus
d' importance économigque dans la zone
tempérée de 1'hémlsphdre nord. Tous ceux
qui s'intéressesnt A la production de
gamences v trouveront 1'informatlon essen-
tielle de base. Les sujets, traltés dans
un cadre de développement, sont: (1) la
variation des cyecles reproductifs; (2) les
temps et patrona de 1'lpitiatlon Tflorale;

{3) les facteurs ou milieu influengant
1'initiation florale; (#) 1'induction et
1'aoerolssement  loraux:  (5) pollen ot

pellinisation; (%) le développement et la
fertilisation des gam&tophytes; (7)) le
déveioppemant des semences. L'examen de la
physlologis et de l'&cologie de cas proces-
sus s'accompagne, laorsgue possible, d'une
dlscussion des technigquss oulturdles et

physicloglques alnsi que des modes d’ amé-

nagement qui se sont révélés capables d'in-
fluencer la production de semences. Chaque
chapitre se termine par un résumé sulvl des
recommandations sur la recherche A falre,

This study was sponsored by the Canadlan
Forestry Service under the Program for
Research by Universities in Forestry (PRUF).
The present report has been reviewed by the
Canadlan Forestry Service and approved for

distribution.

Approval does not necessarily

signify that the contents reflect the views
and policies of the Canadian Forestry

Service.
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FOREST TREE SEED PRODUCTION

A review of the litersture and
recommendations for future research

INTRODUCTION

Dver 5.8 billion treec socpds woers used in
fiscal year 1975/80 for forest regsneration
goross Canada (Janas and FHaddoo 1085),
Increased emphasls con forest renswal by
outplanting of seedllngs and the antici-
pated \Inerease in demand for Fforest
products indiecate that Torest tree sead
will become a major, and perhsps limiting,
factor 1in reforestation. Thiz will he
especially true If we choose to rsforest
cut—-pver forest lands with sesdlings growh
from genetically lmproved sced.

Forest tree specles usually have iong
Juvenile pericda of growth before sexupal
reproduction occurs, and lengthy reproduc-
tive eycles which normally include a rest
period of several years duratlon. There-
fore, there are unlgque problems in seed
productlon whieh deserve particular atten-
tien and whleh may require unigue
approaches if seed production fa to be
ef fectively managed. The length of the
Juvenlle period may be shortened in many
specles. The length of the reproductive
gycle, which includea flower Initlation
through seed set, is a fixed perlod of 2 or
mora years which Iln rare lnstances might be
ghertenad, More Important are the many
stages which occur in the long chain of
events during the reproductlve cyele, and
the ocecurrence of several weak links in
Lhls chaln whieh may result in poor geed
productlion. We must ldentlfy those weak
linka whlich can be managed, and determine
Lhrough intenalve research the best methods
of enhanoing seed production, There la
Lremendous potentlal for lnereased [lower
productlaon and lnereased soed yleld., This
review looks at these aspects,

We have taken & broad approach Lo seed
production in north temperate forest trees,
based on a developmental (ramework which

puts each stage in perspectlve. Consa—
guently, our revlsy may laek depth Ln
certaln aress. Specialists ln any one area
will be able to identify omitted 1lltera-
ture. It s not intended to update the
specialist In his area, but to famillarize
the specizlist with other araas. Reviews
of specific fopies are cltad and updatad.
These should be referred toc far mare
detailed coverage of those subjects, Tt 1=
considered that 2 broad overview may be
more beneficial than yet another revisw of
selected topics.

The following topics are examlned:
{1) Verlation in reproductive cyclea; (2}
Times and patterns of Floral lnitiatlon:
(3) Envirconmentzl factors affecting Tloral
initiation; (4) Flersl Inductlon 4and
enhancemant; (3) Pollen and pollination:
(2] Gametophyte development and fertiliza-
tion; and, (7) Seed development. Each
chapter includes a desecription of the
development of a portlan of the reproduc-
tlve cyele. The most relevant llterature
dealing with the development, physiology,
and ecology of Gthese procesies are
reviewed. Cultural, physiological, ar
managemant techniques which have been shown
to affeet seed productlon are  examlned
wherever posslbls, A summary, and reaocin-
mendation fTor [uture researcoh, coneludn
each chapter. Appendleen lnelude Lablen
which summarize results of [lower |nductlon
experiments on many tree species.

This review la limited primarily to
north temperate conlfer and hardwood 'orest
tree aspecles of economle value. Tropleal
and subtropleal specles are generally not
tncluded becauss thelr reproductlve cyolas
and Tactors which affect seed productlon
may differ considerably Crom those of
temperate forest specles, Also, generally
net lncluded are frult trees which, unllke
meat foreat apeclas, are alther reganaratad
elonally or have been bred for early and
reliable flowerlng and maximum Cpult
production.  HResearch on thess may not be
directly applleable to foreat trees, whloh
generally have a long Juvenile growth
perlod and where rapld vegetative growth
and deslrable grawth form ars conzldared
more lmportant than reproductive poten-
tial.
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CHAPTER 1
REPRODUCTIVE CYCLES

Introduction

The reproductive oyoles of forest troes
begin with the [nitistion of reproductive
buds =after a wvarliable period of Juvenile
growth, whieh may be as little 25 one or as
much a5 40 years (Kozlowsk! 1971). The
mature, reproductive, stazge i35 a condition
first called "ripenesz to flowsr" (Klsbs
1918), and the transition to this stazge is
krnown s "phase change"” (Wareing 196L).

Oraloger (1938}, after studying =
large pumber of specles, distinguished
three classes of temperate-zone plants
based on floral initiatlon and devalapment.
Direct-flowering plants I(nltlate [lowers,
and development through &anthesia cogours
without interruption. This is the most
eommen class among herbaceous plants, and
Ineludes some woody perennial plants.
Indirect-Tlovering plants have a perlod of
rest (dormancy) at some stage between
floral Initlatlon and anthesis., This clasa
Inoludes some herbaceocus plants, most woody
perennials, and nearly all temperate-zone
forest trees. Cumulative-fiowering plants
Form floral primordia over a long period of
time hut anthesla occurs quickly. This
glass lneludes many herbaceous weed
apécles.

Forest trees may be monceclous or
: diosclous. Monoealous species have mdle
. [pollen-bearing) and female (ovule-bearing)
elements on separate reproductive strue-
; turgs horne on the same Individusl. UOloee-
; {oun apeasies have male and femala elements
i on difterent Indlviduals. In north temper-
ata zones, most conifers are monoeclous,
while most hardwood forest apecies are
tdloecious. Some hardwood lorest trees have
perfegcl [lowers with both stamens and
carpels within the same flower, This
hermaphrodlitlie condltion does ot normally
cecur In conlfers although bilsporanglata
stroblli have been reported In many
apaclas,

Matthews (1963) was the fipst to

] generallze that, in temperate-zons trees,
reproduntive buds are Inltlated in the

growlng season preceding the apring In

which econes or flowers appear and antheals

ogours. Thia generalizaticn ha= held over

the years with few exceptions (Ch. 2).
Aeproductlve buds underge early development

@__

before winter dormaney -and overwinter -at
varlous stages (Ch. 2). During the second
and, in some species, the third or fourth
growing sezson variationa oeeur affecting
the lsngth of the reproductive cycle (Ch. 5
and 6].

Three primary types of reproductive
gycles represent the variation fTound 1n
most temperate-zone forest trees. Lesa is
known about the phenclogy of hardwood
reproductive eyeles than that of cenifers.,

The 2-year cycle

The most common reproductive oyele in goni-
fers and hardwoods is represented in
Fig. 1.7, depieting Plees glauca {Oweng and
Molder 1984e¢). Pollination occeurs In the
spring or early summer of the second year,
The time betwesn pollination and fertlliza-
tien iz brlel, usually only a few weeka.
Following fertilization, embryo and seed
develcpment are prapld and conbtinuous,
Seeds are mature and may be released as
early as late summer the year of pollina-
tlon. HAetentlon of seed beyond that time
{5 aoften determlinad by cllmatle or blotle
requlrements unique to a apecles and by lts
mathod of seed dispersal. Although thls La
the ahortest reproductive oyele generally
found in forest treea, 1t takes a long time
comparéd to many dlrect-flowerling herbace-
ous plants in which the entire cycle may be
completed wlthin a few weeks (Leoopold and
Kriedemann 1975).

Detatiled descriptlona of the ocomplets
reproductive cycles of conlfers with this
pattern are few and lnclude Larix (Owens
and Molder 1979 b,e), Pleea ({Owens and
Molder 1984e), Paseudobsuga (Allen and Owena
1972, Owena 19737, Thuja (Owens and Molder
198%a) and Tsuga (Owens and Molder 1984q).
There are descriptions of portions af the
raproductive oyeles of many species and

several will be Llncluded In subsaquent
chapters.

The 3i-year-cycle - 1

A =mecond reproductlve cygle 1s Tourd in
most species of Plpus, ‘several other oonl-
fers, and a few hardwoods. Unfortunately,
this cycle Is used in general textbooks ps
the “"typical" conlfer reproductive oyole
(Fig. 1.2). Pellination ocours In the
spring or 2arly summer of the second year;
pollen tube and ovale deyvelopment la initi-
ated but then stops, usually Iin mid—-summer.
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#lgure 1.1 The reproductive cycle of whita spruce (Pleea glaucal (from

Owens and Molder 1984c).

Pevelopment resumss the following spring.
Fertilization oceurs and embryos and sesds
are: mature by the fall. Seeds are ususlly
shed in the year they maturs. Serctlnous
seed cones of some spscles may remain
closed for many years. They usually opsn
in responses to extreme heat from fipes and
release many years of scoumulated seeds at
ong tlme. This minimum 3-year oycle, com
monly about 27 months Trom reproductive—bud
initiation to seed maturity, =lso occurs In

gouthern hemisphere conifers such as the

Araucariaceae, dncluding Arasucariz (Favre—
Ducharte 13962) and Agathis (Eames 1973);
the Podocsrpaceae, includling ssveral

specigs of Podocarpus (Lecby and Dovle
190%a, B), Saxepgothaea (Locby and Doyle
193%), Dacrydium (Quinn 19663, b), and

Widdringtonia (Schrnarf 1933, Moseley 1943).
A few leas [lamilisr mnorthern hemisphere
genera aiso have a eyole similar to Pinus,

eyele similar to Pinus; ineluding
Scladopitys (Lawson 1910, Buchholz 1931,
Tahzrz 1937, 1940, Gianordoli 1964},
Sequeia (Buchholz 1939a, &), and

Cephalotaxus (Singh 1961). Descrliptions of
many of these genera are brief or cover
only a few aspects of the reproductive
cycie, Cemplste descriptions of this type
of reproductive cyele are limited to Plinus
(Lill 1974, Owens and Molder 19840). There
are no detallsd deseriptlons of hardwoods
having thiz type of reproductlve cyole (see
Fowells 1985).

The 3~year-cycle - II

&8 third reproductive eyele la found Lo a
few conlfsrs ln the Cupressaceas family.
Pollination occurs in the spring or early
summer of the second year, and fertiliza-
tion cccurs within a few wesks. Embryo and




TR . ¥

e

DR M AT

CEvhieEnT PORLES fumE

e
\ lle
FENTRETATA

B , iz
; GAMITIFITE

P s S

s

Figure 1.2 The reproductive cycle of lodgepole pine (Pinus contorta)
{from Owens and Molder 1684n),

mlLrs

Flgure 1.3 The reproductive cyole af vellow cadar (Chamaecyparls
nootkatensis) {(from Owens and Molder 198%a).




- § -

geed development begins but become arrested
in late summer or fall. The seeds and
cones overwinter in a dormant condition,
then resume development in the spring of
the third year (Fig. 1.3). This reproduc-
Live ecyecle has been completely describad
for Chamaecyparis nootkatensis (Owens and
Molder 1984a) and partlally described [aor
several species of Juniperus (Johansen
19500 . Extended indlrect-Tlowerlng specles
guch’ as these and those menticned for the
previous reproductive oyele may have arisen
a8 an adaptatlon to short growing seasons.
Embryo and/or seed development and cone
development oceur over two {or perhaps
more} growing seasons.

Varlations of the baslec cycles

General sllvies (Fowells 1965) and aeed
manuala (Schopmeyer 1974) refer to the time
batween pollinatlon and sesd relazase.
Howewer, where this tlme extends over more
Lthan one year the reason la not glven,
This is particularly true for hardwoods,
some  of which have 2-year reproductive
aycles. In these cases It Is ususlly
uncertaln 1 the extended cyele results
From the second or third type of life
eycle,

A 2-year cycle which is Intermedlate
betwesen the normal 2-year cyele and the
3-year ecycle ol Pinus cecurs In the Western
Himalayan Cedrus deodara (Roy Chowdhury
1861), Flowers are Initizted {n the summer
and pollination occurs in the fall aof the
Bame yzar but fertlilization does mot cocour
until after winter dormancy. Sesds mszturs
late In the second year.

A combination of the two 3-year repro-
ductlve cyeles opeurs In Juniperus communis
(Ottley 1900, Kotter 1931) and three
gpecles of Pinus (pines, Ieiphylla, =and
torreylana) (Dallimore and Jackson 1966,
Francini 1958). 1In J. communis, flowsr
dnitlation oeesurs before winter dormanecy
and pollination woccurs the following
spring. Pollen tube growth and ovuls
development become arreated and overwinter,
with rertilization oecurring in ths third
year. The Iimmatore embryos overwinter,
then complete development durlng Lthe fourth
growth season, In the thres sgecies of
pine, pollination occurs In the spring but
pollen tube and ovale development remain
arrested for two years. Fertllization, and
embryo and seed maturatlon occur in the
fourth year.

Summary, and recommendations
for future research

in the long reproductive eyeles which eccur
in conifers and some hardwoods, thera |s
tremendous ascope: [or variatlen in phenol-
Og¥. even Lhough the sequence will remain
unchanged. We must not assume that a
Sspecles lita the texthook example, espegi-
ally If we are attempting to econtrol seed
productlion, Also, as the length of the
reproductive cyele Inereases so doas the
possiblility of something golng WrONE.
Therefore, it is not surprising that many
specles have rather low seed ylelds, To
determine the causes of poor seed yileld we
muat determlne what went wrong at what
stage of development.

Complete deacriptlions of 1life oyeles
of all lorest trees or even brief mentlon
of those for which the phenology 13 known
s beyend the scope of this review.
Researchers undertaklng aseed productlon
studies should refer to standard roelerences
such a3 "Sllvles of Fareat Treesa of the
Unlted 3Statea" (Fowella 1965, now belrng
revised) or "Sseds of Woody Plants Ln the
United States" (Schopmeyer 1974 for
general Informatlon on time from pollina-
tlon te seed maturlty. Specific aspects of
reproduction will be dealt with In subanp-
quent chapters,

The limited deseriptions of the times
of pollination and seed maturity given in
silvi¢s and sesd manuals may be adequate
for estimating potentlal sesd crops and
tlming of seed callectiona in the fleld,
However, <they are inadequate for 3eed
grenard management and genetie Lree
improvement programs. The lengthy
reproductive gyeles of many forest specias
provides = lang perlod For adversltles to
affect seed yisld. To understand factors
affecting seed yvield we musht First be aware
of the many individugl =2teps which lead to

mature viable seed. Thne complexity of this

developmentzl process: is Indiosted by the
three bkasic reprodustive oyeles given
above. It may be expedient but unwise te
mzke assumptions aboub a reprodustive
cyels,

It is reccommendeéd that, before genetic

tres improvement and seed production
programs for a species get too far under-
way, the ecomplete repreductive cycle of the
specias be studied under natural conditions
and also under seed orchard condltlons iIF

——
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the latter i3 removed [rom the natupsl
distribution of the species, Failure to do
Ehis may be more coatly in wasted time and
resources over many y2ars than the cost of
undertaking & [lundamental study of the
reproductlve cycle. These studies should
Inelude the time and method of reproductive
bud initiation (Ch. 2), pollen development
and the pollination mschanism (Ch. 3},

fartilization (Ch. £), and embryo, seed,
and eone or Truit develepment up to. the
time of seed maturlty and release {(Ch. T).
These =studies are not diffieult but often
fall outalde the experlence of many
forestry laboratories, Thiz iz an oppor-
tunity to utillize the expertlse of hotan-
ists for the benefit of foresiry.




CHAPTER 2
FLORAL INITIATION
Introduction

The term "floral Initlation"™ {3 used to
describe Lhe btranaltlon of an indetermi pant
vegetatlve apical meristem (apex) or an
undetermined axillary apex into 3 determin-
ant reproductive apex that may develop inte
angloaperm flowers or donifer strobiil
(conea). The term describes a process,
rather than a specific structure,

Floral initlatlon !5 the first step In
any reproductive ecycle. There have heen
geveral reviews on Plowerlng, emphasizing
floral Initlation (HIllman 1962, Searle
1956, Challakhyan 1968, Evana 1969a, b,
1971, Bernler 1971, Zeevart 1976, Halavy
1985).  The long and futile search for a
Flowering hormene "flerlgen" has centered
around thla stage of development (Evans
1971). Early arguments for a slngle floral
Initiation substance were derlved from the
work of Chalakhyan (1936a, b, e, 1937) ana
othera {see Hillman 1964) on herbaceous
anglosperms that flowered In response to
photaperiod. Arguments agalnst a alngle
hormone that Induces flowering In  ail
plants center around the tremendous varia-
tion between apecies and the conditlons
under which they flower (Evans 1969b),
Ariother argument apainst such a hormone la
that long-lived plants, such as woody
perenniala, would not survive If flowertng
weére under the control of a slngle stimulus
(Romberger and Gregory 1374). Evans
({1969b) and Jackson and Swest (1972)
propoged. as an alterepative that flowering
in temperate woody peresnnials resulted from
a sgeries ol developmental stages, each
seqguentially determined by the hormone
halance &t the Inltiatlon site (apex) =at
the appropriste time. Even this may be too
simplistic & view of Ploral ipitiation In
forest trezea. This iz not to suggest that
the problem is too complex to be solved,
Indeed, there are many common factors
between woedy persanials and  herbaceous
plants during floral (nitistiogn. Also, the
anatomieal and biochemleal changes occour-
rlng during the transition of a3 shoot apex
te a [loral apex a@re essentially the same
for angicsperms (Bernler 1971) and conlfsrs
(Owens 1980).

- f -

The time and site of initiation ip
conifers

fleproductive buds may be borpe terminally
or laterally lim axzlls of leaves) on the
branch and, ln mest, except such familles
as the Cupressaceae and some Taxodlaceae,
they are enclesed by bud acales. The buds
are slmple because they normally coataln a
single strobilus and no leavas.

In the Plnaceae, seed cones are
produced rirst, lollowed by pallen oones,
usually several years later (Warelng 1058,
Fraser 1958). There |3 renewed Lntereat in
sheot development and econe posltion as part
of quantitative studies of crown form and
Eree architecture (Powell 1977a, 1979,
Powell et al, 1984).  In general, seed
cones occur on vigarous lower order shoots,
whereas pollen conea occur on less vigorous
higher order shoots (Wareing 1958, Debazae
1965, Baradat 1967, Varnell 1976, Powall
1972, 1977a). Similar observatlons havi
been made for the Cupressaceae (Courtob and
Baillaud 1955). There are several general
reviewd of Etimes oand methods of flower
Initiation (Owens 1973, 1980, Purltch 1972,
Owens and Molder 1977g, 1979d, Eis and
Craigdallle 1981). Other reports contaln
more detalled observationa and are Included
below with the time and method of reproduc=
tive bud inltlatlon Tor separate genera. &
summary ls glven In Flg. 2.7. For many
conifers elther no Lnfermatlion L= avallabla
or theres ls only general I(nfaormatlon
{Fowells 71965).

Abies (true firs)

Savaral specles have been studied, fnclud-
ing A. amabllis (Ritahle 1966, Owens and
Molder 1977a), 4. balsamea (Powell 1974,
19772, B), A. Erandis [Owens 1984b), A.
laslocarpe (Owens and Singh 1982), A
procera (Ritchie 71966) and 4. veitcheii
{Seido and Jszda 1979). A& summary is given
by Owens and Molder (1985), Potentlal seed
cone buds- are initlsted in the axils of
lezves on the upper surlace of elongating
primary or secondary shoots in the upper
Tew whorls of the orown. Begd cone budsg
may occur on vigoroys: nodal shoots or less
vigorous interncdsl shoots, Potenktial
pellen cone buds gre lnltiated in the axlls
of i=aves on the lower surface of elongat-
Ing shoots In mld- and iower regions ol the
CroWn. There Is uwsually 1llttle overlap
between sesd cone and pollen cone bearing
reglons and seldom do Lhe two ooour on A
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slngle branch. A1l axillary buds are
initiated during early shoot =longation, =t
about the time of wvegetatlve bud flush.
Axillary buds do not become determlined as
pollen cone, seed cone, or vegctatlve buds

until the end of bud secal=s initiation.
Mlerosporophylls, bracts, ovullferous
acales, and leaves begln to be Initisted

about mid-July. Pollsn cone buds complete
development In about tuo months, whereas
geed cone and vegetative buds contlnue
development into autumn. All microsporo—
Phylls, braets, fertile ovuliferocus scales,
And  leaves are Initiated before wintep
dormancy. In additlon to the above, three
alternative pathwaya of bud development,
axillary buda may abort durlng early
davel opment or become latent before becom-
ing determined [(Fig. 2.2). Aborted buds
often degenerate before forming many bud
acales, whereas latent buds {nltiate many

bud scales and retain a llving apleal meri-
stem capable of future growth.

Pasudetsugs [(Bouglas—-Tipr)

P. menzieall has been studied extensively
(Owens and Smith 196Y, Owens 1963, Allen
and Owena 1972), 1t is simllar to Ables in
most respects, except that the posltlon of
reproductive buds is lesa rigorous., There
iz rconslderable overlap of aeed cone and
pollen cone bhearlng reglons within the
crown and both types of reproductive buds
often occur on the same ahoot. In the
latter case, gead ocone budas ars mora
distal. Both bud types ocour primarlly on
the lateral and lower surfaces of ahoots,
All axlllary buds are Inltlated at the
ongel  of vegelatlve bud growth and are
daveloplng several bud seales befors
vagetative bud flush. The earlleat stages

VEGETATIVE
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Flgure 2.2 Potential pathways of terminzl and axillary bud development in Ables.
Lower line shows vegetative bud development (from Owens and Molder

1985),
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of axlllary bud determination n he recog Owens 1933), P, marlana (Fraser 1966, G.
nized by usling histochemnl romm.) and P. sltchensis
June, Axillary buds Molder 1976) and is summarized

distinet In ea d Molder (1984e), Sprude repro-
Biochemical changes b deyelap rom  terminal
gpices during the lsztis 3 0 aploes whien have been vegetative for one
gpale initiation Fava L e from pewly—initisted axil-
anatomigal "']'1.-11‘|bf“’ ogcur elongating -shogoks
anstomically determined when F. engelmannii, repro-
elangation iz nearly complseie -.ai:;—-n_ahur::l:mt, acour mostly
18857 . Microsporophyll but also In the terminal
lpavas pegin to be fnitist reproduntive buds are few
Follen cons buds per cent of total buds) they
late summear. A1l ly distriputed in terminal
dormant In the fall positions (Harrlson and Owens
sporaphyll=, microsg alan appears to be Ltrus Cor P
fertile oyulifercua P

s and Molder 197Tel and P.
initlated before btuds Caron, pers.. comm.).

exillary

in Ablesa, terminal bee

reproductive and azillary buds may abort o time bud ‘determlpation Is
become latent: in Pseudotsuga the number similar For most aspecies of
of " reproductive buds which develop {3 have been studied. Buda becoms
determinsd not by the number xiliary 1 ly determined at the end of bud
buds Initiated (although this does ary) le ‘f“*':l*i)r'l which ocours near the
but primarily by the proportion of these 'mination ofF 7lateral shook elongation
buds which differentizte reproductlve Weng et =1, 1977, Owens and Molder 1977e,

buds (Fig. Z.3) (Owens 1969). and OUwena 1983, Dunberg 1979).
atressed that blochemleal
must occur befors shoot
and anatomical Jdifferen-
iation bDeglns. rollen ocone, seed ouna,
and wvegebatlve buds In terminal and axll-
ary poaltlona beoome detardlrned at essen=
lally the same tlme In all parta of Lthe

Picea (spruces)

Thne time and method of reproductive bud
initlatlon has bean determined 1’-‘-:'
glauca (Fraser 1962, Ela 1967, Owens

Molder 197Te), . engelmannii (Harrison

SEED CONE

VEGETATIVE

PRIMORDIUM

ABORTED LATENT POLLEN CONE

Flgure 2.3 Alternative pathways of axillary bud dev relopment in Douglas-flr (from

Allen gnd Owens 1972)
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Potentlsl pathways of terminal and axlllary btud development An Ploea.,
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1984},

erowr of a tree. In P. sitchensis (Owens
and Molder 1978) and 2, glauca growing at
low elevations (Fraser 1958, Owena and
Molder: 1976, 1977e), bud determimatlion
begins about mld-July. In P. engeimannii
growing at: higher elevations determination
beglins in mid- fo late July (Harriscn and
Owens 1983}. Since the time of bud deter—
mination may vary with elevatlon and
latltude, provenance differences may be
glgnificant. Az in the above genera,
pellen evons bud development Is complsted
Fipst, usually by late September or carly
Octobar. Seed cone and wvegetative bud
development may continue until November or
December’ ln epastal P. sitchensis (Owens
and Molder 1976) and mid-October En
interior species (Dwens and Molder 1977e,
Harpidon and Oweria 1983) (#ig. 2.1). 4ll
migresporophylls and microsporangia, bracts
and funetiomal ovuliferous seales, and

leaves are iInitiated beforz buds becoms
dormant (Owens and Molder 198%ec). Axlllany
buds have the same potentlal pathways as in
Pssudotsuga (Flg. 2.3) and the abundance of
reproductlve buds Is determined more by the
pathways zlong which buds develop than hy
the number of axillary buds ‘initlated,
Tarminal reproductive buds halt the Tuture
growth of = shoot, =nd abundant terminal
fones can reducs Lthe cone-bud production
and aercwn 2%panslon of a tree For several
ySErS.

Tsuga (hHemlooks)

Only 3. heterophylla (Owens -and Molder
1974a) and T. mertensiana (Owens 198435)

have been studied and these studies are
summarized by Owans and Molder (7198U4d).
There ls consldarable overlap of aseed and
poellen cone buds In the orown and on

R T
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branches. Seed cone buds ars always
terminal (exceptlona oeccur followlng cone
induction treatments) and develop from
aplees which have been vegetative Tor one
or more years. They form on vigorous
lateral shoots Imn distal portions of
branchea. Pollen cone buds uswally develop
from newly initlated axillary buds on short
lateral shoots In proximal portions of
branches. They commorly Form & cluster aof
buds® at the base of the shoot but the
terminal apex may =2lzo devslop Into =
pallen econe bud. Cone position is
essentially the same in both species [Owens
and Molder 19844), In coastal, low
elevation, T. heterophylia, pollsn cone
buds become determined ‘in Ilate June and
seed cone buds in mid-July (Fig. 2.5). In
coastal, high elevatlion, T. mertensizna,
both pollen and seed ocone buds  bLecome
determined in late July (Fig. 2.1).
Tepminal, potential seed copne apices have
limited pathways of development. They may
ramain vegetatlve ar differentiate into
geed cone budas after bud scales are Inlti-
ated. Axillary, potentlal pollen cone buds
may abort, begome latent or differentlate
into pollen cone buds. In T. heterophylla,

axlllary buds {Powell et al. 198Y4). This
poaltlan has not been reported In other
species of Larix. In L. oeccldentalis
pollen cons buds are commonly proximal on
nonvlgorous, often pendant, long shoots,
Seed cone buds are commonly distal on
vigorous, but only slightly pendant ta
upswept long sheots. Considerable overlap
gccurs in distribution of reproductive buds
i the crown and along branches (Owens and
Molder 1379b). Pollen and sesd cone buds
irn L. pceidentalis become determined in
nid=funs. Migrosporophyll Inltiatleon Ls
complete in about © weeks znd is Followed
by microsporangial development, Pollen
cone buds become dormant in early November.
Sracts and ovullfercus sosles develop until
early November when seed cone buds become
dormant {Fig. 2.1). Vegebtative buds become
dormant in mid-October (Owens and Molder
19798). Similar detailed atudles have not
been made for other Larix species. Helated
genera, Cedrus and Pseudolarix, within the
Laricoldeas of the Pinaceae have similar
distributions of ocones but detalls of
development dre nob known.

Finus (pines)

reproductive buds continge development
until late fall, whereas in T. mertenalana
development stops by mld- to late Dctober.
A1l microsporophylls and mlerosporangla,
bracta, ard lunctional ovullfercus scalesa
are finitiated before dormancy, Prollfie
terminal seed cone development [3 common
and may limlt subsequent vegetative growth
of branches,

Larix (larches)

In Larix, the potentlal pathways of axll-
lary bud development are more limited Lhan
ln previously daesgribed pgenera, L.
pecidentalls and L. laricina have been
dtudled In detall and the position of
reproductive buds (s generally conslidered
to be similar in other apescles of Larix
(bailimore and Jackzson 1966). Both pollen
and seed oone buds normally differsntiate
Prom previoualy vegetative terminal buds on
dWarf (short) ahoots that are at lsast
one-year-old (Flg. 2.6), HReproductive buds
may develop from terminsl long shoot buds
an suppressed branchea of L. oceldentalis
(pers. obs.). Newly Initliated buds
normally develop only into dwarf shoot or
long shoot buds. However, in several young
trees of L. laricina, seed cone buds and,
te a lesser exbtent opollen cone buds,
differentiated from newly initisted

Pines were the (lrst conifers to be studisd
with regard to reproductive bud Initiation
(Doak 1935, Sacher 1954, Duff and Nolan
1958, Gifford and Mirev 1960). Unllke bhe
genera dlacusoed previously, plnes produce
axlllary bud primordia wilthin a complex
long shoot bud (LSB) rather than on an
elongating ashoot. Consequently, an under-
atanding of LS8 development ia emsential.

The LSB conslsts of 3 series of scale
leavas (cataphylls) lnitlated throughout
the growing season. Moat cataphylls have
an axlllary apex whleh lnltlates 4 serles
of bud scales, then differontlates (nto a
dwarl sheot, pellen or aseesd cone, or
lateral LSB. Therefors, axillary buda are
also Initiated and differentliated
Lhroughout the growing season. The tlme of
differentiation {s determlned by position
In the LSB (Doak 1935, Sacher 1954, Durf
and Holan 1958, Owston 1969, Van den Berg
and Lanner 1971, Sucoff 1971, Curtis and
Fapham 1972, Lanner and Van den Berg 13975,
Owens and Molder 1975a, 1977b, o). LSB'g

may be monoeyelle, conaisting of one

complete sSeguence or polyeylle, eonslsting
of two or more ssgquencas.,

Axillary buds that are initiated at
the base of the LSB in the spring or esrly
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summer differentiate Intn pollen-cone o
dwarf=shoot buds durlng the summer, & more
diatal group of axillary buds differentiste
inte dwarf shoots. The most distsl axil-
lary buds are Inltlated ln late summer snd
after a period of' bud secale initiatlon,
differentiate into either lateral LSB or
seed cone buds {(Fig. 2.7): In hard pines
(diploxylon), Ilsteral LSB and sesd cone
buds differentlate in Iate summer or early
fall in morth temperate regions (Ferguson
1904, Shaw 1914, Sacher 1954, Duff zand
Hlolan 1958, Gifford and Mirov 1960, Van den
Berg and Lanner 1971, Curtis and Popham
1872, Owens and Moldsr 1975a). In =oft
pines (haploxylon), distal axillary primor-
dla do not become determined before the LS8
begomes dormant tHhut differentiate
immedlately following winter dormancy
(Fig. 2.7) (Sacher 1954, Owston 1959, Owena
and Molder 1977b, ¢).

SEED-CONRE
BEARING L5TE

Initiation of

Dafferzntiation of

in pines having polyeyelic LSBs, more
than one series of seed cone buds may oocur
in a L5B but the first series usually beara
most of the buds (Lanner and Van den Berg
1975, Owens and Malder 1975a, Sweet 1979,
Greenwood 1330). Polycyelic LSBs cccur Ln
many hard plnes and are most common in
those from southern latitudes. They have
not besn reported in seft pines.

Because potential reproductive buds
becoms determined over a conslderable
portlon of the growing season, their
distribution on the branch and {n the erown
ls satremely variable depending upon the
apecies, site, crown form, age, olimate,
ete. Generslly, seed cone buds develep en
vigorous sheots (Varmell 197&) in  upper
regions of the crown. They often overlap
with pollen cone buds on leas wigorous
shoots. In some hard plnes (Owons and
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structures (from Owens and Molder 1277h).
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Molder 71975a) both types of reproductive
buds occur on the same LSS and the propor-
tion of each may vary within the crown.
Varlable time of determinztion means cone
buds vary In stage of develepment at
dormancy more than many other genera.
Pollen cone buds waually form s1l micro-
sporophylls and mlcrosporangia before
winter dormancy (Owens and Molder 1975a,
1977b, e). Seed cone buds may bear only a
Few hract primordia, or nearly all bracts
and ovullferous scales, depending upon the
Ltime between bud determinatlon and winter
dormancy .

The number of econe buds Cformed In
Pinus depends on the vigor of the LSH, the
number of cataphylls bearing axillary buds,
a8 well as the pathway along which axillary
buda differentlate,

Cupressaceoe (oypresa Family)

The tlme and mebhod of bud tnitiation has
been determlined only for Cupressus
arlzonlea (Owena and Pharls 1967}, Thuja
plleata (Owens and Pharis 1971) and
Chamaeeyparia nootkatensls (Owens and
Molder 1974h, 198Ha). In the Cupreasaceae,
reproductive buda form by transitlion from
vegetative apices. Buds are not enclosed
by bud soales. Seed cones are terminal on
ghort lateral ahoots located on distal
portions of vigorous shoots. Pellen cones
are terminal on proximal, less vigorous
lateral ahoots, There is conalderable
averlap ln eone distribution on branches
and In the crown. Shoot elongation and
leaf and axillary bud Initiation oeccur over
mpat of the growing =season, Transition
from vegetative to pollen cone apices
begins In early to late June in T. plieata,
and In late June In C. nootkatensis,
Tranzition Lo sesd ¢one aplces Tellows in
four weeks and one wesk, regpeciively
(Owens and Pharis 1971, Owens and Molder
1974b, 1984a) (Fig. 2.1). Only pollen cone
initiation as a result of gibberelilin A&,
treatments, rather than under nzatural
conditions, was studied in Cupressus
arizonica (Owen= =snd Pharis 1967). 1In the
Cupressaceae which have been studied, all
mieresparophylls and mierocsporzangia,
bracts, scalea, and ovuleés are initiated
bafore cone buda become dormant in the
fall, The terminal position of reproduc—
tive buds ends vegetative growth of that
shoot, except pollen cone bearing shoots of
Chamaecyparis and Cupressus. 1In these, an
axillary apex is initlated at the base of

the cons, After anthesis the pollen eone
Is shed and the vegetative sheot elongates
and asaumes a termlnal posltion. Thisa
shoot could form anobher pollen cone In a
subsequent year (Owen3a and Pharis 1971,
Owens and Molder 197Ub, 1984a), Cone
Initiation In the Cupressaceas |3 compar—
able to floral initiation fn mary anglo-
sperms,

Other ponlfers

Other conifers have not been studlad but it
ls sale to assume that ln most Lamperate
conifers, reproductlive buds become deter-
mined In the apring or summer of the yoear
before anthesis (Matthews 1963), Exaep-
tions may ocecour in tropleal gpeclas which
have very short dormant or resting perlods
and allght seasonal changes. The tlme and
methoed of cone initlatlon of a specles la
an lmportant conaideration {n the timlng of
cone linductlon treatments (Ch. U) and In
understandlng the eyelle pattern of cone
productlon undér natural conditlona
(Ch., 3).

The time and site of floral initlation in
hardwoods

Fleral LInitiatlon In hardwood trees has

been studled much less and s generally
more complex Lhan ln canifers. The greater
complexity of hardwoods ls 3 natural result
of more diveras genera and more varlation
in floral bud structure, Jackson and Swest
{1972} elassified slx of the more common
types of floral buds based on pesition
{terminal or axillary), possessiaon of
flower parts only (simple, as in conlfers),
or possession of lesavea and [laowers (mixed
buds). Mixzed buds, upon expansion, produce
lealy -shoots terminating In a flower, or
nave axillary flowers =and a terminal shoot
that remalns vegestative. In addition to
being monoecious or dloscious, hardwoods
may have peérfect (harmaphroditic) flawers,
fmperfect (unisexual) Tlowers, or be poly-
gamous, having both unlsexual and blsexual
flowers on the same plant. For mest hard-
wood Torest geners, Tloral development has
aeldom been described for more than one
species. Several specles within a genus
msy be simllar morphelogleally but not

phenologically. All of this adds to the

complexity of Tlowerlng.

Descoriptions of the anatomy of the
flower or inflorezence may be cbbtained for
some genera [(rom general taxonomy

R RN ——
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references (Lawrence 1951). Times of
anthesls and seed maturlity sre generally
glven in ailvies references (Fowells
1965} .

fcer (maples)

Acer is reproductively very diverse even
Wwithin 3 species. This i3 demonstrated by
4. pensylvanicum in which individuals are
generally dioeseious although monoesclous
individuals occcur (ge Jong 1976, Hibbs and

‘Fischer 1979); inflorescences generally

contaln only staminste (maie) or pistiliste
{female) [lowsrs but may contain beth;
Tlowers are imperfect or rarely perfect
{although not functionally) (Hibbs and
Fischer 1979), and the proportion of flower
types In & tree may change from year to
year, Buds are mixed In socoe spescles
(Hibhs and Fischer 1979, Anderson and Gusrd
1964) or both mixed and slmple in others
{(Barker et al. 1982). Some of this varia-
tlon results from tree age (Hibbs and
Fischer 1979) or environmental (nfluence
(Barker et al, 1982),

_ Floral initiation oeccurs by the trana-
ition of a vegetative apex to a floral apex
in late June in A, pseudoplatanus but the
time of lnitlatlon ls not known for other
speocles, Indlvidual floral primordia are
then Initlated as lateral appendages along
the maln inflorescence axis (Anderson and
Guard 1964). There are no references Lo
possible wvarlations in time of floral
Inltlation or to stdge of floral develap=-
ment present ln ovarwintering buds, There
Is no evidence of different sex expression
In buds from different reglons of the crawn
(Hibba and Fischer 1979, Barker ot al.
1982},

Betula (birah)

Betula 1s monoeclous. In B. papyrifera,
vegetative short shoot, long shoot, and
female and male Inflorsscence initiatlaon
and  development have been caraefully
described (Caesar and MacDonald 1983,
MacDunald and Mothersill 1983, MacDonald et
al. 1984),

Female Inflorescences form on  short
shoots. Short shoots develop frem proximal
axillary buds on long shoots {pctentlsl
short shoot bud), from short shost terminal
buds or from axlilary buds on llowering
short shoota, Axillary short shoot buds
are Initlated in the summer and undergo a

vagetative: growth ceycle. The vegetative
cycle may be repeated for soveral years or
the short shoob apex may undergo bransition
te & Temale |Inflorsscence apex. The
transition of zxillary buds on a long shoot
w11l agcur after only one year of vegeta—
tive growth. Tranaition of 2 termidal bud
mey focur in any year. Transltion ocours
in Iate June, Befors winter dormanay,
ianflgrescence bracts develop and gynoscidl
{femsl=) floral parts partlally develop iIn
their axils. Stlgmatic primgrdla are not
Inftlated mtil zfter winker dormancy.

Male inflorescences lorm on long
shoots. Long shoot buds are initiated in
the axils of distal late leaves of the
siongating long shoot. The laong shoot bud
develops ane rudimentary leaf, two or three
mmbryoniec lesaves, and about five sSmallep
primordla which expand the loliowing spring
into distal late lsaves. Male {nflores-
cenges are Initiated [n early May (before
Flushing) as primordia In the axifis of the
last formed leal primerdlum, and in the
axll of a transitional leal on the long
shoot. Termlnzl apices may abort or Torm
male Inllorescences, Hraets form rapidly
on the Infloreacence apex and, by early
June, floret primordia ars [nltlated In
bract axils. Male inflorescences are well
developed before winter dormanny, are not
ancloged by bud scales {naked); and are
located 3t the apex of long shoots.
Termlnal male |Inflorescences lmpose
limitatlons on crown expanalon because thaey
slgnificantly reduce leal area (Caesar and
MacbDonald 1984) and prevent shoot
development (MacDanald ot -al. 19847,
There la no clear separation of lemals and
males bearing shoots on branches or within
the arown.

Populus (poplars, aspens, ecobbonwnada)

Repreductive buds are aimple (Jagkson and
Sweet 1972). Graf (1921) described diffep—
entlation of staminate and plstillate
Inflorescencaa. Nagaral (1952) and Bestls
(1974)  described floral [nitlatlon,
Although the genus i3 generally regarded as
dioecious, the ocourtenes of monoeclous
Inflorescences and perfect lowers has bearn
reported (Lester 1963). Inflorescence huds
of P. tremuloldes may davelap Ianto
plstillate, staminats, or parfect Flowers,
which are Inftiated at different timea
{Lester 1963), Inflorezscense buds  are
initiated In the axils of laavss on the
cureent year's growth. These axillsry buds
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are amall apices, each with ons bud seale

when winter dormancy occurs.

Terminal buds burst in May: Axillary
primordlia initiste several bud seales
during rapld shoot elongation. Floral
aplees are determined about mid-June
(Leater 1963, Beetle 1674). Fistillate
flower primerdia begln development of
floral parts by late June and staminate
lowers begln development of floral parts
in early July. In perfect flowers, stamena
are horne on the sldes of the pistll
primordla and the latter are Initiated
allghtly earliaer, Perfect flowera are
restrloted to the distal half of the
Inflorescence. Floral development
continues through September, 30 that
anthera and ovulea are well developed (n
ataminate, plstillate, and perfect flowers
before winter dormancy. Brlef descriptions
of floral Inltlatieon and early development
in P. tremuloides and P. deltoldes (Nagara)
1952) indicate similar phenology to that
degceribed by Lester (1963) and Sejitz
(195B). There are no descriptiona of the
distrlbution of floral buds in the crown or
an branehes,

Quercus (oaka)

Ruercus {a monoecious and flowers are
imperfect (MaDonald 1969), Buds are mixed,
contalnlng both leaves and flowsrs.
Inflorescences ocour in the axils of leaves
and bLraets, and terminal aplees remain
vegetative (Jackson and Sweet 1972). Only
In Q. &alba has floral developmsnt been
studied In detail (Merkle ot al. 1G8D).
Both s=staminate and pistlllate inflores-
cenees may oocur within the same bud. In
May, staminate infloresecsnoes are initiated
in the axlls of developling leaf primordia
within vegetative huds, The half-
eylindrical shaps of the catkin quickly
becomes evident and staminate Tlowers begin
to develop acropestally in late Juns or
early July. By early August, the eatkin
primordia are distinguishable opicroscopi-
eally and they are well devslopsd when they
become dermant in  Octaber. Pistillate
Inflorescenoe primordia sre Inltlated in
axlls of the distzl thres or Tour leaves of
the bud in July, but do mot become distin—
gulashable from latersl <wegetative buds
until Auwgust. One or two bracts are then
formed but these develop 1ittle before
winter dormancy begins In October. Pistil-
late [(loral develcpment resum=3 the
Follewlng March or early April, and ls

complsted within thres weeks (Merkle et al.
1680).

Similar floral Initiation times were
also reported for Q. alba (Turkel et al.
1955) and Q. robur (Lohwag 1910, HRomasov
1957). However, the stage to which pistil-
late Inflorescences develop In the fall may
be qulte variable among locations op
specles. There are no descriptions of the
distrlbution of flioral buds in the erown o
on branches.

Other hardwoods

Several reports on other hardwood forest
specles show that flowering ls affected by
environmental and ecultural factors ocour-
rlng In the late apring and summer of the
year before anthesla., These lnelude Fagus
Spp. (Matthews 1955, Holmagaard and Olnon
1960, 1961, 1966, Matyas 1969), Fraxinus
spp. (Pond 1936), Salix spp. {Junttila
1980}, and Juglans spp. (Ponder 14579).
Theae effects suggest the time of floral
bud determinatlon. However, suah Lndlrect
evidencae should be veriflied by develop-
mental atudies to determlne i rlaral
initlatlon, or a subssquent stage of
devalopment, la belng Influsnced. Most
atudies of woody anglosperms do not make a
claar distinetlon between floral Initiation
and floral development. The term "initla-
tlon™ has been used too loosely in the
literature on hardwood forest trees. The
literature on fruit traes 1s less amblguous
and confirms that floral initiation, and at
least the early atagss of floral
developmant frequently occurs in late
spring or summer of the year before anthe-
sis (Matthews 19631).

Summery, and reccmmendations
for future research

Knowing the time z3nd method of floral
initiation 15 wvslusble both in determining
snvironmental or developmental factors
which may affeet [lors! initiatlon, =snd in
determining the correct time to ‘attempt
Floral esnhancement or inductlon treatments,
There is no single factor responsible for
floral inltistion. The generalization that
it oeccurs during the spring or summep
before polllnation is true for most Forest
Lress; however, there are sxosptlons in
the conifers (=g. Pinus) and perhaps in
hardwoods. Conifers have simple buds and
unisexual {lowers. Hardwoods have either
slmple or wmixed buds and often have
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hermaphroditic flowers. The complexity of
flowering In hardwonds, =zlofng with lesser
degree of commsrcial interest, has resulted
in mueh less knowladge of floral initistion
in hardwoods than in econlfers, We should
not  assume that undeseribed specles
regemble prelated species, especially in the
hardwoods, which are guite variasble.

Future researeh should emphasize those
genera and species which have not besn
studied. An understanding of flgral
initiation is =an essential first step in
any floral Induction project. The smzll
early JInvestment ean yield considerable
savings In time and money when experiments
begin. It is impossible to evaluate a
Floral induetlon technlque or compare
results from different lsboratoriss [T the
time of floral Initistion ls ignored. This
begemes ‘apparent when trying te evaluats
the early lliterature on savironmental
effects on lloral initiation (Ch. 3) and
floral inductlon (Ch. 4).

The tlme and method of floral inltiaz-
tion should be determlned for any conifer
er hardwood species (ncluded in a genetlc
tres Improvement or seed orchard programme.
Time of floral initiation, determined
anatomlecally, =should be correlated with
gome easlly observed developmental stage.
Pér cent of vegetative ashoot elongation haa
been used for this purpose in several coni-
fers. Calendar data can be used as an
pstimate for trees growing within their
natural range, but this may not be accurate
for trees grown outslde of thelr natural
range or ln pots In growth facilitles. Not
all speeclea require detalled anatomloal
study. Buds dissected durlng the growing
season will often glve enough Informatlan,

Floral initiatton must be diastin-
gulshed from subseguent floral development.
Factors afflecting floral initiation may
hsve nc efféeect on [lorel development and
vice versa. We must know Lf we are affeat-
ing the occeurrence of potentially reprodue-
tive apices, the differentiation of ths
apices inta floral apioess, reducing
abortion, or affecting subsequent floral
devslopment. Without this knowledge thers
¢an be an endless prollferatlon of studies
with Llneconclusive, wmonflicting, and
unrepeatable resulis.

The time between blochemleal differan-
tiatlon and anatomical differentiation la
not known for any forest speeclas. Antigen
antibody technlques now belng uwsed in
anlmsI and, to a lesser extent, In plant
developmental studles could be adapted and
uged lor the early detection of subtle
molecular changes ln apldes long before
morphological diffsrences appear. This
approach has been ussed in  angicsperms
(Plerard et al. 1977, 1980}, and could atd
blochemleal and physlological studles as
well as provide precise timing of (loral
Inductlon treatments.

Flnally, termlnology should be
standardlized as much as poasible Lo avold
confusion and allow easler comparison of
results, The rlrst changes during floral
Initlation are remarkably sblmllar in conl-
fera and hardwoods because they lnvolve the
transltion of an apex undergolng Indeber-
minate growth Into an apex with determined
growth. Therefore, the same terminology
may -apply to both. However, subseguent
development becomes quite different because
of basle structural differences between
atrobill, and flowers or Inflorescencea.
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CHAPTER 3

ENVIRONMENTAL FACTORS AFFECTING
FLORAL INITIATION

Introduction

The preceding chapters demonstrate that all
reproduct ive shoots of conifers and hard=-
Hoods differentiate from apices that are
undetermined or were previcusly vegetative
but pass through a very plastic phase in
development , In most specles this phase
lagts saveral weoks and oeccurs during the
year befope antheals, At this tims
environmental and endogenous factors lntep-
del ta gontrol bud determination. Many
atudies have tried to demonstrates a rela-
Llonship between snvireonmental factors and
floral Initlatlion in geographlie regions,
atanda, and on fndividual trees but sueh
relationshlps are frequently difficult te
ldentiry, Forr exampla, a correlation
between seed grop and weather data s
prabable. However, Rehfeldt et al. (1871)
cautlons that, "...in any attempt to
correlate previous cone crops with previous
weéather regorda, problems arlsing from
intercorrelations among the dependent and
Independent varliablas will be encounterad;
iv 1s difficult to identify causal mechan-
lams becauvse of these intercorrelations.”
Slmllar Intercorrelations may occur
between, or among all Tactors alffectling
Floral I[nitlation and they should be
considergd Iln all attempls to interpret the
effects of environmantal factors. Reviews
by Matthews (1963), Jackson and Sweet
(1972)y Purlten (1972), Lee (1979),
Lavender and Zaerr (1985), Lavender (1985),
and Pharls and Ress (1985) should be
conaulted because each provides z different
perspectlve.

Periodicity

Long term Tluetuations er periodicities In
the production of cone and frult crops have
been demanstrated in conifers (Daubenmirs
1960, Matthews 1962, Lowry 1966, Els 1957,
Van Vredenburch and Lz Bastide 1960, Zasada
and Viereck 1970, Fobar 1978) and hardwoods
(Matthews 1955, 1963, Holmsgaard and Olsen
1961, Matyas 1969, Grisez 1975). Scome
genera, like A4cer, Fagus, Betula, and
Fraxinus (Holmsgaard 1872, Zssada and
Gregory 1972, Orisez 1975) produce seed
almost every year; otherz, 1llke appls
(Fulford 1960), are primarlly hiennial and
produce good seed eropa only every faw

years (sse Fowelis 1365). Some  genara
contaln consistently good  seed producers,
@.g8. Quercus rubra, and other specles that
mzy be good or poor seed producers, B.g. -
alba (Grisez 1975). However, cone, fruit,
er sead production represents the climax of
the entire reproductive eyele and that oan
e Influenced by many factors. Produckion
recarda are generally ocompllsd for stands
and may obscure perlodlelty wlthin
Individual trees. Perlodiecity data should
be cautloualy Intsrpreted when related Lo
specific environmental factors,

Temperature

A certala minlmum degree of heat s
required Tor floral Iattlatlon and Lhis
appeard to be higher Lhan that required for
vezalative growth (Matthews 1963). High
Summer temperatures Tavor [nereassd Cloral
initlatlon and development. This has beaon
démonstrated In several genera. The

concept was [lrst mentloned by Linnaous

(1751 from Holmagaard 1972) who natloed
Lhat heat (and drought) Lln 1798 caused more
abundant flowering than usual (n Fagus ln
1752, In Fagus (Matthews 1955, Holmsgaard
and Olson 1960, Matyas 1569, Holmsgaard
1972), warm temperatures (n June and July

enhanced Tlower productlan, especlally

male, whereas ccol autumns stlmutated
Female flewerlng. Unfortunately, the time
and method of Fleral {nitlatlen have not
been determined For Fagusa.

The effect of temperature on flowering
kas not been studled 1o othar hardwood
geners, Indlrect evldence sugpgests that
higher than normal temperatures may enhance
flowering ln young Betula, but thess were
grown under continuous long days { Lonigman
1978). Enhanead flowering in Betula grown
in sheltsr houses is uged in Geandinavian
breeding programs. The time of (loral
Inltiation In some hardwoods is long,
mzking It pessibls for temperature to have
=n effect on flowerlsg znd sex aof Induoed
filowers, In some flowsring eitfrus Erees,
high summer tamperaturses are Inhkibitory to
floral 3Initlation (Jacksan and Sweet
1972).

A& positive corr=latlon between high
summer’ temperstures and Ploral {nitiatlon
nas been demonstrated in several conlfers.
Magulre (1936) used a 23-year pecord, and
Baubeomire (1980) a 7T-year record, of
temperature and cone production for Pinus
pongergsa. Maguirs's results demonstrated
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that above average temperatures in April
and May, In the year of reproductive bud
determlnation, led te good ocons crops 27
montha later, These results #Zre difficolt
to reconeile with the observations that
seed cone bud differentiation In hard pines
gecurs: in late sSummer a2nd Tall. in
contrast, Daphenmire found no effeect of
April-May temperatures but & good
correlation bestwsen higher than average
temperatures in June to September and cons
production.

Other studies of Pinus are less
complete and often do not separate high
light intensity and high temperaturse,
Hagem (1917) and Fober {1976) suggest that
high summer temperatures are necsassary in
the year of reproductive bud differentia-
tion for good cone produstion In P.
sylvestria. Fober (1976) =&lsc Ffound: that
warm weather in April, July, and August of
the year before reproductive bud difleren-
tlatlon was dimportant and he attributed
thls to an accumulatlon of storage
aubstances that Inerease tree vigor. High
mean July temperatures correlated posi-
tively with seed cone production (based on

one  year old conelets] in F. resinosa
(Lester 1963), 1In a revlew on Plnus, Lee
(1979) coneluded that high temperatures

throughout the growlng season will enhance
reproductive bud initlatlon. There are no
references relatlng temperature differen-
tlation in the soft pines (haploxylon).

In Ables, Picea, and Pseudotsuga,
which have asimlilar tlmes and methods of
reproductive bud differentiation, there is
a pgood correlation between higher than
average summer temperatures at the time of
differentiation and good cone ecrops the
next year. Els {1973) based his conclusion
on 36 year records of A. grandis., Other
studles show aimilar results for Pleea
(Fraser 195B, Lindgran et al. 19777 and
Larlix (Yanaglhara ot al, 1980). The most
gomplete studles have been of Pseudotsu
(Lowry 1966, Van Vredenburch and La Bastide
1969, Eia 1973). In addition to warm
temperature at the time of reproductive bud
differentliation, they also found positive
sorrelations between good cone crops and
eool, oloudy weather the sSummer before bud
differentiation. This ¢overs the perlod of
vegetative bud developmsnt when leafl
orimordia are initiated. Potential rEpro—
ductive bud aplees are initisted the
Ffollowlng spring within the bud in the
axlls of these lsaves (Owens 1963).

Vigerous vegetative growth could lead to
the initiztlon of more leal primopdia,
providing maore =sltes for axillary bud
initiation the folilowlng y=ar.

High temperatures during reproductlve
bud differentiztion may affect wvarious
metabolic processes within the plant,
ineluding photosynthesis, carbohydrate
metaboli=m, water and nubrisnt uptake,
transpliratlon, and growth substances.
UnTortunately, we know little about the
effsct of temperature on these processes in
reproductively mature treesz. The problem
becomes mors complex when an abtempt is
made to separats the effects of inoreased
temperature from the effeets of l1ight
intensity and molsture, sinee cloudy, wel
days are often associated with low tempera-
tures.

Light intensity

Most studles of effects of light intensity
on flowering are indirect. They relate
Flowering to crown exposure, slope, floral
distribution within the erown, and shading.
Generally, branches exposed to hlgh Llight
intengity tend to flower more than shaded
branches. Nanda (1962) found (lowering in
closed stands of Tectonia to be conflned to

upper -parts of e¢rowns of domlpant and
co-dominant trees exposed to bright
sunlight, Crown closure In Acer

pensylvanioum altered light intenalty and
caused a change In sex of [lowera produced.
In apen crowns most lowers are male but as
erown elosure ococurs there o o dechedse Ln
male and an ifnerease in lemale flowers.
This inereases the seed produaklivity of the
atand wich time (Hibbas and Flscher 1979),
Thinning has been a suceessful method of
Floral induetlon In Pinua (Phares and
Rogers 1962, Halls and Hawley 1954, Harnes
1969, Allen 1953, Godman 1962, Cooley 1970,
Eldridge 1966, Wenger 1954, Bilan 1960,
Allen and Trousdell 1961) ond Paeudotsuga
{Reukema 1961),

Sarvas (1962) observed that flowerlng
was most abundant on exposed P, aylvestris
trees and that light Intenslity may affeet
development of reproductive strictures.
Brédndo (1970) and Simpson and Fowell
(1981) showsd that flowerlng was more
abundant i{n trees growing on south slopes
than on cother aapscts. Similarly, flower-
ing is commonly most abundant oA the south
side of the crown (Winjun and Johnaon 1964,
Spith and Stanley 1969). Shadling
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experiments of individusl branches
decreased aced cone bud  production in
Pseudntsuga {(Siien 1973), Cryptomeria
(Miglta 19G60a, b), and certaln frult trees
(Jackson and Sweet 1972).

Although the reasons why Inereased
light Intensity may Increase flowering on
entire treea or separate branchea are not
clear, results indicate that it may be a
practliecal method of enhancing floral initi-
atlon under certaln conditions. It could
also be an lmportant conslderation in the
salection and management of tree erown form
for maximum seed production.

Photoperiod

Photoperiod, the length of the relative
llght and dark perlods, has not been demon-
strated Lo have a direct effect on lorest
Lrees as Lt does In many herbacecus planta,
Mirov (1956} concluded from his study of 28

specles of Plpus that they wers day
neutral, that i3, Crlowerlang was not

alfected by daylength., Warelng (1958) also
concluded that photoperiod had no effect on
Flowerlng In P. sylvestris, as dld Lanner
(1963} for Plnus. A negative effeet of
photoperlod using Interrupted nilghts was
observed Tor P, attenuata (Lanner 1963) and
Pieea glauca (Durzan and Campbell 1979).
Bunburg (1979) suggested that photoperiod
may be more lmpertant in development than
light Intenslty. He presented evidence
that effects of latltudinal movement an

fleral Induction in Picea may be photo-
periodic,
There ia some evidence that photo-

perliod may affect the sex of reproductive
buds. Longman (1961) found that potted
young Pinus gontorta grown under short days
oub-of-doors formed more seed cones than
controls grown under natural daylengths,
This could have resulted primarily from a

deerease in shoot elongstion caossd by
shert days (Gresnwood 19871). Giertyeh
{1967) proposed that pollen cone buds,

whlch are initiated during langer day-
lengths than seed e¢one buds in Plnus,
constltute an example of photopericdie
effects on llowering in conlfers. Differ-
ences in natural time of reproductive bud
differentlation in Thujs plicats led Owens
and Pharis (i1971) to propose that, although
differences In actual daylength may be too
siight Ffor the tree to peresive, the
difference between increasing (pollen cone

initlstion) and decreasing (seed cone
Inltiation) daylengths may not ha,

Studiass of Tsuga heterophylla and
Chamaecyparis nootkatensls (Owens and

Molder 197%a, b) also showed that polien
cone buds were initiated under increasing
daylengths and seed oone buds under
decreasing daylengths. Pharts and Morr
(1967) reported precoclous flowering In
four-month-old seedlilings of Thuga plleata
treated with glboberellins., Seedlings kept
under long dayas (16 h of 1light), formed
over slx times more preproductive buds aa
under short days. In €. nootkatensis
seedlings In which reproductive buds wers
Induced with gibberellln Ay (GAs), a
higher proportion of pollen econes were
produced under long days (16 h of 1llght)
than under short days (8 h of light) (Owena
and Melder 19777). A long day requirement
was also demonstrated LIn GAs-induced
pollen ednes in Cupressus arlzonica (Pharls
et al. 1970). 1In all conifers where there
la a demonstrated effect of photoperlod on
bud Inductlon or sex, there 18 a natural
difference in time of male and female cona
bud differentlation. In species wlthout
this difference, photoperiod may aoct
Indirectly by causing the end of shoot
elongatlon which colneldes, {n conifers
studlied thus Tar, with reproductive bud
differentiation (Owena 1980, Owens et al.
1985).

In weody anglosperms, photoperiod
appears Lo control cessation aof  shoot
elongation which often colnoldes with the
Eime of [floral initlation (Jackson and
Sw=et 1972). Thus, photoperiod may !nflu-
ence floral Initlation and sex of flowers,
especially in those specles where male and
femzle f[lowers become determined at
different times. 4s in conifsars, it may be

difficult to separate effects of photo-
perlod and light Llntensity. There are no
dirget photoperiodic effects on floral
ipitiation rsported Tor hkardwood Fordst
traos, '
Moisture

Under patural conditions the effents of
moisture are diffleult to <eparate from
other factars. Low moigture avallabllity
is freguently assoclated with Lnéreased
reproductive bud initiation but low mols-
ture usually accompanies high temperatures
and hilgh 1light intensltles. Sevaral
studies have shown a posltlve correlation
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betwean increased flowering and posaible
low moisture avallability In the spring and

summer of the previous year, usually
resulting from Iow rainfall, In Fagus

gylvaties, dry summers (and high tempera-
tures) were correlated with increzsed seed
production over & 100-year peariod
(Holmagaard and Olaen 1%60). However,
Matthews (1955) found that regressions of
slze of sead and ralnfall were not signifi-
cant. Since then, experiments on besch
sged production have demonstrated an effect
of ‘water aupply separats from temperatore
{Holmsgaard and Olsen 1961, 1986,
Holmasgaard 1972). Holmsgaard and Olson
(1966 sublectsd potted besch grafts to
drought at different times and Found that
the lateat and longest Ereatment in the
summer produced the 1argest 3eed crop.
Beyond the reviews by Matthews (1963) and
Jackson and Sweet (1972) the more recent
literature provides no further information
an  temperature effects on flowering in
hardwood [oreast trees,

Conifers have been studied more exten-
sively. Studies have generally ashown
posltive gorrelations between low rainfall
during the spring or summer when reproduc-
tive buds become determined, and subsequent
pone  productlion. Unfortunately, the
pragise Lime of reproductive bud determlina-
tion waa not known or consldered when many
of these studles were done. This has led
to some conflicting results. hlao, tho
results of many experiments uslng water
gtress are confounded by otheéer treatments,

Studles of Plnus monticola compared
yearly counts of seed conea at varlous
atages of development with analysia of
dally means of moisture stress (Zahner and
Stage 1966) owver an 18-year period
{Hehreldt et al. 1971). They found that
high molature stresa durlng early summer,
two years belore cone emergence, Was asso-
clated with high cone counts, Howevar,
high water deflelts during late summer of
the year preceding cone emergence wWere
detrimental to cone production. The latter
stage Ia when _potentlal seed cone and
lateral long ashoot buds are indtiated (but
not differentlated) In soft plnes (Owens
and Molder 1977c). Unfortunately, water
deficits were only caleoulated from June
through September (Rehfeldt et al. 19713,
and not in early spring, the periocd of seed
cang bud differentiation In soft plnes
{Owens and Molder 1977c).

In P. palustris, a hard plne, high
spring ralnfall enhanced seed done bud
Tformation il sarly summer ralnfall was also
high In the y=ar of reproductive bud
differentiatlaon, Flowering always
inereazsed with higher rainfell in June, It
alsp increased with July rainfall unless
the spring was very dry (Shoulders 1967).
These data are diffiecult to dinterprek
becalise of simultanecous fertilizer treat-
ments and beeause they do not include the
later smmer and fzll treatments when se=d
cons bud determimation occurs [n hard pines
{Owsns and Molder 1975a). Fober (1976)
conciuded from 3 gorrelation of mebeoro-

logleal Tactors and seed crops In P.
sylvestris that seed cone bud initiation

was most abundant during years when there
was a sunny, dry spring (March and April)
and a warm, sunny summer (July). Close
analy=is of thess data show no eorrelation
between precipitation aleone and seed cone
praduction during the late summer perlod
when szeed cone buds differentiate in hard
plnes. Therefore, 1t 1ls difficult to
generalize about molsture aflfects on seed
cone initiatlon in =elthsr hard or soft
pine.

In Pleea ables warm and dry summars
usually enhance seed cone bud productlon

{Ls Bastide and Van Vredenburch 1970,
Erikason et al. 1975, Lindgren et al,
1977). However, Sarvas (1957) studled
meteorclogieal data from a S55-year perlod

and found many years when there was a high
incidence of high summer temperatures and
summer droughts that were not followed by
abundant cone cropa on P. ables. He
concluded that the temperature/drought
factor was not a declalve, but rather a
gontributlng, factor 1In seed cone bud
determination. In Abies grandia and
Pasudotsuga menzlesli a wet April, 16
months before cone maturation (durlng sarly
elongation of the shoot on whlch seed cone
buds develop), and a warm, dry, asunny June
(during early stages of reproductlve bud
differentlatlon) reaulted In a higher
proportion of seed cone than pollen cone
buds (Efs 1973). Lowry (1966) alsao Tound a
posltive correlation between high spring
precipltation (two to three months belors
reproductive cons bud differentlatlon) and
Ilnereased sesd cone productlien In P,

menzissll, but no correlatlon with a ﬁFf

summer during seed econe bud determinatian.
Van Vredenburch -and La Bastlde (1969)
showed & correlation batween increased seed
cone production and sunny, warm, and dry
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wealher during June and July of the year aof
bud differentlstion In P, menziesii.
Fraser (1958) reported that, in patural
atands, water stress on drier sitss was
sufficient to reduce radial growth but did
not affect seed cone production ln Picea
glawea. From thls he concluded thst mois-
ture waz of gecendary lmportance in flower-
ing.

When preclpltation alone 13
considered, data generally do not show
ponslstent positive correlations batween

low preciplitation at the time of reproduc-
tive bud differentliation and enhanced
floral productlon. Some posltive correla-
tlons, which ocecur before bud determina-
Eion, may result lrom metabolle processes
which enhance Inltlation of undetermlned
buds, promote their early development, or
pradispose them to become reproductive
budg. More conelusive data on how molsture
alfects fleral Inltlation comes from
experimenta ln which water avallabllity to
Lhe tree han besn controllad and molsture
atrass measured. These experiments ashow a
definite promotive effect of withholding
water and subsequent moisture atreas on
Moral production. This will pe discussed
in Chapter 4,

Mineral nutrients

Generally, there have been few studles
deyoled to mineral nutrlents but
nocaslionally observations are included ss
parts ol other studies. All other factors
belng equal, trees growlng on fertile sites
tend te produse more ssed than thoss on
lesz fertlle sites (Matthews 1963).
Unfortunately, few studi=a of putrlent
levels discriminate betwsen effects on
Floral Inltiation, seed production, and
deed quality. WNemee (1356) showed that nut
Formatlon in Fagus sylvatiecz involvad
considerable consumption of mineral nutri-
énts, and thal s decline in minersl content
of =2¢ll, sccompanied by acldificatisn of
Ehe =soil profile, was assoecisted with poor
or no .seed production. Im Pinus sylvestris
In Finland, flowering and ssed production
were hebbter on more fertile sites (Sarvas
1962}. 1In that report, pollen cone preduc-
tion on fertile sites was four times that
pf trees growWwing on LInfertile sitas.
Crocker (1973) reported that the seed crap
of P. palustris was enhanced by increasing
site fertility. Site fertility may be

affected by ground wvegetation. Azniev
(1970) observed that In P. sylvestris

plantations, the gresence of lupln eaused
earlier and heavier cone production.

Minmeral nutrients that appear to ba
most important in Clowerlng are nitrogen
(N} and phosphorus (P) (see review by
Jackson and Sweel 1972). Thelr speelfip
role, Lf any, ln fTiowerlng la not clear.
Host Information oomes frem experimenta
=here applleation of P and eapacially N may
stimulate [lowering but the Fform of N
applied and the time of application are
also lmportant. These aspects will be
discusaed L Chapter &,

Effects of other mlnerdl nutrlents ars
not as well documented. Reduced rloral
Initiatlon has been reported with goppar
deflelency In apples and pears (Wallace
1961) and a posltive correlation has been
shown between calelum content of Fraxlinus
and apple shoots and flowar bud formatlion
(Perfll'ev 1962). Defletencles of galelum
and magneslum may reduce flowerlng In
Cryptemeria (Lyr and Hoffman 1964). It ia
likely that many nutrient defleclencles may
adverssly affect flowering and seed produc-
tion.

Other factara

There are several factors which through
injury or stress may affsct Cloral initia-
tlon posltively or negatively, Al ter
Injury, treea often respond by |lnoreased
sexual reproduction, referred to as streas
cropa (8rdnda 1970). Injury, leadlng to
stress cropa, may be Iaflisted In & varlety
of ways.

Late frost damage has heen preported to
Encrease Larlx cone crops the following
year (Wachter 1359, 1962)., Ebell (1971)
reportad lInersased cone production In
Pseudotsuga menziesil following frost

damage {n November which czused lesisns
Lthat girdied the trees to varving degrses.
Any Torm of glrdiing may induce = streas
crap, suppossdly by hinderlng downward
movement of ecarbohydrate In the phloem.
This often results [n enmhanced peproductive
bud differentiatlon the Ffollowing year.
Wounds resulting in some degree of girdllng
may result from various ecauses, including
logging, Tlre, lnsects, mammals, and
disessa, Girdling used as a cultural
treatment to Inddoce Tlowerlng will He
discussed in Chapter 4,
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Resin tapplng has been reported to
decrease cone production in Plpus
sylvestris (Vornov 1952) and slsc lncrease
it (Philippis et 31. 1966). In the latter
cafe, the Initial [nerease, perhaps resuli-
ing from partial girdling, was followed by
g decrease in qone preduction.

Defoliation, If done beforse sarly May,
inoreased the initlatlen of pollen cones In
P. sylwvestris but had no £ffeet on branch
development (Giertych 1970). He suggested
reduced ashoot vigor favored pollien cone bud
differentiation. There are reports relat-
ing natural defpoliation: {by insects) to
Ingreased cone production. Top dying has
fncreased sesd production in Beiuls
(Kesaler 19697,

Root damage by logging, rosd building,
excavatlion, and disease may snhance repro-
ductive bud Initiation. This has been
reported in Sequola sempervirens (Muelder
and Hansen 1961) and Picea ables (Starcenko
1964), and the opceurrence is very commEon
gnd Famlllar to many Toresters. The effect
of root damsge may bYe through reduced water
uptake resulting In a moisturse stiress
within the tree. Moisture stress through
rootpruning a3 a oultural treatment [lor
sead cone Inductlion will be dlscussed In
Chapter A,

Stress erops may seem counter produo-
tive for an individual tree. Tho diversion
of a limited supply ol energy into repro-
dugtive structures may result in further
strasa  leadlng to death of the tree,
However, Lhe phenomenon has definite
advantages for the survival of o apscles,

Influence of endogenous cyclea

The lack of oconsistent positive correla-
tions Dhebtween environmental factors and
aged productlon often regults from  the
fallure of cone, frult, or sesd development
deaspite lnareases In reproductlve bud
differentlation,. Another consideratlon ia
the endeogenous oyole within s tree.
Although we do not underatand all of the
physiologieal reasons for reproductlve bud
differentlation, we do know that (n most
fruelt and foreat Lrees sbundant frult and
cong arops do not ogour on the same tree in
cansaoutive  years, An  abundant erop is
usually followed by no crop or 3 very small
crop. This is becapse, in most species,
the time of reproductive bud differentia-
tien colncides with the most rapld grewth

of the frult ar cones which have high
nutrient reguirements (Kozlowskl and Keller
1966), Consequently, shoot elongatlon and
reproductlve bud develapmant on these
shoots [s inhibited by subtending fruaits
and cones (Allsn and Owens 1972, Powell
1977a, Owena 1384B).

Considerable energy goes into repro-
ductive growth. In mature Pinus radista,
the pollen, conses, snd sSeeds make up 16 per
osnt of total dry weight of the .tree
(Fislding 1980). Apprsoizble guantiti=s of
minerals and nitrogen alse acoumulate in
frults and sesds (McKee 1958; Bell and
Childers 71954, Dickman and Kozlowski 1969a,
b). In P. reslnosa (Dickman and Kozlowsk!
1970), translocation and lneorporatlon of
I*C-labellsd photosynthate was taken up
initially by second year cones followed, in
order, by terminal shoot nesdles, lateral
shoot needles, terminal shoot Interncdes,
laterzl shoot Interncdes, and one year old
wood, Reproductive buds of Pinus differen-
tiate from axillary apices In Internodal
reglons of terminal and lateral long shoot
buds, whieh a&are not strong sSinka Cop
asaimilates. In other members of the
Pinaceae as well, the subtendling ahoots
{Loach and Llttle 1973) and seed cones
{Ching and Ching 1962) are primary sinks
for photosynthate at the sxpanse of
elongating shoots on Which reproductive
buds differentiate. The effect of develop-
Ing frults and cones on growth regulatora
In slongating shoots and developing buda La
not known.

It appears Lo take ane or mare years
followlng a4  heavy <rop, [or trees Gto
racover, No matter how Favarahble environ-
meéntal factors might be, they rarely ovar-
ride the effects of bearing a heavy arop
and consecutlve cropa do not occur. Thepa=
fore, although environmental factora may be
ideal, correlatlon Wwith a good arop may not
oecur. Also, after a tree regoversa from &
heavy crop, less than optlmal anvironmerntal
factors mlght enhance a moderata to heavy
arop. Another factor wWhich mlght affect
correlations within a stand or region is
the chance synchronlzatlon of many trees,
each with L1ts own crap perlodleity, This,
coupled with Tavorable environmental
factora, could result In the bumper crops
which occaslonally occur in many speaiag
within & region In one year, Ne doubt
anvironmental (aetors play an Important
rols, but definitive stedies of their
eiffects may never be possible bocause af
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the multltude of as yet poorly understood
interactions between exogenous and endogen-
Qus Factors,

Summary, and recommendations
for future research

Most studles of environmental =ffects on
forest tree raproduction have been done
without knowledge of the natural time of
loral initiation or a clear distinetlon
betvween factors affecting bud initiation,
bud differentlation, and subseguent
development through all of the stages to
cone or frult maturity. It {5 not surprls-
ing that many apparent correlatlons cannot
be explained developmentally or physlo-
logleally and many expected correlatlons do
not oecur. The reproductive ocycles, whlch
usually take two or more years [rom floral
Initiation untll seed release, do not lend
themselves to this sort of analysis,
Nevertheless, aome generallzations can be
made regardlng factors affecting floral
Initiatlion, It Is generally favored by
high light Intensity and temperatures, low
ralnfall and sofl molsture, and high sofl
fertllity at, or preceding, the time of bud
determlinatlion. Many natural phenomena
causlng stress within trees may also
enhance flowerlng. Under natural condl-
tions 1t 1a nearly impoasible to separate
the Interaction of all factors. Added to
the complex Interactlons of factors is the
natural sndogenous cycle within a tree and
perhaps within a stand or reglon. Environ-
mental factors may act to synchronize these
Eydleﬂ;

Further atbtempts to corrslate lowar-
ing with environmental factors may be of
marginal benefit. Desplte rapid develop-
ment of statistical technlques and gomputer
eapabilltles there is still a general lack
of good long term weather and ecrop data for
a given region. We do not yet know How 2
single factor leg: drought]) affeots thae
physiology of the tree and floral I[nitia-
tion. Therefore, we cannot hope to sort
out the complex interactions between all
factors. More useful research would be to
study the effests of Indlividual lactors on
the physiology and development of troas
grown under controlled conditlons. Small
rooted cuttings rather than grafts or aseed-
lings provide physlologleal clanes sultable
For  experlmental studles In  contralled
envlronments, Ualng these treas,
regearchers could study In detall the most
lmportant factorsa (e.g. temperature,
light, drought) Influencing reproductlye
development throughout the long reproduc-
tlve cycles. This would be a large task,
coordlnating studles of development with
changes In endogenous growth regulators,
carbohydrates, and perhaps certaln amino
acids whichk are lmplleated In reproductlve
development, and subsequent lnterpretatiocn
af results. Analytical techniques
requiring only small amounts of tlssue are
belng daveloped. Researchers, equlpment,
techniques, and sultable plant materlal of
saveral speclea are now avallable For this
type ol redearch.
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CHAPTER 4
FLORAL INDUCTION AND ENHANCEMENT
Introduction

Floral induction in juvenile or otheryize
non-reproductive Ltrees, and the enhancement
of flowering by coltural treatments, are
valuable tools in genetic tree improvesent
programs  and in seed produckion. for
reforestation. Most cultural treatments
[nvolve alteratlon of the environmental
factors deserlbed In Chapter 3. Many
treatments are not =asily applled Lo large
trees, nor are they easlly controllsd or
repeatable under {leld conditions. Alao,
it is nobt possible to ensure that all field
environmental conditions remain wuniform
while under study. Conseguently, most cone
induction or enhancement bLrials have hesen
confoundad by the Interactlon of several
varlables leading to [nconclusive resulta.
The wuse of contalnerized (potted),
genetically uniform, small trees grown in
controlled environments will provide better
condltlons for determining the relative
Importance of Individual treatments and
Lhelr Interactions,

Fertllizer treatmenta

The applleation of nitrogenous fertilizers
ls one of the oldest and most widely used
floral Inductlon/enhancement treatments.
Matthews (1963) revliewed early fertilizer
treatments and dliascusaed them in relatlon
Lo the ecarbohydratea/nitrogen (C/H) ratlo.
A review of fertilizer experlmenta on
conlfers through 1970 is given by Puriteh
{1972}, Jackson and Sweet (1972) alaso
revieded the llterature on N and
phoaphorous (P) fertllizer treatments of
frult trees and hardwood and coniferous
Foreat trees, In additien, they brilefly
discusasd other mineral nutrients, An
annotated bibllography on the effects of
fertllizer on cone and seed production has
been done by Brazeau and Vellleux (1976).
More recently, Lea (1979) reviewed s=lte
fertillty and fertlllzer treatments on cons
inductlon primarily In Pinus.

There have been several reports on
fertilizer treatments sinoe the extensive
revieWws by Purltoh (1972} and Jackson and
Sweet (1972) which have not been described
In other reviews. Hather than discuss atl
of the reports in detall, Appendix 1
provides a list of species fertlllzed, the

treatments  used, times of treatment AF
specified, the =ffectz on f{lowerlng and
appraopriate references. Thia includea all
references Trom Purliteh's (1972) review and
more recent reports, Some general obhgerva-
tions based on these breatments are glven

belgw,

Regults from fertilizer treatments are
sxtremely wvariable for several reasons.
Fertilizera have been applied at different
times of the year, often without ecareful
regard for the natural time of floral
fnitistion in a speciss. Unless Tertilizer
ls zpplisd long encugh bafore fioral initi-
ation to allgw for lag-time in uptake,
results will likely be negligible. Several
fertilizer treatments of Fseudotsuga
applied during the period of wegetative bud
break (Stpate et al. 1967, Ebell 1972b)

resulted in enhanced cone produstlen.
Fertilization Gtwo weeks before or after
fiushing was ineflectlve, TIn Pleea, spring
(Holst 1971) and summer (Remrod 1972)
treatmenta wers best,

Fertilizer treatments have been
appliad at different Limes in =everal

speclies of hard plnes wlth varlable results
{Appendlx 1), For example, Schmldtlling
(1974, 1975) inereased female flowerlng in
Pinus taeda with late summer applleatlon
and attriputed thia to having applled the
fertilizer during seed cone bud differen-
tiation. Other fertilizer treatments
showed Increased flowering In plne, aven
though the time of treatment dld not eoln=-
cide with reproductlve butl differentlatlon
(Greonwood 1977, Heldmann et 4al. 1979),
Hesults such asd these have led Sweet and
Hong (1978) to suggeat that the malor role
of N, In lncreasing cane productlon In
plnes, may have been to increase crown size
and number of sltes In the crown where
reproductive buds may be Initlated.

There are few reports of fepbillzer

Lreatments of soft plnes and Increased
flowering by fertillzer alone [a not
raported., A prelimlnary study reported

nereased cones In P. lambertlana with
fertilizer treatment (Schubert 1956). The
greatest lnerease ln femals flowering In P,
menticola oceurred when fertilizer was
applied on April 30 of the year of anthesls
23 gpposed to May 27 (Barnes and Bingham
1963). Earller treatments may have better
colneided with the time of seed pone bud
differentiatlon (Owens and Molder 1977ec).
However, these treatments were confoundad
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bevause they followed release treatments
and lnereased waterlng given the preceding
yeanr. Fertilizer and high temperature
treatments induczd polien and seed oons
buds in P. strobus and one hybrid (Barnes
and Bingham 1263).

Fertilizer treatments increased male
and Temale flowers LIn beseh (Fagus
sllyatica) in France and these effects were
atlll present after thres years (Lo Tacon
et al, 1977). This appears to have been a
general - response  {noreasing Lree vigor
rather than a specifiec effect on floral
lpitlatlan, There are no reports on effect
of fertilizers specifleally on [loral
Initlatlon In hardwood forest Gbrees.
Jackson and Sweet [1972) describe feptil-
izar offects on' floral {nltiatlen In
sevaral frult trees,

In most lertilizer experiments the
nutrlent gontent of the forest soll was not
analysed before treatment. Therefore, the
nutrlentas which were deflelent were not
known' and the types and amounts of nutri-
enta added may or may not Have been
adequate, This could lead to extremely
varlable results in different species and
altes, Sesd cone cropa may be increased
Just by lnereasing slte fertility or index,
as has been shown in P. aylvestrls (Sarvas
1962) and P. palustris (GCroker 1973).

The type of fertilizer is alss lmpor-—
tant. In Pseudotsuga menziesii ammonium N
did not Induce reproductive buds, whereas
nitrate B inereased ssad cone production up
Lo seven (Ebell =nd MeMullan 1970) and 10
(Ebell 1972a) tlmes. Despite this sfrect,
theére was no differénce In the accumulation
of tetal N iIn buds and folizgs [Ebell
1972a). Ammonium N increased total protein
N, whereas nitrate N incrsased smino aecid
levela, partloularly arginine and lysine.
Ebell (14970) concluded that the different
responges did not result from svailability
ort rate of uptake of the two forms of ¥ or
from improved mineral nutrition, but from
specific chemiesl stimulation of eritically
timed changes ln the type of N metabolism.
Barnes and BepngsSton {7958) found theg
fertilizing with NH.NO: doubled seed
cone  bud imitiation and increased free
arglnine, totsl free amlno scids, and total
¥ of talgs and total N of leaves lIn B
alliottl. It iz evident from the many
references (Appendix 1) that the Form of N
required for beat results may vary with the
species. Alsp, In Pseudotsuga, fertilizer

appiication snhanced cone Inltiation only
in paturally good years [or cone initlatlon
and was relatively {neffective In poor
years (Stelnbrenner et atl, 1960, Ebell
1972b). In many studles the form of N is
notl specified, Other minerals, such as
phosphorous (P) and potassium (K), are
frequently appliad with ¥ making Lt dlffi-
cult fo determine their speclfie effect.
Ebell {1962) got no response with P and K
on Pseudotsuga but Glertych (1973) repurted
Inereased cene productlon in Flnus
aylvestris with K fert|lizatlion. Adaguate
levela of P may be necessary [Por male
flowerlng In P. radlata {Sweet and Wil
1965) and Cryptomerla (Lyr and Hoffman
1968). Jackson and Sweet (1972) conocluded
that It was difficult to comprehend  the
rale of P in the Mowerlng of frult trees.

The sex of Inltiated ocones may be
affected by [fertlilzer treatment. Lag
(1979) suggests that the more frequent seed
cone, &3 oppossd Lo pollen cone, réesponse
may indicate dlfferent requirements of N
nutrltion in sex determinatlon. Howevear,
most of nis examples are for Plnus where
pellen and seed cone buds are Inltiated at
different times, Shoot  vlgor (Varnel
1576), expoaure of crown (Sarvas 1962), and
minoral deficiences (Sweet and Will 1965)
have 2150 been asscelated with the sex of
cones. Consequently, thsre is no alear
indleation that fertilizer treatment alane
can affect sexuallty of cones,

Melsture and other environmental
factors may alter the Fertillzer effect.
Hainfall after fertilizer application may
negate the benellelal effects on cone
production (Ebsll 1972n). Many Interac-
tlons have been shown bebween fertilizer,
roct pruning, and other water streas treat—
ments.

Girdling, banding, and strangulation

Thezs wound freatmsnts have long been used
suceesalfully to fnduce Plowering im Truit
trees (ses Holmes and Matthews 1951), coni-
fers (Appendix 2], and at l=ast one hard—
wood [(Pond 1336). The lIntent of these
treatments is to ingresss carbohydrate
conesntration in the crown by impeding its
downward movement. This is a consequence
of Kisbs' (1970) orlginal coneept that
conditions whleh favor carbon assimilation
and limlt uptake of soll nutrienta enhance
flowering. The earbon/nitrogen (C/N) ratlo
theory of Kraus and Kraybill (Kraus 1925)
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proposed that a high C/N ratlo in the plant
(high C) promotes flowering and a low ratlo
{high N) favors vegetatlve growth. A few
experiments support this hypothesia but
many othera do not.

Girdling of Crypteomerls Japonica and

Larix 1leptolepis inecreassd carbohydrates
and decreased both water and N in shoots,
resulting in = sharp lnoreass in the C/N
ratio and an Ainerease In Flowering
{Hashiziume 1970). Others doubt the signif-
icance of a high C/K ratio in flowering and
consider 1t to be & consequence rather than
a cause of flowering (Kramer and Kozlowski
1960, Ebell 1971). Unfortunately, with f=w
exceptions (Hashizum=s 1970, Ebell 19731},
most experiments report only the =ffect on
Mlowering 'and do not relate this to actual
changes in carbohydrates, It is difficult
te regoncile the CFN ratio theory when N
lertilizers can markedly enhance flowering
and lnerease varlous forms of N within the
tlasues. Desplite the lack of a satlsfac-
tory explanation for lnereased flowering by
glrdling and strangulation, both Ltreatments
can be gucceasfully uvsed for fleral [nduc-
tlon.

Results vary dependlng upon the time
af applleation, the method of glrdling or
atrangulaticon used, and the use of adjunct
treatments. The moat definltive results
Wwere based on experlmenta usling double-
stemmed Pseudotsuga menziesii where the
aecond stem served as a control. Other
Lress were glrdled at weekly Intervals Crom
Aprll to mid-July to determlne the optlmal
treatment time (Ebell 1971). Enhanced cone
grops were obtalned on glrdled, an opposed
to unglirdled, palred stems and the optimal
timg of girdling was about one month before
vagetative buda burst. This 13 saaveral
weaks belfore the anAtomical dirfferentliation
of buds (Owens 1969), but would allow
adequate lag time for the treatment to be

affectlive. Melehlar (18960} found that
glrdalling L. leptolepls up to the end of

May enhanced [lowering ths following year,
whereas glrdling after June enhanced
Flowarlng two years later. He correctly
reasongd that these results were becausa
canes were Inltlated in June, In L.
occldartalis, reproductive bud diffsrentiz-
tlon oceurs 1n mid=-June (Owens and Molder

19798). Many other girdling and strangulz-
tion trails haye been lsss preeise in
timing and have bLeen asssssed only by

mature cong counis,

Fraxinus nigra (Pond 1336).

The method of girdling {Cade and Hain
1977, Shearer and Schmidt 1970) and stran—
gulation (banding) have variable effects on
cone induction and tree damage. Thin
(2.5 om) overlapping glrdles give good
results and heal well, but repeated treat-
ments can be harmfol I the trees are to be
used for long term eone production.
Meichior (1061b) Tound the presence of
vranches balow the point ‘of girdling was
negsssary for survival of &-year old Larix
grafts. Ebell (1971) recommended girdling
25 = supplemantal technique where reiponss
to other treatments has been poor, Branch
glrdling has been used succesafully
{Stephens 1958) and offers an alternsbive
where limited cone production [a requlred.

Strangulation by warious techniques
provides & temporary and severs restriction
of translocation but results arse generally
less effective than from girdling. The
poor response to strangulation may result
from the incomplete, slower, and therefore
poorly timed restriction of translocatlon
(Ebell 1971), Flowepring has been enhanoed
by strangulation in-several conifera and in
However, many
negative results arse also reported
{Appendix 2) and Bilan (1960) reported
adverse alleecta through starvatlon of
rooks,

Molsture Streas

The effect of natural molsture stress on
floral Inductlon has been known [For many
years and has led to many attempts to
inducae Clowerlng by varlous cultural treat-
ments (Appendlecea 3 and 4). These Lnelude
controlled lrrlgatlon, drought treatmanbs,
and rootpruning. Not only has withholding
wWwater stimulated fClowerling but, in some
plnes, waterlng from March to MNovember
inereased Lthe number of pollen conan
produced the next season (Barnea and
Bingham 1963, Barnea and BHengaton 1966,
Bengston 1969, Dewers and Moehring 1970).
Others have demonatrated lnoreasad [lower—
ing in pines when (rrigation was combined
with other treatments such as diskling
(Schultz 1971), fertlilizer (Sprague et al.
1979}, and subseguent drought (Dewers and
HMoehring 1970).

Ebell (1970) dedonstrated 1in P,
menziesii that moisture stresa increased
the level of amino aclds, particularly
arginine; and Induced pones {as did nitrate
W), whereas readlly avallable water
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Inereased protein levels but did not induce
cones (as dld ammonium N) (Ch. 2).

Carefully controllad drought treat-
ments are difficult to perform In the Tield
and many attempts have not been accompanled
by water potential measurements, Conse-
quently, rleld drought treatments can give
highly variable results. Experiments using
containerized trees and ecarefully monitored
water potential ashow that molsture streass
does enhance flowerlng in some specles,
Pre-dawn moisture atresses of 12 to 20
atmoapheres, measured by the pressure
chamber technique (Ritehie and Hinkley
1975), appear minimal for econe Lnducticn,
Unatressed trees in the fleld can be
oxpected to average about 7 te 8 atmos-
pherga of molsture satreas (Cade and Jackson
1976). Consequently, many unmeasured mols-
ture atreas conditiona whioh have not
resulted In cone induction may represent
Lrees under low molsture stress. Potted
Faguas gralts subjected to drought for vary-
Ing perlods from May 27 to June 27 showed
anhanced [lowaring [rom the later treat-
ments (Holmsgaard and Olaen 1966), Flower—
ing in potted grafts and seedlings of P.
menzles!l was atimulated by drought treat-
ments severe enough Lo halve shoot elonga-
tlon (Ebell 1970). Treatment beglaning at
the time of flushing and copntlnulng for the
next Lhree weeks was optlmal., HResulta Crom
drought treatments of containerized trees
may be confounded by heat effecta [ exper-
Imenta. are done indoors.

Molsture streas In field grown trees
Iz often brought about by rootpruning,
Rootpruning lnereased seed cone lnltlatlon
in Pinus elliottii (Hoskstra and Mergen
1957) and P. strobus (Stephens 1961, 1984},

but had no effect on L. leptolepls
(Heltmuller and Melchior 19680) and
Pseudotsuga menziesii  (Melchior 1968).

March roctpruning of P. menziesil resultsd
in reduced water potentizl in June (when
reprodustive buds differentizte), reduced
ghoot elengation (Webber et al, 1985), and
enhanced seed-pone Initiation (Ross et ai.
1985). Rootpruning alse reduced mitetie
activity in terminal and in potentially
reproduckive axillary buds. This delayed
bud development and the time of bud deter—
mination by two to four weeks {(Owens et at,
1985) and lInereased the proportion of
ahorted and latent buds (unpubllshed data).
Delayed development moved the time of bud
differentlatlion [nto July when endogenous
and exogenous factors may have been more

Favorable for
{Owens et al.

reproductive
19857,

development

Rootpruning may affect more than water
uptake, In Ribes, rogts produce a Clower
inhibiting substance (Schwabe and Al-Doori
1973) which may be removed with rootpruning
(Dunberg 1977, Bonnet-Maalmbert et al,
1882, Philipson 1983). However, simllar
flower inhibiting substances have not been
demonstrated in forest trees. The ecycls of
root development 13 very complex and
dirferent From that of the shoob (Johnaon-
Flanagan and Owens 1985): therefore, rook-
pruning and drought should not be regarded
simply as methods causing molature gtreap,

Lifting and transplanting have
enhanced cone Inltlatlion and may be compar-
able to rootprunlng. Quirk (1973) 1ifted
and pruned the roots, then replantad
10-year-old Pinua realnoaa in April. These
traes produced lnereased numbers of cones
In the second and third growing season
after this treatment while unlirfted traes
produced no cones, Silen (1973) moved seed
orchard Pseudotsuga menzlesll ramets and
Induced an average of 23 cones compared bo
zero for unmoved ramets., Moved ramets alao
showed drought aymptoms,

Release

The effect of thlaning on flowering in
Fforsst stands was discussed In Chapter 3

under 1light Intensity. This form aof
release has bheen usSed to ingrease nut
groduction in Juglans (Ponder 1979),

Flowering !n other hardwoods (Kashimura et
al. 1953), and cone productlon ln several
conifers (Appsndix 5}. The possible causes
For increaaed reproductlon are dlscussed In
Chapter 3. Hfelease ls often accompanled by
fertilizer treatment (Heidmann et al,
1979). Results can be large, such as the
six fold inereass in the: number of cones
obtained in Pinus taeda (Bilan 71960}, and

benelleial 1in both good and poor years
(Wenger 1354, Allen and Trousdsll 19617,
In P. resinosa the per eent of Lrees

bearing cones was directly proportlonal to
the degree of thineing (Godman 1962),
However, Florence and MoWilliam ({1956)
demonstrated In stands of P, elliottii and
Araucarls cunninghamif that the ddensity
glving maximum cone productlon per tree was
much iower than the denslty giving maximum
cone production per aore, From this khey
recommended optimal ‘spaecing Ln sead
grchards and plantations or the Cuture
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seed regqul rements In Queensland,
Australia.
Light

Several experiments have tested the effects
of light Iintensity, quality, and photo-
perlod on flowering in forest trees
(Appendix 6}, The effect of light inten—
glty In open and closed stands was discus—
sed ln Chapter 3. Most of the older litsp—
ature 13 related to similar fleld studles.
Howsver, more recently there have been
experiments on the effects of 1light on
flowering but, unfortunately, it is diffi-
cult to separate light and temperaturs
affects.

One of the earllest experiments
abtempted te shorten the Juvenile growth
pericd in Betuls by growing seedlings under
continuous illumination, continucus long
days, and normal daylengths In a greenhouse
(Longman and Wareing 1959), After 10-12
monthe from seed, staminate flowers wers
Initiated in plants grown under continuous
1ight but no [lowers ware Initiated In the
other two groups. They ooncluded that
maturity of trees resulted from the attaln-
ment of & certaln size rather than the
number of growth cycles, Since then, seed-
lings of Picea (Young and Hanover 1976) and
Pinus contorta (Wheeler et al. 19582) have
been pgrown under conbliruous 1llght, and
outplanted. Picea formed the [lrat ased
gones in the fourth growlng season and
Pilnua eontorta the first seed cones in the
fifth growing seaspn. In the latter case,

cone enhancement carried over Into the
following year.
Photoperiod (s generally considerad

not to have a direct effect on cone initia-
tlen In eonifers (Ch. 3). However, some
reports ashow a photoperiodle influence.
Short days stimulated seed cone productlion
In P. contorta (Longman 1961). It may be
Ehe length of the dark perlod that la
erltical in photoperiodle responsas.
Durzan and Camphbell {(1979), and Durzan st
al. (1979), {interrupted the dark period
with red light and decreased seed ocone
Inltiation the following yesar on 10-year—
old field grown Picea glauca. They tenta—
tively conecluded that thls apecies ls a
short~day plant with respsct to flowerling
but did not speeulate on how this treatment
gould affeet econe bud initiation the
following year.

Based on a study of cone initiation in
Thuja plicata under natural econdltlons and
GAy inductlon, Owens and Pharis {1971)
suggested that sex of rconea might be
affeetad by photoperiod because pollen
cones  were initiated doring increasing
daylengths and seed cones during decreasing
daylsngths.,  This has since been supported
by an experiment using GRs to iInduce
cones In Chamaecyparis noptkatensis. A
higher proportlon of pollen cones than seed
conss wars Ilnltlated under 18  hour
daylengths than under 8 hour daylengths
{Owens and Molder 19777). However, temper-
ature waz net carefully eontrolled io this
experiment. In Cryptomeria Japonlea, Gha
treatment under long days (and high temper-
atur=a} promoted pollen cone Inltliation,
whereas in Chamaecyparls obtusa long days
zand high 1light lIntenslty promoted both
pallan and seed cone initiation without
GA: treatment (Nagas and Saskai 1981).
In clonal grafts of Larix leptolepis seed
cone buds were Inltlated only within a
range of 12 to 16 hours of daylight but not
below or above this range (Yokoyama and
Asakawa 1973),

Photoperiod does affeot shoot elonga-
tigon In seedlings (Pollard and Portlock
1984}, and it may be through the complex
interaction betwesn shoot elongation and
reproductive bud differentlatlon Lhat
photoperlod haa lts effect. Slowing of
vegetative growth appearsa to be a requlre-
ment for cone [nltlatlon In many conllers,
Heproductive buds were Indused on young
Pinua taeda grown in a greenhouse undar
20 hr daylengths by lowerling the tempera-
ture and shortenlng the photoperiod. This
slowed ahoot elongatlon and caused a
resting bud to form (Greenwood 1978a,
1981). The out-of-phase dormancy treatment
may work on other hard pines Lln which seed
cones are Induced as growth slows in the
late summer and fall. 1In Salix pentandra
aplcal growth cessatlon In seedlings can be
Lnduced by short days, and aploal growth
cessatlion In mature treea ls a prerequislte
for floral initlatlon (Junttila 1980). 1In
woody plants, only Flowering Iln Rlbes has
bean shown to be dirsctly affected by
photoperlod (Schwabe and Al-Doorl 1973).

Other technigques

Floral Induction may also occur a3 a pesult
of branch pruning, grafting, bending,
sheltering, and the use bof gover crops
{Appendix 7). Wareing (1953) observed in
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young Plnus sylvestrls thet branches on
which the terminal bud had failed to
develop due to Insect attack the previous
season bore numerous sesd cones. A subse-
quent debudding experiment In May enhanced
pollen cone initiatlon. Leader pruning
{(topping) of Pseudotsugs menziesil produced
an increassd crown area for cone produc-
tlon, reduelng total cone production but
not eone productlon per unit of height
eompared to controls (Copes 1973). The
ddvantage of this method was In the ease of
managemenl. of trees In seed orchards,
Hedging lor lnereased cone productlon and
ease of colleoction has alsoc been trled Ln
conlfers {Sweet and Krugman 1978). Pruning
Inereased cone production in 15- to
18-year-ald Pinus montlcola but not in
older trees; It appeared to lnorease the
Juvenlle perlod (n younger trees (Caffen
and Bordelon 1981),

Gralting has resulted in precoclous
Mowering on Juvenile seions grafted to
tops of some reproductive plnes (Miroy
1951) but slmilar attempts have not been
aucoensful  In other plones {Mergen 1962,
Barnés and Blpgham 15963). Increased cone
productlon In sclons from cone produclng
reglons of the crown may result from slight
incompatabiiity (Ahlgren 1972) or poor
grart uniens causing partial gridiing.
Cholee of roolsteck also may be important
in stimulating pollen or sesd cone produc-
tion In some conifera (Krusche and Melchior
1978).

CGravity and shoot orientation affeet
vegetative growth ang rlowering in some
Foreal GUrees ({Jackson and Swest 1972):
Generally, horizontal  branches produce
fewer vegetatlve and more reproductive buds
than more upright branches. Branch bSanding
haz: been used as a {loral enhancement
technique in fruit trees but the uss in
forest trees has been limited. Longman and
Wareing (1958) found in L. leptolepls that
the greater the branch angle down from the
vertical the greater was the enhancemsnt af
reproductive buds. This treztment zlso
brought young trees Into heavy cone bearing
(espeeially pollen cones) when tLhey
normally would produce few or no conss.
Melohlor {19672, b) obbtained similar
results Iln the same species. Ceotropic
stimulation of cone induction has not been
reparted for other conlfers. Tying down
individual branchez ln Betula resulted in
reduced shoot eiongation but not increased
flowering (Longman and Warelng 1958,

promising results,

Longman =t a1, 1965). One of the main
benefits of this treatment may be to sloW
vegetative growth which In some species la
necegsary before floral Initiation will
eceur {Wareing and Nasr 1956). The treat-
mant may alflfect the distrlbution of growth
substances but this aspect has not bean
fully investlgated,
Increased floral Inltiation has ogcur-
red in Individual young Lrees covered by
palythene tents. This tachnique has been
used successfully in B. verrucosa (Lepiste
1973) and Picea (Hemrod 1972, Chalupka and
Glertyeh 1977, Tompsett and Flateher 1977)
but Inereaged cone Inltlatlon did not ooour
In Pinus sylvestris (Bergman and Kardell
1975). A positive response la thought to
regult primarily {rom {noreased day tempar-
aturea at the time of lloral bud diffCeran-
tiatien. More recently, placing pobted
sclona and seedlings In polythene shalter
houses has been suceessfully used as an
adjunct treatment wlth drought and OA
treatments (see aectlon on GA treatmenta),

Crowth regulator treatments

The review by Purlteh {1572) disoussed the
applleation of varlous growth regulators to
conlfers to lnduce precoclous [lowerlng in
Juvenile treea or enhance Tlowerlng In
sexually mature trees. Since that time
there have been numerous reviews (Jackson
and Sweet 1972, Pharls 1976, 1977, Phapls
and Kuo 1977, Pnaris and Ross 1976, Lee
1979, Dunberg and Oden 1383, Rosa et al.
1383, Ross and Pharis 1984). About 100
research papers deserlibé results utillzing
& variety of species, growth regulators,
concentrations of growbth regulators, times:
and methods of appliecation, plus several
adjunct treatments. To discuss esch paper
would be extremely tedlous, consequently a
table (Appendix B) 1lists most treatments,

results, sand references for attempted

application of a growth regulator to forest
trees. Befsrence to this table and the
Zbove mentloned reviaws represent a minimum_
requirement to obbtain an understanding of
the potential breadth and complexlty of
these treatments, The text helow will
oriefly rovigw the typea aof growth regula-
tors u3ed. Since GAs arz the only growbh
regulator Greatments which have glwven
at laast in conifers,
discussion will focus on them. GA' treat-
ments Wlll be reviewed in terms of methods
of applleatlon, time of applieatlon, and
effapts with adjunct treatments. Varlous
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theories on modes of action of GAs will be
considered but only briefly, because
research In thls area 1s presently finson—
clusiye,

Effects of various growth regulators

Puriteh (1972) described the important role

of zuxins in the flowering of herbacsous
plants but goncluded that, in conifers, the
slgnificance of auxins In cone Induction
appears to be ‘secondary through effects on
Juvenllity and perhaps sexuality of conss.
Hashizume (1962) studisd endogenous auxins
gnd GAs 1n nine gonifers and concluded that
sged cones are formed under higher auxin
levels than pollen cones. Any direet role
of auxins in promoting cone induction i3
undertaing however, mnegative effscts of
auxin application on cone Induction are
commen  (Mann and Auszell 1957, Hashizume
1959, Bonnet-Masimbert 1971, Bruns 16973,
MeLemore 1975, Bleymuller 19767,

Although growth retardants may affect
flowering In some orchard trees and woody
bruamentals (Jackson and Swest 1972), there
are no reports of direct effects on floral
infttation in forest trees, In conifers
eertain retardants, CCC ({chlormequat) and
ABA (abaclsic acid), emhance cone induction
but  only when used in conjunction with
GA, ,» (Bleymuller 1975, Chalupka 1979,
Ross et al. 1983). Simllarly, eytokinins
may enhance or modlfy GA responnea In conl-
fers but are not affective by thomselves
(Ross and Pharias 1984),

Gibberelllns are thought to Lnhibit
flowering In many woody anglosperms
(Jacksbn and Sweet 14972), based on studies
using 0GOhAas. The applleation of mnmore
recently available non-polar GAa may glve
different results. Hecent atudies of apple
(Pharis, pers. comm.) indleate that the
less polar GAs may be effective in hardwood
floral Inductlen,

GAs was shown to induce conea in
many species of the Cupressaceas and
Taxodiaceae (Appendix 8). Both pollen and
seed cone huds have been lnduced and, in
many lnstances where these are initiated at
different times, the sex has been mani-
pulated by timing OGA: treatments (Koss
1983b) or by varying the photopericd during
Ghs treatment (Owena and Molder 19777).
Cone induction has been zehlieved in ssed-
lings as young as three (Fraser 1970) or
Pour months (Pharis and Horf 1967) and on

appllad &s

Individusl branches of young trees (Rass
13336). In the Cupressaceas and
Taxpodiacese, there are no serious Impedi-
ments Lo ecost effsctive cone industion: fop
Increazed seed production due to the
following factors: Gi: I3 relatively
Inexpensive; the Creatments are easlly
: a2 foliar sprayi the time
reguired for treatments may be as short as
Lthres wesks; the trees may be manipulated
regarding the sex of cones: and, resuliant
pollen and seed are of high guslity (Sato
1963, Owens and Molder 1977f1).

It w3z npot until the mid-1970= that
cone induction by GA treatment was achisved
in the Pinaceae. This resultsd from the
use of the less polar GA, s mixture
(Hashizume 1973, Pharis et al.” 1975, Ross
1975). Since that time, cone induction has
been -achieved In 16 specles of Pinaceae
representing Tlve genera (Larlz, Picea,
Pinus, Pseudotsuga, and Tsuga). In mast
experiments, best rpesults Have been
achlaved when the Gi,,. mixture was
applied with some adfunot treatment
(Appendix 8). Other non polar GAs (CAs,
Ghs) have been triled with some success
but usually In combination wlth other Ghs
since pure preparations were not always

available. However, the ﬂA,;, mlxture
has been moat eflfectlve (Tompsett 1977,
Dunberg 1980, Pharis et al. 1980,

Greenwood 1982). Progress has been slower
in the Plnaceae than 1in the Cupressaceas
because: loss polar GAs are not as avall-
able and are more expensive than Ofss
treatments are not as eadlly applled
(foliar spraya may not be effective); the
timing of Ereatment In more erltleal; the
length of treatment may be longer (commonly
alx weeks or more); GA, treatments
are most effective when "appllied with
adlunct treatments; and the seX of cones is
not easlly manipulated, Desplte these
problema, considerable progress has been
made in the last five veara In both fleld
ErowWwn and containeprized Lrees
(Appendlyx 8),

Methodn of CA application

The earlieat and atlll most commonly used
method for GA applleation {3 a water-based
foliar spray contaiping a dilute carrier op
wetting agent to facllitate penetration and
variable concentrations of GA. In =arly
studias Tween-20 at 0.1 per cent was
commonly usad as the Wwetfing agent. It
worked well for the Cupresssceae and




_3u-

Taxodlaeeds but not for the Pinacsas.
{1979) evalusted several follar spray
carrlers for application of GA, ;.
More recently Aromox at 0.1 to 0.5 perdent
coneentrations has been used successfully
in the Cupressaceae and Plnaceas., A small
amgunt of eéthanol i3 [lreguently used to
dlasolve Lhe GA before mixlng with wakter,
The vconcentration of GA used has been vari-
able depending upon specles and [reguency
and duration of applications. Original
papera should be opnsulted for guldelines
(Appendlx B),

Hoas

Penetratlon appears to be through the
citicle of the leal' or young stem but the
actudl nsite of penetration has not been
dotermined. Tritium ('H) labelled GA,
was applied as a lollar spray to Thuja
plicata and foliage was astudied using
autaradlegraphy (J.N. Owena, unpublished
resulta). Howevar, because Ghs are water
soluble, normal hnlstologleal preparations
remove the labelled GA. Freeze dried, aor
praferably freage substituted tissue in
which tiasue preservation ls batter, will
have to be used Lo prevent GA from beling
removed durling histologlecal preparations.

Follar spraying f[3 normally contlnued
untll the solutlon begina to drip from the
Follagae. This gan be wasteful and ecostly,
especially when applying expensive non-
polar Gha, Experiments using an aerosol
povered chromatographic reagent atomizer
which produces ultra fine mist (Ross 1983D)
may provide follar spray methods permitting
the use of small amounts of GA with
Increased absorption into tissues.

Intravenous injection of agusous solu-
tiona of OA nave been used succasafully,
primarily in the Pinaceze (Appendix A) and
also in T. plicata (Coutts and Bowen 1973).
This iz most suitable for iarger frees and
FMeld studies where Toliar sprays are

Impractiecal, or in some sSpecies (eg. Tsugs
mertensliana) In which folizr sprays havs
not been guccessfal [(J.R. Owens,
unipubllshed results). In this metheod,

solutfony are Ted [rom a boltle by &
modified medical intravenous feeding unit
into a hole drilled nearly through the main
stem or branch (Ross 1978). Pericdieally,
the bottle i= refilied and 2 new hole
drilled to prevent resin from plugging the
hole and stopping the flow., This treatment
translocates GAs primarily upwards from the
paint of Injectlion. Other treatments
employ Single hypodermic injections under

the bark (Pharls =t ai, 1969, Tompsett
1977, 1978b, Tompsett and Fletocher 1979) or
injectlons Into small holes bored Into the

stem. None ol these methods provide a
uniform, econtinuous flow of OGA intg the
stem. Even the intravencus method used by

Rosa et al. (1985) required redrilling of
holes about every 2 weoks and uptake was
not uniform lnto a hole for more than a lew
days (Webber 1983),

Solutions containing GA (and other
growth substances) have also been applled
through small Inelsions in the bark of
young stems, usually near the base of the
terminal and dlstal lateral buds (Ross and
Pharis 1976a, b, Haoss ot al. 1980, Kanekawa
and Katauta 1982, Katauta 1981), Treat-
ments must be repeatad several times
because only small amounts of GA can be
applied at one time. Treatments can cause
partial glrdling whlech may enhance the
treatment or even Kkill the shoot, GA
applied In tLhia manner s dlaaclved Ln
athanol and diluted with water contalnlng
no wetting agent. When Chalupka (1978)
appllad GA.,, in lanolin to 4-5% om
slits in the atem of Pinus sylvestris the
propertion of branches bearling pollen cones
increased. However, the btlme of hia appll-
catlon, Ln May, suggests the effect may
have been & result of partlal girdling
rather than a direct GA effect, slncs
pollen cones do not differentiate until
Spmmer .

Topical applleatlon of GAs and othsr
growth substances lnvolves dlrect appliesa-
tion of small quanticies, often at fairly
high conecentrations, o' the surface of

young shoots: (Pharls and Morf 1969, 1970,
Hoss 1975, 1976, Swset 1979, FRoss and
Gregnwood 1979, Oreenwood 7981): to lsafl

traces after needles are removed from ths
branch (Puritch et 3l. 1979); or to Lthe
surface of buds (Pharis st al. 1975,
Toampsstt 1977, 1978b, Carscn =t al. 1977,

Tompsett and Flstcher 1979, Swest 15979,
Hare 1979, 1984, Ross and Gresnwood 1979,
Wheeler et al: 1980, CGreeawood 10813,

Thnese solutions ocommonly contain high
concenirations of ethanel (70 to 80 per

cent) which ecan be toxic to immature
tissues, Therefogre, although it is a
usaful -a2xpsrimentzl method for CGreabting

Individual shoots, some damage: and partial
girdling may occur when appllcation la made
to young shoots, which could modify the GA
aeffect.
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Other methods,
of agueous GA solutions
1969), have alao besn used.

such as 3 soll drench
(Pharis et al,

There are no publlished reports of
suceaesaful floral induction treatments
using the above methods on hardwood Torest
Ltrees.

Timing of G4 application

The natural times of reproductive bud deter-
minatlon (Ch. 2} for a speclss under speci—

Tle growing conditlons ls an important
gensldsratlon often overiooked fn early
attempts at floral Induction. Unsucoessfal

floral induction treatments commonly rasult
Trom improper timing as w=ll as [mproper
wethod of applleatlon or choice of treat-
ment. In many early experiments, treat-
ments were applied over very long periods,
whersds more recently, timing has been
refined to ooincide more precisely with
known times of bud determinaticn. This has
permitted more exact, unambiguous experi-
mants and less costly floral inducticon
{Appendix 8).

In most forest treess we do not know
when potentlally reproductive aplees begin
biochemical differentiation which leads to
morpholegical differentlation. In
Paseudotsuga menzlesii histochemical changea
begln Tlve weeks belore eas!ly recognized
morphologleal differentiation (Owens 1969),
This time ls long compared to herbaceous
anglosperms, where blochemleal changea
coeur only hours or days belore morphologl-
cal dirferentlation (Bernfer 1671). In
conifers It ia generally agreed that as yet
unknown bleochemloal changes leading to bud
initlatlon precede morphologleal changes
(Dunberg 1979). Therefore, at the present
Lime, we can enly estimate the optimal time
for GA applicatlon based on the onset of
morphologleal dirfferentiation. If more
preclse technigues, such as Imounooyto-
chemistry, can be developed to identify the
aarliest blochemlecal changesa, then more
preclae tlmlng of GA appllcation will be
posgible, However, just how contracted the
perlod of application ean be for f{loral
Induetlon depends upon the rate of GA
uptake, metabolism of GAs in the tissues,
and mode of actlon of GA in the Flowering
progess.  Preaently, llttle {5 known about
these aspects (Hoss and Pharis 1985).

Posslble modes of aection of GA In

flowering

For many years It has been recognlized that
iAs Induce flowering In long day plants
(Lang 1957) and in plants requiring low
temperatures (Challskhyan 1961). They may
also be essential in floral initiatlon 1n
short day plants (Hodscn and Hamner 1970).
Ehailakhyan (1961, 1968) theorized that G4
is a major component of Florigen, wWwith GA

controlling growth and development and
anthesins controlling flgral Initiatien,
both reaqulred for flowering:. Lang (1256)

proposed that GAs initiate Tlowerlng by
stimylating stem growth or Tactors asso-
ciated with growth.

Pharis and Kuc (1277) reviewed -the
literature on endogenous Gis of goniFers,
arocesses corrslated with changes in
GA-like substances, and processes affected
by exogenous applleoation of GA. More
recently Dunberg and Oden (1983) alag have
reviewed the metabollism of GAs with reapeot
to conifers. Floral Induction 15 only one
of the several growth and developmental
processes affected by GA bub the mechanlsm
by which the responses are evoked is sbill
unaettled. Thers are other recent reviews
deallng with the blochemlatry of GAs with
respect to flowering in general (Zeevaart
1983). The blochemistry of the more than
60 known GAs and their mechanism of aotlon
In reproductlon are not fully understood
and a detalled dilscusslon ia beyond the

scope of thls review, However, a brief
discusalon of the ratlonale behind Cthe
successful use of dlfferont Gha and
hypotheaea regarding thelr actlon la
warranted.,

The early success in [loral [nduotion

using the more polar GAs (e.g. with more
than one hydroxyl) Ln the Cupressaceae and
Taxodliaceae and later success uslng less
polar GAs (e.g. with only one hydroxyl) in
the Pinaceae, probably relate to the lavela
of native GAs within the Eres, tha metab-
olism of GAs including their complex and
often rapld Interconversiona, and their
mode of aetion. Few studles have analyaed
ehanges Lln endogencus GAs durlng the
natural time of floral bud differentlation
fn conifera (Dunberg 1376, Lorenzl =t al.
1976, McMullan 1980) or woody anglosperms:
(Leshem and Ophir 1977). Haowever, exten-
slve research !5 underway on GA metabolfam
With emphasis on the flowerlng processes in
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gertain
fomm, ).

gonifers and
[Phariz, pers.

woody angiosperms

Some -alternatlive hypotheses have come
from recent research relating exogenous
application of GAs, endogenous levels af
Ghs, and floral induction. One hypothesls
is that vigorously growlng conifers utilize
endogenous GAs prefTerentlally for vegela-
tive growth, dand it i{s only when environ-
mental or other Tactors restrict this
growth that OAs are avallable for floral
Initiaklon  (Pharis 1976). Exogenously
applled GAs of the proper form, for that
specles, may lnerease the endogenous lavela
of ‘certaln GAs, 3o that [lowering wlill
pecur in obharwlss vepetatlve treos,

Another hypothesls, derived Crom Sachs
{1977}, emphasizes the availabllity of
aaalmllates and essentlal nutrients In the
apleal merlstems.  Sachs pestulated that
flowering may be evoked by diveralon of
nutrianta to the apleal merlstem, It has
been suggested that exogenous appliecation
of OAs enhancea the Tlow of assimilates to
the buda where floral differentiation
oocurs (Ress et al, 1985). In a recent
study GA,,ry enhanced [rlowering In
Finus . radlata and caused a significant
réallocation of dry matter and ‘“*C-photo-
aynthate to potential sead pone primordia
within the long shoot bud (Aosa et al.,
19847,

A third hypothesls |s bassd on rela-
tlve growth rates and distrlbution of mepl-
stematle activity determining whether =&
gheot ‘apex will bDecome Vegetatlve or repro-
ductlve (Romberger and Oregory 19734,
Tompsett 1978a). Tompsatt =and Flatcher
{1973} suggested that applleation of growth
regulators promoles cone inductlion: by
anhaneing the early growth rate of poten-
tially reproductive buds. Tompsett (1978z)
formulated his hypothesis by compering bud
vigor in different regions of the crown
rather: than by comparing potentially wvage—
tative and: potentially reproductive apiges
on gpomparable branches. Recent results
with Pseudotsuga menzlesil (Owans et al.
1985) show that trees on which apleal mite-
tic detivity and growth wars Inhiblted by
rootpruning and rootpruning plus EA*!,
treatments produced greater mumbers of
cones than control ‘and GR, ,, trested
trees [Ross et al. 1985) on whiech buds ware
not Lnhibited.

A fourth hypothesls ls that, in Cone
Inductlon treatments, exogenous’ growth
regulators (GAs at least) are applied and
taken wup {n amounts TCar exceeding that
required lor reproductive bud differentla-—
tion, and Induction results not from a
dgirect morphogenle affect but more: from a
strass offect (McMullan 1980, Dunberg and

Oden 1983). This is based on estimates by
MoMullian (1330) that Ethe lavel of
GA. ;= taken up by shocts 1s S000 times
higﬁer than: in untreated shoobts. Sha

polnts out that even with dilution by the
axpanding shoot and metabollsm of GAs, the
concentratlon In differentiating buds would
llkely be conslderably higher than normal.
Howayer, the amount of Gh.f, actually
In differentlating buds has not yob beon
detarmined. Untll cthis [5 done we do not
know 1T these really are superphysiologlaeal
doges of GA {(fAeeve and Orozler 1975).
Resecarch Indlecates that only a amall
proportion of applled GAs are ahsorbed
(Reaa and Pharla 1982) and the developlng
budas have access to only a {ractlon of
that. HResults waing tritium-labelled GAw
in Pseudotsuga menzlesl!l indicate that over
95 per cent of the GAw moved to adjacant
dtem and needle tlssue (R.P. Pharls,
J.G, Webper, 5.D. Ross and J.N. Owens,
unpubliahed reaults) and that ["H] QA. is
rapldly mobilized and converted to lnactlve
forms (Wample et al. 1975).

Tests of these hypobheses are far from
aonclusive. However, research s underway
in varlous laboratorlesa which may test bthem
in a3 dafinltive way. Reaults should
provide useful Informatlon about the roles
of OAs, and dther growth regulatora, on
floral Antziation;

Ch with adjunct treatments

Although GA appiiczation alone may induce
flowering in some rorest Greea, the most
supeessiul cone Induction has been achiaved
using GiAs with one or more of Ehe preyi-
cusly discussed adjunct enviroomentsl ar
cultyral treatments (sse Appendices 1-87,
The rasponse to comblned treatments s
eommoniy synergistic rather than additive.
The npumber of pobtential ecomblpatlons L3
almest limitless and results to date have
heéen extramaly varliable (see Appendix H).
Adding only one adjunct treatment more than
doublss the complexity of the treatment
since it introduces variables such as
geverity of the treatment and tialog, 1n
addition to the synergiatie eflfacta, Ir
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tosa many varlables are Introdused |t
becames lmpossihle to scrbt out all of the
lnteractions.

A1l experliments will not be discussed;
rether, Appendix B lisgs for each spocles
the type: of GA treatment, the adjunct
treatmenti{s), the results, and relsrences.
Reference to this llst zsnd che llteraturs
glted for each species 1s essentisl oefore
fleral lnduetlen L& attempted for 2
Species. The purpose of this section Is to
provide a brief historical perspeetive to
combined tCreatments and point cut combioed
treatments which have been most effective.

In the Cupressaceae and Taxediageas,
GAy follar sprays usually result in abun-
dant reproductlve buds in seedlipgs or
young trees. Coasequently, adjunet treat-
ments are not naeeded unless manipulation of
the proportion of pollan and seed cone buds
1s desired, 1In Thuja plicats (Pharis and
Morf 1970) and Chamascyparis nootkatensis
(Owens and Molder 1377f) 0GAs applleation
under short dayz enhanced sced cone bud
lnitlation, whereas applleation under long
days anhanced pollen gone bud Inltiatlon
(Ch. 2, Light), C. cbtusa sprayed with
Ghy under varying Llight oqualities but
gonstant. light Intensity showed a light
quallty effect an the Inductlon and sex of
conen {(Nagao 1983a). Ethrel has been used
with GAs and has generally enhanced cone
inductlon In Cupressus arlzonlea and
Chamaegyparts lawsonlana (Bonnot-Masimbert

1971) and C. gbtusa and Cryptomeria
Japonlea (Hashizume 1975).
In the Plnaceae, GA, ,» appllea-

tion alone may Induce or ephance reproduc=
tiva buds, whéreaa .comblned treatmenta
commonly give a marked synerglstie effect.
Many of the earllast treatmanta combine
Ghyy» wWith some form of girdiing (Aosa
tﬂ?é, 1978, Pharis et a1, 1975, Ross and
Pharla 1976a, b, Puritch et al, 1979).
Girdling generally Inersased the Gﬁh;,
effect but In some studies there waa  a
docrease in aeped set with giledling (Hoss
1975, Ross et al. 1980). Because of this,
and the fact that girdllng may permanently
damage ocostly seed orchard trees, this
somblned treatment should perhaps be
restricted.

Rogtpruning has been successfully usead
alone (Ch. 3} and as an adjunet trestment
with GAy,s on larger trees (Greanwood
1977, Ho "1982, HRozs et al. 1985). The

saverity of rootpruning has varled and It
has not yet been determined If the raot-
pruning effect iz one primarily of reducing
watsr uptake, rasulting In moisture stress,
ar il there is alss a root factor lnvolved
in flowering. There may be considerable
izg-time in the rootpruning effect. Rogh-
pruning done in late March increased mols-
ture stress in field grown P, menzlesli
from sarly April untll early June (Ross et

al, 1983}, In thst study, there was a
synergistic effect of GA,,, and root-
pruning on cone induction (Boss et al.
1985}, Hootpruning slowed mitotic activity

and developmsnt of vegetative terminal buds
{Cwen= 2% =1, 1985) and potentlally repra-
ductive buds (Owens et al, 1986) and
delayad the time of bud differentlatlon.
This trsatment also algnifleantly {ncreased
flowarlng. Rootprunlng plus GA*!’
delayed bud differentlation to Ethe zame
extent or -slightly more and increased
flowsring more than either treatment given
on its own. The affeetas of thesao
treatments on endogenous GAs Ia atlll under
Investigatlon (HR.P. Pharls, pers. comm.).
With the exceptlon of the above P,
menziesil study (Ross et al, 1985, Webbar
et al. 1985, Owens st al. 1928%), compre-
hensive studles of treatment {nteractlona
and effaects on development and blochemlsbry
of anoota and buds have not been dong but
are essentlal to an understanding of Lhe
comparatlve roles of comblned treatmenks.

The uae of contalnerlied trees In GA
cong  induction experlmentys allows mora
careful eontrol of molsture stresa Lhan
rootpruning. Carefully controlled molaturs
stress Iln Cleld grown trees 13 nob posalhle
under moat oonditlaons. Molature sbtreas
{Ch. 3} ecan be reasonably wall controllad
by carelful waterlng and measucement of
shoot water potantlial, using tha prassura

chamber technique (Ritehla and Hinkley
1975). Ummonitored molature stress ocan
glve poor results because, although

watering may be reatrleted, soll molature,
humldlty, and temperature may reduce
antleipated molsture atreas glving poor
aynerglistlo affects with Gﬁh!,. AL
Lhe ofther axtreme, [t i3 easy Lo overatrags
and kill many species.

Combined effects of molsturse stress
and GA, were first psed to lnduce
conea {n contalnerlzed Pinus taeda
[(Greenwood 1978b) and Pseudotsuga menziesll
(Resa 1978). Sinee then the Lechnlque has
been used sugeesafully in contalnerized
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Ficea sitchensis (Philipsen 1983), P,

glauca (5.0, fpss, pers. comm,) and TsﬁEa

heterophylla (Ross et al. 1881, Pellard and
Portlock 198%a, &, 1983, Brix and Portlock

1982, FRottlnk 1982). The advantage of
uaing contalnerized trees in moisture
stresa that

and GA, ,, treatments is

treatments can 5; carafully controllad.
Also, once gcone-buds have Tormed, subse—
quent cone development can be optlmlzed by
careful malntenance of the containerized
trees. The use of containerized trees,
eapecially when grown in shelterhouses or
gome other modified environment, often
alters the phenology. Treatment Limes
should be correlated with ashoot elongatlon
or bud development rather than ealendar

date; to  ensure that treatments hegln
before Floral differentiation begins
fE€h. :2). Because GA, ,:/molsture

abtreas axperiments should be carried out
under some Lype of osover In order to
eantrol melature, temperature and llght may
become eonfoundlng laectors,

Inereased temparature aocompany i ng
th;, treatments has heen used to
lnduee ocones iln several conifars
(Appendlx H). Howaver, temperabture has

usually not been carefully controlled and
han been lnereasad almply by placing trees
In greenhouses or shelterhouses or by plac-
ing polythene tents over trees grown In the
fleld. In one carefully controlled experi-
ment, 3I-year—old 1. heterophylla seedlings
Wwere grown 1n growth chambers with daytime
temperstures of 20, 25, 30, and 35°C and
Ltraated with Gﬂhf, and molsture =stress
(Pollard and Portlock 19813). There wss an
Inerease In both pollen and saed cones with
CA, ,» and inecreasing temperature up to
andf ineluding 30°LC, Moisture stresa
approximately halved the effeect at 25°C but
doubled the effect at 30°C. In Cryptomeria
Japonica aprayed with GAs, more pollen
canes were lnitiated under 30°C days and
2520 nlghts with day temperatures having
greater Influence, whersas more ssed coness
were initisted under lowsr temperaturss
(20°C day and 15°C night) (Nas=o 1983b).
Tompsstt and Flatcher (1379) and Philipsen
{18983) increasad the eiTicacy of CA. ..
and. Ghs when these were applled Lo E.
sitchensis gralfts in 2 polyethvizne house.
The use of polyethylene houses or covers to
lnerease Eemperature has alzo Inereased the
efficacy af GR35 in P. abies
{Luukianen 1979) and ﬁseudutsugg menziesii
{(Honneb-Masimbert 1982). The use of
Inareased temperature to Increass the

efficacy of wvarlous GA (and other) treat-
mEnts iz promising, especially for small
contzlnerized tLraes, In thls way many
coned can be produced in amall aress 1in
relatively few years.

There have been lew experiments in the
Pipaceae wuslng the ocomblined eflfeeta of
Gh‘j, and photoperlod or 1lght laten-
sity. Lengman (1982) found that GA,
appllecatlon under short days enhancaod
female, but not male, f(lowerlng ln Plnusa
contorta. Pollard and Portlock (1984)
applied ER.I, te T. heteraphylla ant
inereased male flowerlng under long daya
and female lowerlng wunder short days,
Greenwood (1981) used 20 hr photoperlods
Followed by natural short daya to lnduce an
out-of-phase dormant perlod In P. taeda.
This treatment alone promoted both male and
Female T[lowering, whersas GA,,» plus
molsture sbtress promoted female [lowering
only. It appears, at least ln hard plnes,
that the promotlon of a reatlng bud induced
by short photoperlods ls an essentlal first
atap In gone Inductlon, GA, {and
molsture atreassn) affected bud alze and the
course of axillary bud differentiation.
Out-ol-phase dormancy treatments may only
be effectlve ln soms specles of hard plnes
where conslderable differences occur Ln the

natural photoperloda when pallen and saed
cone buds differentlate.

Extendad pnotoperiods have been used
to accelerate pgrowth and reducs the
Juvenile perlod of growth (Young and
Hanover 1976, Wheeler et al, 1982)., Ceclch
{1981} demonstrated that P. bankslana seed-

lings ecultured under acoelerated growth
conditions: for sayveral months, and then
treated wWith Ghuf, {and HNAA), had a

Tourfold iporease In seed cones aver sead-

lings reecelving only gmoceleratad growth
treatments. The use ol secelerated growth
plyus GA,,; may be a useful tocl in

breeding programs of specles having 3 long

Juvenalle growth phase.

GA, ., Ras been wused in combina-
tlon with other plant growbh substances
{Appendix §). In general, auxins and eyto-
kinlns which are lneffective on their own
may enhance or modify the response of Gis
{Pharls and Kuo 1977, Ross =t al, 1983),
There is gome evlidences that comblned growih
subataneces may infllusnce the proportion of
male and female Flowerling (Ross 1976, Hall
1977, Tompgett 1977, 1978b, Purltech et al.
1979, Sonnet-Masgimbert 1982). Presantly
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their limited benefits may Aot warrant
thelir incluzicon in most cone induction
treatments. We need to know much mare

about growth regulator comblnations Tor

floral induction.

Also, GAs have been usad, iTogsther
with wvaricus fertilizer treatments, often

in comblnatien wWith oulturszl treatments
(Appendix B). Calcium nitrate
{Ca[NOs]a2) has bYeen used iIn several

13871,
19B4);

Pollard and
it pge=nerally

studies (Ross =t =l.
Portlosk 1981a, b,
enhances the GA, ,. =ffect. In FPseudo—
tauga menzieaiil, "Hoss (1978) found thst
nitrate was mors effective than ammonium as
a source of nitrogen in premoting pollen
coneg Inductlon In response to Giyf,
(and molature stresa). Fertlllzer appllica-
tlon In econjunctlion with Gﬁaf, may
have some effect on GA efflcacy and the sex
of cones Inltiated. Fertilizer I3 too
2agily added to several other treatsents
with eften small and Inconclusive results.
The goal of many of the early experiments
was Lo Induce cones hy .any maans rather
than a oareful evaluatlon of 3 few vari-
ables. This makes evilustion or replics-
tion of these experiments diffiecult.

Summary, and recommendations
for future research

There are many ways of enhancing [lowering
bath In reproductlvely mature tress and In
Juvenile or otherwlse non-Clowering trees,
It has generally been easler to accomplish
the lormer than the latter. Many rather
slmple cultural treatments used alone or in
pombination will enhance flowering. Most
cultural treatments are not long laating
and must be repeated for each new crop.
Some  earry an elemont of risk and may
damaga or kill treated branches or trees,
Many cultural treatments are only succeas-
Ful In enhancing the natural flowering
aygle of a tree and have little or mo
affeget In off years. This, combined with
improper methods and tlmlng of treatments,
has led to. many contradietory results,
Cultural treatments must be applled belfore
the natural time of floral initiation,
although the specific times of application
have not yel been determined for most
apecles, Lag time for the treatment to
take effect must 3iso be consldered.
Superimposed upon thesa varlables are vari-
ations in development, natursl cycles, and
physiology of different apeeies. It iz not
surprising that even the simplest cultural

Lreatment does not
desired results.

always produce Ethe

One of the most recent and promising
floral enhaneing and lnduelng tosatments in
conifers ls the use of GAs. Ghs has long
bean suceassfully used in the Cupresszoeas
and Tayxodiacese but maors Ilmportant are the
recent  successes uslng non polar GA, 45
mixtures ln the Pinacese. A5 with ecultural
treatments, there ls considerable variation
in resulis because of difTerences bebween
species, Gtiming, methods of applicationm,
and fore of GA usad. The made of action of
Ghis In floral Induction Iz 3till unsettled
and thelr blochemistry and metabolism are

gomplex. Experiments in this area require
exacting laboratory technigues. Qther
growth regulators are oot elfectlve Ln

promoting Flowering In conlfers but may
alter GA =ffeects, So Car Gla appear to be
Ineffectlve In floral Inductlon of hard-
woods, whereas some growth retacdanta are
effective 1In some Truit orchard -apecles.
Davelopment of optimal combinations of
cultural and GA treatmeants should even-
tually allow early or enhanced flowWwering of
most eonifers., This will provide the tree
geneticlst/breeder and seed orchardlat wlth
valuable technigques for obtalning predo-
cious [lowering and abundant genetically
improved seed for reforestatlion.

Comblnatlona of cultural and GA appll-
cations often produce dramatle results even
in Juvenlle and poor Clowerlng Individuals.
The number of posalble comblnatlons af
treatments {8 almost unllmlted and varla-
tiona In resylta from comblned Creatmants
reflect this. Comblned GA and ocultural
treatments often glve synerglstlc results
and many adjunet Gtreatmenks appear to
lnerease the affleacy of the G,

Experlments on tha preclse tlalng of
environmental, cultural, and growth regula-
tor treatments should be preceded by
studies of the time of (loral Initlatlon,
The time and duratlon of treatments rlor
optimal flowerling can be far more reflned
than 1t now i3 for most speclea,  Some
exceptions are In the Cupresadceae and
pertaps Tsuga heterophylla of the Pinaceas.
Timing must be correlated to an easily
monltored and predictsbhle morphologieal
Feature such as lateral shoot elangation in
the Pipaceae. This nseds to be carefully
done in all speeles and may Inltlally
require anatomical study of bud and shoot
develapment during treatments,
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Although research on [loral enhance—
ment In hardwoods is almost non existent
and should be eatabllshed on poor or late
flowering Specles, research on conifars s
progresalng rapidly. More eophasis should
be glven bto research on floral inductlon of
containerlsed clonal and seedling material
a3 opposed to poorly controlled field
expariments. The use of containerized
treea has beon very successful for several
conlfers and this technlque should be
applied to hardwood gspecles. Abundant
Mawering can be produced on small treea in
a limited spape although the cost effec-
tlveness of this technique should be doter-
mined. Early accelerated growth of
eontalrerized Juvenile stock followed by
floral lnductlon treatments ls also promis-
Lng. Contalnerlzed atock I3 ldeal for
floral Induetlon experiments In carefully
controlled enviponments wuslng one o a
eombination of Ereatments. With thlia
approach, the many ambigultles present In
the llterature may be clarified and costly
repatltlon of past errors avolded.
Research on hardwoods should perhaps begin
on contalnerlzed stock rather than startlng
o Fleld grown trees.

Treatment{s) required for optimal
Flovwerlng of each commerclally important
apecles  should he determined. Optimal
flowerlng ref'ers to sexuality as well as
number of lowera and the capaclty of the
tree to ecarry cones or frults through to
maturity without exceasive abortion. In
the Plnaoeae there is a nesd to develop
methads Tor pollen cone lnductlon in
juvenile trees.

Ghs Lreatments LIn the Cupreésaaceas
and Taxodiageas are veary effeetive, but
more reaegarch 18 nesadsd to reduce the dura-
tion of treatment and to determine preciss
timing %o optimize ocone induection and
manipulate the sex of cones. Experiments
using GAs under different photopericds in
controlled environemnts should provide
useful information ‘on the control of cone
sexuality. '

In the Pinaceas ocone Induction by

GhAy s combined with eultural freat-
ments Is rapldliy hecoming effective.
However, timing of applisatlon = mors

eritleal than in the Cupressaceae becsuse
cone bud differentiation appears to be
related to the llxed stages of bud develop-
ment. in the Pipaceas, More ressarch under
carefully gontrolled conditions using

Eﬁ.f, with limited pultural Sreatments
is needed to refine the Leohnique so it
will 9e repeatable -and oost effective;

bDevelopmental studies ascompanying oxperi-
mZeats on contalnerlzed stock are required
in erder to determlne the optimal times and
methods of appllestion and the causes of
good or poor cone fnductlon.

Aesearch should contlnue on  tha
refinement of fertilizer applications Lo
fnduce and snhanee Clowering ln conven-
tional seed orchards, More effeotlve
timing of treatmsnts and forms of appllca-
tlon may be daveloped, Roatpruning lI=s
effective In young seed orehards hub
regults are stlll qulte varlable. Mathudn
vary, as do pgonditlions within (ndividual
seed orchards, tlme of treatment, and
apecles response. Expariments muak
continue but should be tallered to spealfle
logal problems, aspecles, and condltlons.
For example, rootprunling may be esaentlal
on wWet aites hut detrlmental on  dry,
stresaful altes,

Someé basle research should be done to
determine the time of the earllest
blochemnical changes assoclated with flopal
inltiation. Immunooytochemlcal technlques
could be adapted to studies of Flaoral
inftiation n forest trees as they have
been in herbacecus anglosperma,. This oould
plapolint exact tlmes of floral Initiation
for tiping of floral lnductlon treatments,

The role of OAs In flowering ls not
known, although aevéral theorles have been
propossed.  Sasic researoh must continue an
the npative GAs (and otner growth regula-
tors) within trees as they pass from the
Juveniie to the reproductive :phase ang
during the annusl growth ecyecie. Alao, the
fate of exogeneously applised GAs must be
determined becadse there are many Tarma of
& =nd their metabolism is poorly under-
atocd. These could be determined using
radioaciively 1sbelled GiAs and autoradio-
graphy of freeze substituted tissues. The
effzet of various floral inducing cultural
treatments on endogenous groWth regulators
must Bbe determined, The relationship
between Tleweriag and changes In oarbohy-—
drates and esrtain aminc acids should be
Investigated. Although the primary geal is
to induce Tlowerlng lmg forest Ltrees, 1t ls
important to understand how the inductlve
treatments alfact the [lowerlng process.
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Most Tloral Induction researchers are
confident that seead resulting from induced
eanes s eomparable lp guality o that frem
non=-induced trees. This assumpilon resulis
from the Taect that most industlon treat-
ments are of short duratlon and all precads
seed maturation by one or mors  years,
However, exgeszive [flowering can result In
ovule, ssad, flower, and cone abortion zand
perhaps seed of poor qQuality due to

competition for resources. This may be
eapecially Etrue of small trees hut may be
most easily overcome in contalnerized
trees. Trees have limigs 'to their ability
£3 support Sseed production. Therefare,
tasts should eonblisually be made af the
seed producsd to eatablish canvinelng data
to support the contentlon that high gquallty
goadg result from fleral Lnduction
traztments.
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CHAPTER 5

POLLEN AND POLLINATION

Introduction
In all north temperate conifers, sicro-
sporangla {(pollen saps) are Initiated

within the pollen cone buda before winter
dormancy (Ch. 2). Howevar, the stage of
microsperanglal development reached before
dormancy varles among specleas, Most
temperdte hardwooda appear to  lnltlate
Flowera bofore winter dormancy, but  the
atage ol floral development reached is
lnadegquately described. Pevelopmant
followling dormancy 1s rapld. In most
Farest specles, melosls, mlcrosporogenesls,
pollen devalopment, and pollination ocecur
within a few Weoeks or montha. Pollan
development, pollen morphology, and pollin-
atlon mechanlams are different in conifers
and in hardwoods, and specles varlatlons
oacur wlthin each group, The time and
duration of pollination vary with the
apeclés and with latitude, elevation, alte,
and wWeather, Many of the atagea of pollan
developinent and pollination may be managed
ta Inerease ssged production.

Meloals and pollen development

Canifer pollen ednes (nitiste many mlero-
gporophylls, each bearlng two (Pinscsae) or
mare (Cupressasesze and Taxodiaceas) micro-
aporangia ‘on their abaxial (away from the
gane axia) surface; In angiosperms each
stamen forms two anthers, each conslsting
af two fused nlerosporangia (Foster and
Gifford 1974). Within each mlierospor-
anglum, many sporogenous oells form, each
of which undergoes meloses Lo Form & tetrad
of microspores. Each mlerospore develops
intoa pollen grain (Owsns 1982).

Conifer peollen cones ovarwinter at
different stages of development (Fig. 5.1).
Overwintering may begin when pollen ocones
ars st thHe sporogencus stags as in Pinus
(Kupila-Ahvenniemi et =al. 1978, Owens and
Molder 1977e, Owens et 31. 19811), or at
the: pre-meliotie pollen mother pell- [PMC)
atage as in Pleea and Ables (Sarvas 1974,
Molr and Fox 1975, Owens and Molder 19774,
1979a, 1980a, Singh and Owens 19813, b,
Harrlisen and Owens 1383). In these geners,
meloasis and pollen development occur after
Winter dormancy. Ultrastructural studies
of overwlnterlng sporogenous cells of FPinus
(Buplla=Ahvenniemi et =l. 1378, Ceclch

1984) and PMUs of Pseudotsuga (Singh et al.
1983) have shown that a true "dormant”
parleod does not oeeur; rather, nuclear and
cytoplasmic changes occur throughout the
winter. This period (5 more correctly
called a perlod of reduced activity rather
than dormancy. Similar atudies have not
bean made for Ables or Pleea.

in Larlx, Pseudotsuga, Thuja, and
Tsuga, melesls beglns in the fall, then
becomes arrésted when PMCs reach glther the
pachytene or diffuse diplotene stages of
mélosls (Erlksson 1368a, Erlksson et al,
1970a, b, Owens and Molder 1971a, b, Hall
1982). After dormancy meloals |3 rapidly
completed, flollowad by pollen development,

In Chamaecyparls and Juniperus,
melosla and pollen development accur beflora
winter dormancy (Owena and Molder 1974L).
Overwintering pollen conea contaln matupa,
dry pollen, and ng structural changes Have
been ohbserved wlth the light miorascope
durlng winter.

Winter temperatures may allect pollen
cong buds and pollan qualley (Eriksson at
al. 1970a). A higher lneldence of pollan
abnormalities cecurred Iln Larlx growing In

Sweden, when PMUs developed beyond the
diffuse stags belore wWinter dormanoy
(Ekberg et al. 1967, Eriksson 196Ba, b).

Consequently, trees moved to seed orchards
in colder areas may have a higher laocidence
aof pollan inviablllty or abnormalltles.

Luomajoki (19582) reported the dates
for the onset of melosls following winter
dormancy in seven conifers and four hard-
woods. He oonecluded GChat there was no
aprupt thermal threshold necessary te start
meiosis -ia the sprlng and that Q.
factors (differences In developmsntal rate
within a rangs of 10°C) are of little value
&s delinestors of melotic development.,
Only Sarvas (1872) hes gathered sufficlent
data to demonstrats a regression using
temperature which Is valid for meigsis.

Several stihdiss heve followed the
normal gequence of meicsls In ponifer FMC=
using the Iight microscops (Zenke 1953,
Mergen and Lestar 1961, Mergen =t agl. 1863,
Chandler and Mavrodineanu 1965, Livingsten
19712, Meir and Fox 1975, He and Owens
1978a, b, S=ido 1979, Luomajokl 19382), and
premeictic and early miotic stages ualng
the slectron mloroscope {Willemze 19712, b,
Dickinsen and Bell 1976, HKupila-Ahvenniemi
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Pollen—-Cone

Iniciacion Development

Hicrosporophyll _ Microsporanglal _ Sporogenous
Development

Tisoue Development

Dormancy
(Pioos)

Follen Mather
Cell Developsent

Dorsancy

(Ables, Picea)

Mefotie Prophase

Dormancy

Larix, Pseudotsuga, Thuja, Tsuga)

Melotic —e Hicrospores —s Hicrospore — Cell Division in —s Mature

Developoent

Pollen Developoent  Pollen

DoTmancy
(Chamaecyparies, Junlperus)

Follen Shed
(Anchenis)

Stages of pollen and pollen cone development times when dormancy may

occur in different specles (from Owens 1982).

Mvistion
Figure 5.1
et al. 1978, Singh et al. 1683, Cecich
1984},  Vaall (1978) reviewed the llmited

literature avallable on the ultrastructure
of premelosls, mslosls, and pollen develop—
ment In gymnoaperms. Little work has been
done on meiotic stages of hardwoods
(Luomajoki 1977, 19821,

The meletle process ls complex, making
it susceptible to environmentally caused
1rregularities whioh may result (n reduced
pollen viablllity or wigor. Several experl-
ments have shown that low  (Christiansen
1960, Eriksson 1970, Jomsson 19754,
Luomajoki 1977, Anderszaon 1980) and high
(Zarvas 1972) temperatures cause meiotie
irregularities In conpifers. The physio—
logleal condltion of the tree may slan

affect pollen abortlon. Chandler  and
Mavrodineanuy (1965) found Llnereased pollen
avortions due to melotic irregularitlea (n
trees growlng on very dry sites, Many
irregularlties are belleved to be revers-
fble (Jonsson 1974} and cAuse no permanent
damage, whereas othera may reault in
abnormal pollen and pollen of low vigor or
viability.  Luomajoki (197T7) pelieves low
temperatures may lead to lrreverslible
damage causlng permanent melotic irregular-
ities. Helativaly high doges of Y-irradia-
tion have alao Induced a varlety of chromo—
somal aberratlons and pollen abnormalities
in Larix (Erriksson et al. 1866), The
frequency of meiotic irrepularities Is
generally low but wnder scome conditions may
2xceed 30 per pent of the PMCs (Jonsson
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1974}, An experiment on the eff=o0t of low
temperatures on polien development of four
Larix specles resylted In 92 and B84 per
cent pollen sterility Iln L. decidua and L.
siberica, respectively (Ekberg and Eriksson
1967 ).

Followlng melosis the tetrads of
haploid migreospures remain within the PMC
wall for a brler time:. They soon swWwell,
burst out of the PMC wall, and become
aunspended In fluld within the mierospor-
anglum where subsequent pollen development
soours [(Blngh 1978).

Twe pattarns of cell division ocour
durlng pollen development in north Lemper—
ate aonifers (Figs. 5.2, 5.3} (Sterling
1963, Singnh 19781, In the Pinaceas the
mlerospore dlividea unequally, forming &
amall lens-ghaped prothallial oell and a
large ombryonal ecell. The embryonal eall
then dlvides wnegually Cforming a socond
asmall prothalllal cell and a large antheri-
dial Initlal. Prothallial eella have no
known functlon, The antheridlal inltial
dlvldea to form a large tube cell and a

Pollen Mother Tetrad of

Cell Melosls ————» Hicrospores ———————» Microspores

Figure 5,2

s3all generstive cell, Pollen may be shed
at this lour cellad gtage or at the Tive
celled siage, after the Egenerative pell
divides equally to form the stalk and body
eells {flg. 5.2), The body cell Torms the
twe male gametes after pellination (Eh. 6).
In the Plnaecas, pollen ls generally large,
aacel (wings)] are preaent ln some genera
(Flgs. 5.4, 5.5, 5.6] but not In others
(Figs. 5.7, 5.8), and storage products are
In the form of starch {Sterling 1963, Owena
1982, Owens and Molder 1971b, 1975e, 19770

d, 197%a, b, 1980a, Owens et al. 1981b,
Singh 1978, Singh and Owens 1981a&, h). The
Podocarpaceae and Araucarlaceas, mastly

from the southern hemiaphers, have simllap
development except that the prothollial
eells contlnue to divide Forming non- funo-
tional prothalllal tissue (Singh 1978).

In the Cupressaceas, Taxodlavceae, and
Taxaceae, pollen has no prothalllal aells.
Each microspore dividea forming a tubs eell
and generative cell (Fig. 5.3) @nd pollen
i5 shed at the one or two gelled stage.
The generatlve cell forms two male gametes
after pollinatlion, In thess ramilles,

Tube Call

2

Generative Cell

{l-celled pollen) {2-celled pollen)

- Pallination —

Pollen development ‘in Chamaecyparis, Junlperus, Taxus, and Thujs

(from Owens 1982),

First

?raﬂu11nu

P T

Follen Hather cerrud of

Ceil Moiosls —e microspores —s-Hicrospors —s= Cell

Second
Prothallfal

Tuhe Coll Srall Cell

dotheridial CGeperstive

—a=Initisl —sCell \\\
Body Cell
S—cplled S-zalled

+——Pollination

Figure &.3 Pollen development in Abies, Larix, Plicea, Pinus, Pssudotsugs, and

Tsuga (from Owens 19B2].
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pollen is small, lacks sscci, is sculptured
With orbicules (Fig. 5.9), and the storage
products are oil droplets (Sterling 1963,
L1 1975, Owens 1982, Owens and Molder
1970b, Owens et al. 1980, Singh 1978).

Iln hardwoods pollen development |Is
aimllar to the latter type and pollen is
dhed at the two or three celled stage,
Moat ‘anglosperms shed pollen at the two
celled (binucleate) stage, containing a
vegetative and a generatlve gell. The
latter cell forms two male gametes after
germination. The three wcelled (trinu-
oleate) pollen contalns a vegetative cell
and two male gametes. Trinucleate pollen
has all of the precursors for pollen tube
grawth, and germinatlon commonly occurs
within minutes (Heslop-Harrlson and Heslop-
Harrison 1982), Germination and pollen
Eube growth s generally slower In blnu-
cleate pollen (Crestl et al. 1977). There
ln ponslderable information about ultra-
structural and physlolegleal changes durlng
germination and pollen  tube growth in
herbaceous plants (see Crestl et al. 1977,
Heslop-Harrison and Heslop-Harrlson 1982)
which are beyond the scope of thla reviow,
but there i{s little Information on hardwood
foreat trees. Only pollen development of
Quercus (Conrad 1900, Larson 1965) and
Populus (Nagara) 1952) have been studled (n

detail and both are blnucleate. Quercus
pollen I3 ‘desoribed by Olsson (1978).

Pollen morphology is extensively deseribed
in palynology texts. Hardwood pollen 1a
generally small, non-saccate, has
tonapleupus pores, and s commonly ornately
sculptured on the surface (Flgs. 5.10,
5.11) (Feoater and Gifford 1974).

Most stages of meiosis and pollen
development occur after winter dormancy.
The time sequence varies among species but
can be separated inte five stages of
development: pre-melotic division, msintlie
division, microspore develapment, esll
divigion, and anthezis, The time Spent at
each stageg varies among species and with
the weather. The time from the end of
poller cone bud dormancy to anthesis may be
as little as one wesk in Chamaecyparis
nootkatensis, in which mature pollen forms
bafore winter dormaney (Owens and Molder
1974b), te 12 wWeoks in Tsuga mertensians
(Owens and Molder 1975e2). In Thuja plicata
pollen cones require 3 seguence of short
days and celd followed by long days bhefore
anthesis ogeurs (Pharis et sl 189689,
Simak et al. 1974).  The phenclogy of

pellen gdevelopment [for several conifer
specles is given in Figure 5.12.

We do not kpnow the effects of tempéra-
ture on the rate of development of the
different stages. However, linecreased
temperatures will shorten the total time ta
2nthesls (Sarvas 1962, 1965, Winton 1964,
Boyer and Woods 1973), and Forelng pollen
for early pollen extractlon Is posalble,
In Pinus palustris bagging branches
Increased the degree-hours of heat acoumu-
lated and advanced flowerlng an average of
8.6 days ahead of unbagged controls (Boyer
and Woods 1973). The longer the perlod of
postdormancy development (Filg. 5.12), the
more potentlial exists for pollen forelng.

Studies of poellen development and
pollen quallty should accompany pollen
forelng trials., High temperatures, that
cause melotie {rregularities (Sarvas 1973),
may also cause lrregularlities In pollen
developmant. Abnormal pollen haa  bean
abserved In many apecles (Hutehinson 1815,
Mehra and Dogra 1965, Dlaz Luna 1977, Ho
and Dwens 1974a, c, Silngh and Owens 1982)
43 haa wvarlatlon In pellan wvilablllty
(Exberg and Erikason 1967). These lrregu-
laritles may result from varlous caumes,
including temperature. Luomajok!l (197T)
cautlons that very accurate contraol and
measurement of temperature are needed in
pellen foreing experlments., Sarvas {1972)
descerlbes forelng cabinets that provide ror
przcise measurement, Forelng too rapldly
may reduce food reserves and the vigor of

pellen by shortening the perlod during
which resarves are sccumulatad. There ars
no published reports of these types af

studles In forest trees but one Is underway
Tor Tsuga heterophylla (A, Colangeli, pers.
comm, ), Generally, the long period of
post-meiotic pollen development makes it
possible to control the rate of development
In many spscies but the extent to which
pallen can be manipulated before davelop—
=enkt, vigor, or viabtility are affected has
not been datsrmined.

Pollen structure

General’ references on pollen structures
incivde deslop—Harrison (1971), Stanley and
Linskens (1974) and W¥asil [(1978). Each
pollen grain has a thick wal! consisting of
2 wvery reslstant outer exlne and an inner
intlne. The exine beging to lorm as the
microsporas separate from the tetrad. It
consists largely of sporopollenin which
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renders  pollen remarkably resistant  to
degradation by physiochemical and bilolog-
ical agents and may be variously sculp-
tured. The Intlne is pectocellulasic and
often has celliulose layers laminatsed with
prolein. It forms during mlerospors
devolopment and cell divislon withln the
pellen graln (Martens and Waterkeyn 1962),
The Intlne eventually forms the pollen
tube. TInnep layers of the pellen tube wall
are of callose. The process of pollen wall
Formation and the origln of sculpturing in
anglosperms are deserlbed by Heslop-
Harrlson {(1971). Although there are few
such studles [For conlfers, the process

appears to be similar (Vaail 1978). Pallen
winll development has heen deseribed 0
Podocarpus (Vasil and Aldrich 1970, 1971)

and Plnus (Pleklnson 1971, 1976, Willemse
1971e). Sacel development has been
dosoribed In Podocarpusn (Vasll and Aldrich
1970) and Pinus (Dlekinson and Bell 1970).

Underatanding pollen structure (Singh
1978) and the complex terminology of the
palynologlst are more Important for pollien
ldentif1ication than for understanding seed
productlon. However, pollen ldentiflecation
la Important In monitering pollen Tlight
and contamination In s&ed orchards and sged
production  areas. Manuals far pollen
ldentifloation (Bassett et al. 1978, Owens
and Simpsan 1982) provide {dentification
only Lo genus for most forest trees, Varl-
atlon between specles, especlally In
gonifers, 1s usually too sllght to allow
eagy differentlation (Bagnsll 1975).

Pollination biology

Tne pollination biology of gymnosperms is
usually pcovered with a few paragraphs on
wilnd pollination and brlsf mentlon of 3
pollination drop (Faegrl and Van der Pijl
1979). Pollination in anglospsrms is the
subject arcund which pollinstion biology
and pollination ecology (anthecology) have
developed. The terminology is  extensive
and basic refsrences should be consultad.

Wind pollinaticn

All cornifers and most north temperate hard-
wood forest trees of commerelal valus are
normally wind pollinated. Yet, the litera-
ture on pallination bilology desls almost
entlrely with biotic (mostly insect)
pollinatlon. This anomaly results Trom the
Taaelnation of biscloglsts with the complex
pellinator-plant Interactions, the

epevolutlon of these, and the lack of
interest In the ‘more passive process of
wind pollinatian,

Whitehead (1933) has generslized that
wind pollination la likely to hbe successful
if certain idealized conditions are meb.
These Inelude:

(1) ‘preducticn of large numbers of pollen
Erains:

(2} pellen  grailns having appropriate
aerodynamia characteristics;

(3) flower (cone) and  iaflorescencs
structure and locatlon on the plant
designed to maximlze the prababllity
of polleén satralnment In moving alry

(4} stigmatie surfaces that are atpuc-
tured and poaitioned to maximlize
collection efficlancy;

{3) pollen release that ia timed within
beth Lhe season and day to maximlze
posalbllity of pollinatlon;

{6} relatively eclose spacing of compat-

ible plants

a relatively open vegetatlonal atruc=-

ture that minlmizea flitration of

pollen;

(8) wind wveloelty wlthin an acceptable
range to lnsure Lransport and mlnl-
mlze downwind disperalon;

(3) relativsely low humidity @nd low
probablllity of rainfall; and,

,‘
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(10} unambliguous environmental cues to
coordlnate Tlowering.
Wind pollination ls an lnefflelent

mechanism, wastaful of pollen, but has the
advantage of nmot relylng upoh the presencs
or aetivity of another organism, Pallen
transport by wind Involves -Interactions
batwsen the settling (terminal) veloelty of
pollan and wlnd velogecity. Anglosperm

pollen ls generally small (20-40 pm), as is

that of several conifer familles,
the Pingceae sizes pange up to 100 pm
{Owsns and Simpson 1%52). The density of
larger pollen may be decreased by air
spaces (sacel), and by dehydratlon. Small
conifer pollen tends not Eo be saccate.
Wind disperssd pollen is seldom ornate
(Owens and Simpson 1982), Une exception Is
Tsuga  hetercphylla; Impaction invelves

but In

spines on the pollen (Fig. 5.8) becoming
entanglied in cutioular halrs of the braet
(Colangeli and Owens 1984).

The Importance of filtration was
discussed by Tauber (71965, 1967), and later
guantified for a foreat (Tauber 1977).
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Generally, wvegetation effectively fllters
out large amounts of pollsn. Deciduous
trees are usually not in leaf at pollinae-
tion. It was shown -in four species of
Quercus that there was 3 Isg in leaf hiads
expanzion as long =25 cstkins contsined
pollen. When pollen was dlspersed from 3
tres, there was 'a gpurt iIn lesl growth
(Sharp and Chisman 1981). These authors

suggest that arrested leal expansion
fagilivates pollen dispersal. Rain alse
effeotlvely filters out pollen (Tsukada

19823, and fine raindrops BScsvenge mores
efflelently than large rain-droos
(McDonald 1962). Fortunately, pollen
release f[rom wind=-pgllinzted flowers and
pollen conea depends on a drying process
that usually results in release belng tlmed
within the season and day ‘during weather
conditlons that maximize pollsen transfer.

Collection effliciency, the ratio of
the number of partieles impacting on an
ohlect to the number passing through the
alr Bpace had the object not beon there
(Tauber 1965), 15 .an Important considera-
tion. The probabllity of Impact lnecreasas
with partlele slze and density and s
lnveraely proportional to the diamster of
the eollecting object, That is, smaller
girfaces oollect more efficlently than
large cones. Tauber (1965) demonstrated the
eff'ects of pcollaction efficlencles of
Betula (21 um) and Fagus (42 ym) pollen:
small light pellsn was less likely to be
captured than large dense gralns, =smaller
eollecting structures have higher collect-
ing afflelenclies than larger cnes, and the
dmeunt of flltration by wvegetatlon
inoreanes with wind veloelty. The collee-
tion effleleneles under many environmental

conditlons for  deveral plant communlity
atructuras, and floral parts of varlous
itructures and posltions, has been
pradloted  (Dpgden and Lewis 1960).

Many atlgmatle structures maximlze
pellen collectlon efficiency. Larger

surfaces tend to have thieker boundary
layers and hence lower afficiescles than
amaller surfaces. Small ‘subdlivided
gurfaces such as feathery or haliry stigma-
tie aurfaces of some [lowers and cgnes are
better collectors than f{lat surfaces.
Reduced floral parts, which expose stigmas
to wind, and pendulous cat¥in-llke inflo—
rescences (f.e. alder, bBirch, hlekery,
azpen, oak, and conifer seed cones) ars
well designed for pollsn capturs from
moving air (Whitshead 1382), In recent

species,

studies uslng models of Fozsll seed plants
(Niklas 1981, 1982, 1983, Niklas and
Norstog 1984%) and cones of modern conifera
(Wiklas and Paw U 1982, 1983, Niklas 1984)
in wind tunnels, {t was shown that zirflow

patternos were turbulent arcund these struc-

tures, and maximom impaction of pollen
cocured on the downwind surfaces. There
has evolved an zerodynamic compatinbility
between the morphnologic features of conlfer
cones and zirborne pollen. Detalled
studies of airflow patterns around Plees,
Larixz, =md Pipus conelets and cone scales

‘show Lhap pollinatian i5 influeneced bj cone
and Isaf morphology and the ‘behavior of

poilen gralms =3
(Niklas 1984).

windborne particlss

Settling of pollen onto surfaces may
also be affecied by electrostatiec attrac-
tion (Ericksun and Suchmann 1983). Plants
pessess negative surface charges which are
greatest near sharp terminal polnts such as
Flowers or oonelebts and least near broead
flat swurfages.: Cutlcular waxes alas have
gxcsllent dielectric properties when dry.
Pollen has a small negatlve charge when
shed, but acqulres a strong pdaltive charge
as It |5 carried by the wind, The slowing
o pollesn moveament because of GLurbulence
around a (lower or cone (Niklas 1984) could
allow settling out, and the probability of
settliing !s lnereased by seclective attrac-
tion of opposltely charged partloles,
Unfortunately, the beneflts of eleastro-
statle attractlon are largely theoretleal
and have not been tested on wind-pollinated
Mewilllam (1959b) Tound no
significant bleelectric potential diffep-
énces between pollen and seed cones of
Pinus,

The geographle dlatrlbution af plants
ia assoeclated with pollination, Wind
pollination generally increased wWith lati-
tude and elevation and s domlnant in
temperate declduous and boreal forests,
Certaln environments are approprlate ror
wind pollination and others are not. For
example, the conlfer-dominated boreal
forests that ocour In many high preclpita-
tion, mountainous reglons dre dominated by
wind pollinated taxa. Saveral factors
contribute to the nigh frequency of ‘Wind
pellination In these areas: elose spacing
or clumping of compatible trees, the open
canopy due to slender pyramldal crowns,
posltloning of florzl structures ln tops of
crowns, and temporal patterns of ralnfall
allowing time wWwindows during which wind
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pollinatlon occcurs (Regal 1982, Whitehead
1983). Regal (1982) suggests that wind
pollinated specles would Se selscted
agalpst In arems of climatie unpredict-
ability.

Although there are many generaliza-
tions concernlng the ecology of wind
polllnatlon, there are fTew detalled
studles, This Is partleularly true where
Flower, Inflorescence, and cone structure,
pollen alze and structure, and pollination
mechaniame are considered.

Pollan distrlbutlon in natural stands

The ahedding and diapersal of pollen has
been reviewsd by Stanley and Kirby (1973).
Brielf reviews have been publlshed for
gouthern plnes (Bramlett 1981) and Plnus
sylvestris (Sarvaa 1967). The study of
pollen dispersal in natural stands lnvalves
pollen trapping (Sarvas 1967) or the use of
labellad (ldentifliable) pollen. Buell
(1947), wualng trapping techniques in .
echinata, found that pollen denslty rapidly
disslpated outside the atand compared to
that wlthin the stand. Wang et al. (1960)
reported that pollen [reguency at a
dlstance of 122 m and 152 m was only 2 to 5
per cent of the source freguency, Silepn
{1962} concluded that only 3 small fraection
of the pallen dispersed by a single open—
grown Pseudotsuga tree fell at a distance
mgre than 5 to 10 times the tree height.
Tsukada (1982) concluded that a large
proporticn of Alnus rubra pollen is depos-
ited within a radius of 2 km. Colwall
{1951) released radiocactive pollsn  and
found that ‘pollen denalty decreased as
distance from the seurce Iinereased.
MeElwee: [1970) waing P**-labellied pollen,
found that stand density modified pollen
Fllght, with the majority being deposited
withln 30.5 to 76.2 m In open stands. ALl
positions of the erdwn received about sgual
amounts of pollen releassd by adjacent
trees. Sarvas [1967) z2lso presented datz
en the vertical distribuotien of pollen in a
stand. Pollen distribution in natursel
stands ls difficult &g study Sut mey
provide some usaful basic information on
filled seed produrction,

Pollen distrlbution in seed crcehards

Studies of pollen distribution are Impor-
tant for seed orchard design and efficlent
geed produstlon. On young Gwrees Just
heginnlng to produce reproductlve

structures, pollsn-pone-bearing often lags
behind seed-cone-bearing by several years
and strategic placement of known early
pollen producers may help avold pollen
shortages., Bramlett {(1981) reviews some of
Ehe llterature deallng with pullen distel-
bution In sesd orchards. Furukoshi (14978)
made an extensive study of pollinatlon in
Cryptomeria sesd orchards and discussed
many of the problems encountered and alter-
native sclutions which may apply to other
gpecles, In an early study, Wang st al.
{1960) Tfound that most pollen produced
within a seed orchard s deposlited in the
erchard. Furukoahi (1978) polnts out that
the common practice of topplng or hedglng
may create pollen dispersal problams within
the seed orchard by decreasing the helght
of pollen producers.

Contamlnation by pollen [rom trees
cutside the orchard 13 often a problem
(Franklin 1971). Isolation from or removal
of contaminatlng source trees are possible
solutions (Furukoshi 1978). Sprinkling the
erchard with water 13 a commonly uded
method of delaylng conelet receptlvity
until pellien shed by outslde sources has
terminated. Thia ls posalble, for example,
in orehards of nigh elevation sources wherae
there ls already a delay In conelst recep-
tivity compared to local pollen frllight,
However, Silen (19631) concluded for Pseude-
tsuga that pollasn shed adjacent to orchards
may occur for 20 to 30 daya and [t may hbe
tmposaible teo delay seed cone flower recep-
tivity for this length of bime If the phen-
oclogy of the archard and adjacent trees are
too similar., He calculated that pollen
shedding stages progress upslope at a rate
af 71 feet per day in Pseudotsuga.

Contamlnation from outslde sources can
be a particularly fmportant faocter, espe-
cizlly in species whare pollen iz taken
into the ovules on a "First come - first
served"” basis (Franklin 1971), as in
Pseudotsuga (Owens and Simpson 1982). The
most important sources of pollsn Cfor trees
in an orchard are their nearest neighbours
(MeElwe= 1270, Sorensen 1972). More recent
studies wusing gene markers, primarlly
isgzymes, have bean useful for determining
pollan diszperaal and fregquency of progeny
due to =ell- and c¢ross-Tartilization
(MDller 1977, Adams and Joly 1980, Shen et
al. 1981). Applicatlon of similar lsozyme
techniques may potentlally be used to study
optimal time of pellination in seed
orchards, Existing gene-marker techniques




are of limlted value since they only glve
informatlon about the lMinsl result, seed
8et; they gilve no information on what Has
happened betwsen pollination and ssed set,
espacially when low s3eed 58t oecurs,
Methods of estimating pollen econtamination
and the effect on genetic galn are dlscus-
sed by Sguillace and Lomg (1981).

Animal pollinstion

Animal pollination has been studied exten-
sively since the early 19003 and there ls &
wealth of deseriptlvye, enulﬁgieai. and
experimental literature (sse= booka by Jones
and Little 1983, Faegrl and wan der Pijli
1979). However, few north temperate
commercial hardwoods, =and no condferous
Forest trees;, are normally animal pollin-
ated. Detailed studies of Insect polllina-
tion in hardwood forest trees have been

published only for some speclss of Prunus
and Lirledendron (Farmer and Pitcher 1981).

Because of the limited relevance to north
temperate Torest trees, animal pollination
{primarily insect) f{5 not revieswed and only
some general condltlons affecting pollina-
tion are mentloned.

Many Caectoers unlmportant
pellination are signifleant In animal
pollination. Animal poliination is common
In plant communities where there 1s: (1)
high spenies diverslty and wide apacing of
lndividuala; (2) abaence of a lealless
gseanon  reaultlng in high flltration ol
wind=borne pollen; (3) high humidity and
high ralnfall probabilitys (%) absence of
unamblguous stimull to coordinate lowering
{uniform temperatures and daylength); and,
{5) an abundance of potentlial anlmal
veotors (Whitehead 1983). These are char-
ascteristlios of tropical foreata where
animal polllnatlion [8 most common. Many of
these conditions alao exist In aoms north
temperate forests, espsclally in the under-
atorey of mature stands, Although theae
condltions are characterlistle of animal
pellinated communltles, they de not
precliude wind pellination,

in wind

Polllinaticon mechanisma in conifers

'Pollination mechanism' is a term origi-
nally wused to describe the process of
pollen capture and entrance of pallen or
pellen tubes Into the ovules of conlfers
(Doyle: 10945}, This subject has been
reviewed by Doyle (19453, Deogra (1964),
Konar and Oberoi (1896%9s), Singh (1978}, and

Owens (1980). Stigma-pollen interactions
In hardwoods would be funetionally occmpar-
able (Ch. &). The pollination mechanism 13
an important econsideration in determining
the optimal time for pollination and in
carrying out controlled or supplemental

polllnations.

Modern coniTer Families evolved over-a
period of 150 milllon years (Millesr 1077,
1982, Meyern 19B3). The ancestral structure
¢f sSeed cones =2nd ovulss =3uggests
pollinstion by wind and the presence of a

poliination drop from =ach ovule, °This is
probably the poillnatlion pechanlsm fraom
which other econlfsr mechanlsms have
avalved. '

Two pollination drop mechanisms exist.
In the Cupressaceas, Taxodiaocese, Taxaceae,
and Podoearpaceas, oviles are Tlask-shaped
with 2 narrow, short neck out of Which a
pollination drop 3 exuded (Fig. 5.15).
The pollinatlon drop 15 a elear, dilute
solution: of wvarious sugars (in Lhe
Pinaceae) secreted by the nucellus
(Mowilliam 958, J.N. Owens, unpublished
resultsl). A typleal sequence at
polllnatlen has baen determined by
time-lapse clnematography of Chamaecyparis
nootkatensis conelets (Owens ot al, 19B80).
Conelets enlarge and open In the apring,
exposing the ovules. 1In two or thres daya,
pellination drops are exuded Crom some of
the ovules at nlght it are wWithdrawn
during the day, only to be e¢xuded agaln the
followlng nlght. This contlnues For about
two dayz, then polllnation drops are exuded
at night and remaln during the day for Lwo
or three days. Followling this, pollinacion
drops are agaln exuded at night but are
withdrawn durlng the day; finally, they are
Withdrawn permanently and bract-scales
enlarge, burylng Lhe ovules within the ssed
cone. Pollen gralna landlng aon a
pollination drop Immedlately sink i{nto the
arop. Fellen grains, landing on the edge
of the mleropyle before pollinpatlon drop
formatlion, are pleked up by the pollination
drop when 1t emerges. Simllar mechanlsms
have bean deseribed for Calliteis (Baled
1953), Thuja (OWens and Molder 1980H), and

Taxodium (Vasil and Sahni 1964) .

A pollination drop !5 also exuded in
Plnus and Picez but here the ovule 1a
inverted and the ovule tlp conslsts of two
micropylar arms (Doyle and 0O'Leary 1635,
MeWllllam 1958, Sarvas 1962, 1968, Lill and
Sweet 1277, Owens 2t 31, 198ih, Singh and
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Owens 1387a, Owens and Bliake 1984). Doyle
and O'Leary (1935) found that secretion of
the poilipation drep was 2 noeturnal
phenomenon and that llttle or mo Fluid was
present during the day. This lsd MeWilllam
(1958) to suggest that the pollinatlon drap
wag preducad by gutbtation, and Lill and
Sweet (1977 thought each ovuls secreted a
drop repeatedly. Fecent research on Pigea
(Owens and PBlake 1984, J.N. Owens,
unpubl Ished results) shows the drop LUs
seareted by nectary-like tlasue at the tip
of the nuecellus and each ovule secretes gz
drop only onece. Alao, 1t has besén shown In

Pinun 10wens ot al. 19818) and Plecea
(Owens and Blake 1984) that micropylar arms
asardle minute droplets (Flg. 5.13) to
which poellen adheres for geveral days
before @ pollinatlon driop forms. Pallen ls

taken lnto the mleropyle when tie polllna-
tion drop floodo the ‘space betwmen the
mloropylar armg (Flg. S.1H).

In Ables (Owens and Molder 1977d,
Singh angd Owens 1981b, 1982) and Cedrus
{Doyle 19453 the [ntegument tip la funnel-
ahaped and somewhat lobed but no pollima-
tion: drop Forma (Fig. 5.16). In Ables
{Singh and Owens 19B1b, 1362) minute drap-
lets are gecreted on the aurface of the
funnel to which pollen adheres.. The funnel
than ecrimps Inward carrylng pollen closer
Lo the nuecellus.

Two pellination mechanisms oecur In
Tsuga. In the more primitive T. mertens-
lana the two micropylar arms are broac
Tlapas, simllar to that In Picea, which
gegrete minute droplets to which pallen
adheres, The [laps collspss, entrapping
peilan gralns (Owsrns and Blake 1983), In
T, heterophvlla, and probably in most other
hemlocks, pollen has spines (Fig. 5.8)
which adnere to long wob-liks cuticular
halrs on the abaxisl surface of the bract.
When the pollen germinstes, long pollan
tubes are formed wWhich grow into the
nucellus (see Ch. &),

_ In:Pseudatsuga (Allen 1953, Ho 1980,
Owens &t sl. 1981s) and Larix (Owens aznd
Molder 1979, Villar et al. 198%) the
stlgmatle tip devslops Into two unsgual
lgbes covered with wunicellular stlgmat!ic
hairg, and the miéropyle is 2 narraw sllt,
too small For pellan to aenter. Pollen
bacomgs entangled in the stigmatic hairs
(Fig. 5:17). This occurs for several days,
then eells around the micropyls collapse
and: eells an the surface of the laobes

elongate; ecarrylng stigmatle hKairs' and
attached pollen into the micropyle.
Complate engulfment of stignatic hairs
{Fig. 5.18) occurs within about 2 weaks.

There are ne secrations an the stlgmatic
halrs and no pollinatinn drops.

The optimal time for pollinatlon and
the duration of effectlve pollination wvary
#ith the mechanism. In specless having a
poliination drop, mast elfective polline=
tion ocours when bhe pollination drop is
presont {(Owens et al, 1981b, Owens and
Blake 1984). Hewover, ln  those that
gecrete droplats on the ‘mioropylar armn,
polien la alse effectlvely callected.
Experiments wilth Pinus (Owens ot al. 1981h)
and PFleea {(Owens and Blake 198Y4) show that
some of the pollen whilch adheres to the
arms Ia taden |qdte the ovule, but the most
affective polllinatlon boours when the ovule
haz an exuded pollinatlon drop. In thaao
studles, and more rocent atudies of P,
glauca (J.N. Owenz, unpubllshed results),
it was shown that not all ovulea In a pone

exude polllnation drops almultansously.
Exudation oeccura over several days and
progressas adrapetally In the ecane,

Therefore, different reglons of #aoh wsone
gra most receptive at different times.
This has obvious lmpliecations Tor
controlled and supplemental pollinakions
and implles that maximum seed efllelency
(Bramlett et al. 1978} in the Fleld may
opceur when pollen areives abt ths oconelats
over several days.

In Pseudotsuga pallen I3 accumulated
aver several days and the most effective
time Tor polllnatlen ls withln about 4 days
from the time tonelsts flrst become recap-
tive (Heo 19850, Owens et al. 1981a).
Danisls (1978) showed that wind pollinstion
had =2 marked cumulative a7feact untlil

bevween the seventh and eighth days. Hilas

results demonstrate the effascbivansss B
the polien coliecting mechanlsm In Fssudo-

tsugs. Howevsr, It has since been snown
thait the first pollen to arrive at the

stigmatiec surfaes (5 Caken Into the ovulae
preforentially ovar pollan arriving later
{Owens and Simpgon 1982). In Picea glauca
that was pollinated 3t different times with
colored pollen, the pollen applisd early
w2z most llkely to sccompllsh Pertllization
(R, Ho, pers. comm. 1. LI1L [137W)
soggested thet the probability of pollen
getting intc Pinus ovuies is dependent on
the proportion of the amount applied to the
total present at the time af pollinatlon
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drop emergenca. Somerville and Sweat
{1978) have since demonatrated this te be
true Ffor F. radiata. Artificial -appilea-
tlons of pollen at the right btime sxcluded
most natural pollen from the ovule and was

reapanslble for 80 per cent of seed
produced,
Other pellinatlon @echanisms which

rely on a collection proceas, ss Iin Ables,
Cedrus, and Tauga, may have leng receptive
perlods possibly without optimal asatages.
This has been demonstrated In T. hetero-
phylla where each day for more than two
weaka, previously unpollinated seed cone
flowers wore polllinated, but the aeed aset
was  easentially the same for all dates
(Colangeli and Owens 19843,

Pollination in hardwoods

In angloapermn the capture of pollen relles
on certaln astigma-pollen Interactions., The
atigma Ia the most varlable part of the
gynoeaium. It usually forms a amall viscld
knob or eleft at the tip af the style but
may be more extravagantly developed in some
apecles, The pellen gralns adhere to the
4tlgma, due partly to thelr own stlekiness
(the olly exlne) and partly to the gela-
tinous or paplllate nature of the atigmatie
surface (Fasgri and wvan der Pijl 1979).
The stigmatle surface may be dry at matur-
ity,  Thaving a dehydrated proteinacious
extracellular layer or pellicle but no frae
gecretion, or wet, having a =slmllar but
hydrated layer. The surface may b2 smooth
or have unicellular or multloellular papll-
lag. Families containing hkardwood forest
trees are {eirly homogenecus 1In atigma
type, either paplllate or non—papillate and
usually with a dry surface (Heslop—Harrison
and Shivanna 1977).

In wWind pollinated angiosperma the
capture of pollén by the s=tigma may be
facilitated by its exposure outside the
floral envelope and its large, often sticky
surface (Heslop-Harrison and Shivannz 1277,
Ager and Gurlss 1982). Sticky stigmatic
surfaces oceur In Ulmus (Ager and Curles
1982), Quereus (Kolpak et al. 1980),
Juglans (Cermain et z1. 1973), and others
(Fechner  1979). Wind pollinated plants are
frequently characterized by long filaments
whieh bring the anthers outside the floral
edyelape. to disperse pollen in the alr
currents. In others (e.g. Betula,
Corylus}, pollen grains lodge batween
clasely fitting eatkin scsles and when the

catkin moves fn the «ind the scales open
and polien i{s dispersed (Faegrl and van der
PLj1l 1879).

Synchrony and time of flowering

One characterlstic showing considerable
varistion between and within spesles 1is the
time of male and female flowerlng. ¥laehn
(1961) suggested that ln eonifers, conelets
commonly become receptive before pollen
cones on the same tree ahed thelr pollen.
However, there are too many axceptiaons lop
this to be a general rule. A aimilar trend
may occur ln hardwopds, Several studien
have shown that tree specles are sgeldom
entirely protandric (male structures mature
belore female) or metandric but populatlons
vary in freguenoy of each. Early studias
of Fileea ables suggeated that this resulted
froem differential responses of pollen and
seed cone buds to warm apring temparatures
(Meshan 1888), It has slnee been shown
that differences Ln time of male and female
Flowerling may wvary within a populatlon Ln
different yeara: (Chung 1981).

The time of flowering of any aspecles
varies because of Inherent differences
among Indlvliduala and because of the range
in latltude and elevatlon over which [t i3
distributed (Fowella 1985, Snyder and
Clausen 1974%). Deapite variation in over-
wintering stages (Fig. 5.1). rates of
pollen development (Fig. 5.12) {Owens
1980), and, the as yet poorly understood
dormancy requirements Tor reproductive
buds, there (a3 conslderable overlap In
pollen shed and conelet receptivity within
most conifers. Chmng (1981) provides an
extensive discusalon and review dealing
with faectors afTectlng Tlowering time and
the Implleation thla has for natural
populations and seed orchards., Synchrany
has been observed in Plnus (Wright 1953,
Bramlett 1973, Crano 1973, Beerzs 1974,
Barnes and Mullin 1974), Ables (Franklin
and Ritchie 1970), and several other genera
within the Pinacess and Cupresssceae (Owens
1982). Iin econifers, asynchronous
development I3 not commonly a2 major barrler
tc self-poliinztion.

In wind pollinated hardwoods there i3
littie information on synchrony. Informa-
tion on several genera Is summarized by
Farmer and Piteher (1951). 1In some monoe-
eclaus specles pellen dehbiscence and Temale
receptivity In the same Tlower are not
synchronized. Fraxinuz and FuEulUB ara



metandrous and Plantanus i3 protandrous,
whereas this |s unspeecifiad ln other genera
sueh as Quercus. In some gensera, sSuch as
Liriodendron, male and female [lowsring
overlap and ogcur over very long periods of
Eime.

Wind pollinated Torest trees produce
large amounts of pollen, Conlfers are
particularly prodigious pollén producers,
often o¢reating ®=sulfur showers™ &t peak
pollifistion. Estimates of pellen produc-
tion are important in sesd orchards. The
mumber. of pollen gralns produced per pollen
gag or cone has bean measured for saveral
apecies, The amount of polisn per cons
depends on the size of polisn and smicro-
sporangla and the number of micerosporangia
per pollen cone. Smaller pollen cones, as
in Tsuga heterophylla, may produce about
50,000 pellen grains (Ho and Owens 197&al
but those with very =mall pollen grains
such asa Chamascyparis obtusa contain about
108,000 (Saito and Takeoka 1083). The
Intermedlate slzed pollen cones of Larix
leptolepis (Yokoyama et zl. 1978) and Finus
contorta (Ho and Owens 13Tle) produced
91,000 and 465,000 respectively while the
largeat pollen cones In Araucaria may
produce 10 mlllion pollen gralns
(Chamberlaln 1935). Considerable varlation
ceoura In estimates of pollen production.

Adams (19B2) found the number of pollen
gralns per pollen oones of Psaudatﬁuga

varied from 37,310 to 62,960 among eight
seed orchard clones. This was comparable
to results of Orr-Ewing (1965), and Ho and
Owens (1974b), but not results obtalned by
Szlklal (19683). Electronie counters appear
to give the most consistent results for
pollan counta, Simple yet accurate methoda
aheuld be developed Cor each aspecies to
estimate pollen productlon based on sample
branches and trees i{n seed archards. Estl-
mates have nol been made [or hardwood
forest treesn,

The proportion of pollen preduced that
reaches the conglet or flowsr in both wind
and insect polllinated trees is unknown but
reprencnts only a minute fractlon of that
produced (Stephenson and Bertin 1983).

The onsst, duration, and rate of
pollen releass are temperzture dependent.
Most north temperate forest tress appear to
have & eold requirement (Pharls et al,
1969, Simak et al. 1974, Hatsutz 1975),
However, soms scuthern pines do not, With
favourable temperatures, pollen conss aof

Pinus elausa may shed pollan ln late
November or in December (Boyer 1981). 1In
contrast, P, taeds has 3 dormant period and
will not resume development without chil-
Ling (2000 hes at H°C). In hardwoods,
there also appears to be a oold requirement
before Tloral development will resums.
Several Populus species and hybrids have
varlable c¢hilling reguirements and it
appears that southern acobtypas of sSome
forest trees require less total cold expo-
sure than do northern ones (Farmer 71964},
Physiclogical changes oeccurring in floral
buds during chilling have not besen studled
in forest trees and have only been studisd
to a limlted extent ln frult treea (Felker
et al. 1983).

Heat accumplation following the chil-
ling period has been used Lo predict onset
of flawering in Pinus (Sarvas 1962, Boyer
1973, 1978, 1981) and Picea (Sarvas 1968).
Other studiss have followad the phenoclogy
of specles and correlated onset ol spring
bud activity with minimm temperatires, In
a study of 19 species there were no obvloud
correlations between ourrent temperature
laevels and (lowering or leafing,; and
considerable varlatlon occurred rom year
to year (Ahlgren 1957). Boyer (1981)
dlascuased In detall the use OF Lemperature
and the alternatives of using degree-hour
or degres-day sum3 to predlet pollen
relaase.

The duratlon of pollen release Is
highly wvariable ln a aspeclea Tron year to
year and l|s related to dally (luctuatlons
In temperature and humldlbty. Pollen ahed
in ecoastal Britlsh Columbla has peaka
during the day (1000 hr to 1600 hr} and
although pollen may be ashed over many days
or Wweeks there are alao peak perlods durlng
this time (Ebell and Schmlidt 1964). In
southaern plnes the duratlon of pollen shed
s arbltrarlly set as the Cewsal oonsepu-
tive days needed for dlapersal of 80 per
cent of the total pollén. In Pinusa
palustris dispersal took as few az 5 days
and a3 many as 21 days and averaged 13 days
over 22 years (Boyer 1981).

Controlled and supplemental pollinations

Controlled and supplemental mass pollina-
tions (SMP)} are commonly used iIn tree
breeding and In seed production in conifers
and to & lesser extent In hardwood forest
trees. Controlled pollinztion and SMP must
b2 done at the optlmal time For maximum
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geed set. Several studies hawve been made
of conifers to determine the optimal time
of pellinatlion. These combine eareful
phenclogical studies of conelst development
with controlled pollinatlons done at
different timsa, Most studies correlate
Lime of pollinatlon with ssed efflelency at
Lhe end of the growlng season (Bramlett et
al. 1978). Other atudies have pcorrelated
Lime of pollination with amount of pollen
taken lnto the ovule, as well as seed
offlelency (Yokoyama et  al, 1973,
Somervllle and Sweet 1978, Ho 1980, Owens
oL al. 19813, 1982, Owena and Simpaon 1982,
Owena  and Blake 19847, The latter
bechnique, though more difficult, provides
morphological Informatlion about causes of
Frallure Lo sat soed. In all cases,
phenolegleal atudles must ldentify
recognlzable stages of conelet development
and not rely upon calendar dates,

One of the earllest studles of
controlled pollinatiens In which pheno-
logleal atages were carefully monitored was
of Plnus (Cumming and Righter 1948}, These
same otagen are stlll used for controlled
pollinations In southern pines (Bramlett
and 0'Gwynn 1981), There have been several
subseguent reporta on polllnatlon tech-
niguea for Plnus (Wakeley and Campbell
1954, Mergen et al. 1955, Lill 1974,
Somerville and Sweet 1978) and other
conlfers ineluding Tsuga (Nisnstaedt and
Kriebel 1955), Pseudotsuga (Orr—-Ewing 1956,
Carlson and Hsin 1976, Daniels 1978) znd
FPicea (Owens and Blake 198B4).

The various methods of pollen applieca-
tlon 1In eontrolled polllnations arse
deserlbed by Bramlett and O'Gwynn (1981)
and Matthews and Bramlett (1987). Specifie
recommendations are made which apply goner-
ally to econifers. SMP i3 'z method of
broadeast applieation of pollen to conelets
that are not isclated from airborne pollen.
This methed is used to increase seed yield
in orechards and seed production areas. 1In
many slteations, especially young orchards,
alrborne pollen is tog limited for adequsts
aead sei. In Pinus adequats pollen i3
eagential or conelets abort (Sarvas 1952,
Sweet 1973), whereas in most other genera
conelets develop but seed efficisncy may be
very low (Owens et al. 19812). Dther
Teasons to use SMP inelude: introductlion
of speelfle pollen lots, compensation Tor
poor aynchronizatlion or low production of
logal pollen lots, minimization of the
effezta of poor westher conditicns at the

tilme of natural pollen shed, dilution of
the effects of external pollan sources,
increased genetle galn by panmixia amang
orchard eclones, and productleon of
interspecific hybrids (Bridgwater and Trew
19581}). Recommendations for SMP  and
equipment wused are also descoribed by
Bridgwater and Trew (1981). Danlels (1978}
concluded that SMP e¢learly has potentlal as
a method of lnereasing the quantlty and
genstic quallty of seed 1n dralards,
Increased seed yleld by SMP has heen demon-
strated using wvarlous SMP techninuea in
Pseudotsuga (J.E, Wehber, pers. ocomm.) and
Pinua (Hadders 1977, Bridgwiter and Trew
1987] seed orchards.

Controlled pollinatlon and, edpe-
cially, SMP may never be as extenslvaely
used Iin hardwoods as In conlfera (Farmer
and Pltcher 1981) because of the complexity
of the pollination process and difficulty
in eollectlng large quantltles of pollen In
many hardwoods, Farmer and Pitcher [1981)
describe pollinatlion technluea for
Fraxinus anad Llguidambar and give baok-
ground Iaformation on Prunus, Juglans,
Populus, Quercus, Plantanus, and Lirloden-
dron. Techniques for controlled polllna-
tions are deacrlbed for several genera
including Salix (Argus 1974Y, PuEuluﬂ (Knox
et al. 19720), Juglans (Beineke and
Masters 1976), Prunus (Forbes 1973},
Quercus (Ledig et al. 1971), Alpus, (White
1981) and Eucalyptus (Van Wyk 1381).

Pollen management

In ordar Lo ecarry out controlled polllna-
tion and SMP it is necessary to collect and
store pollen. Thia requlres knowledge not
only of the phenology of pollen development
in =ach species but of methods of pollan
collsetion, storage, viabllity testing and
pollen physiology. Follen d&ollaotion,
storage, =nd «~iability teating were
thorcughly reviswed recently under headings
of "pollen handling” (Snyder and Clausen
197%) and "pollen mznagement” (Franklin
T981). Pollen storage, viability tésting,
and physiology wers reviewsed by Jdohri and
Vasil (1961), Rosen (1968), =snd Blnder ot
gl. (1278). Our purpose is to update these
reviews on aspecks mest relevant to sead
production in forest btrees.

Pcllen collection

Pglien gollectlon technlques must Eake into
consideration the phenology of pollen cone
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development so that ecollections are made st
the propar time for maximum pollen yield
and wviability. This necesslitates
monitoring trees and collscting on a tres
by Etres ar even branch by branch basis.
Procedires may be unigus to =3ch species
and loostlion. They invoive thes ecllsction
of nearly mature pollen eonss znd
extraoction of pollen in the laboratory, the
bagging: of branches or trees 1o extraci
pollan in the field, or forcing poilen
cone development on cut branches orf trees.

Seitz (1958)  deserlbed the agtumn
collection of predorment male branches of
aspen and the subsequent chilling and fore-
ing to produce normal pollen. Besrs et al.
{1981) described methods of sampling for
‘cone maturity, [orolng technlques, and
gxtraction for Pinus tgeda and 2.
elllobtll. Kude (1980) followed pellen
cone development and determined the most
Taverable time for pollen cellection in
specles of Abies, Picea, and Pinus, but
sample slzes were small and variation was
high. Snyder and Clausen {1974) described
methods of pollen eollection, They empha-
sized econditions lor short-term Torcling
From ocut branchsa, the importance of
correct timing of cellections, and the
guantity of pollen cones or [lowers needed
from different specles to obtaln particular
volumes of pollen. Useful tables are
provided and they emphasize that dates of
Floverlng for a specles are handy
guldellnas but exdol timlng will vary wWith
loeality, year, and individual tree. They
reviewad much of the llterature dealing

with forecing pollen on cuttings [rom
hardwood foreat aspecles. Dates of
Flowering for different specles ars

provided by Fowells (1965) and Schopneyer
{1974},

Pollen steorage

In general, pollen that 13 properly
oollaeted, extracted, and dried wlill store
well, whereas even the beat techniques will
not 'allow storage of poorly handled pellen.
Generally, the longevity of stored pollen
Inoreases with decreasing moisture content,
but there are exceptions (Stanley and
Linskens 1974). The bpest extractlon tech-
niques Involve Some humidity eontrol to
reduge the moisture ocontent of pollan
(Sprague and Snyder 1981). Pollen may nesed
further drying after extraction (Snyder anpd
Clausen 1974). Freeze-drying followed by
deep Treezing s an effentive technique for

axtending the perlod of pollen storage
(Duffield and Callaham 1959, Ching and
Ching 1964, ¥ing 1965, Llvingston and Ching
1967, Ching 1969, Ichlkawa and Shidel 1971,
1872a, Bl. Plnus monticola (Ching and
Ching 1964) znd Faeudotsuga (Livimgston and
Ching 1987) pollen was freeze dried then
stored: Lir drying, a2nd eold storage prior
to freeze drylng, both improved the quallty
of the fresze drled pollen, Pollsn of
several tPee species has been dtored at
températures varying from +5° to —23°C and
relative humidity wvarying: from 0 to 50
per cent for a few months Te 13 years,
depanding upon species and initial quality
of the peilen (Barber and Stewart 1957,
Duffield and Callaham 1959, Ehrenberg 1960,
King 1965, Callsham and Steinhoff 1986,
Bingham znd Wise 1958, Alam and Grant 1971,
Bingham et 21. 1971, Popnlkela 1971).

Generzlly, conifer pollen iz easier to
handls and stores longer than angiosperm
pollen (Stanley and Linskens 1974). The
atorage period for viasble anglosperm pollen
lz uszually measursd In days, whereas that
of conifers ls messured ln months or years,
Regommendations CFor short and long bterm
storage of pine pollen are described by
Matthews and Kraus (1981). Conditiona lor
conlfer pollen storsge are glven by Snyder
and Clausen (1974). Extenslve research on
pine pollen (Sprague and Johnsen 1977)
shows that 2 low (8 to 10 per cent) lnltlal
molsture content was the moat Lmportant
Factor lor successful storage. Also yaouum
storage was better than storage wlith no
vaguum. Hecommendatlions for atorage of
anglosperm pollen, Including several
hardwood foreat treses, are roviewed and
tabulated by Snyder and Claunen [197H).
Quercus and Juglans pollens have bLeéen
effectively stored In llquid nlwrogen
{Makhmat and Shlonchak 1977).

Binder et al., (1974) reviewed pollen
storage with an emphanls on gymnaspern
pollan. They concluded Lthat the reaplira-
tion of pollen must be reduced to conserye
its food reserves and that temperature and
humidity of stored =samples wers the most
tmportant varlables In longevity af pollen
in storage. Wang (1975) suggested that
"Posslble causes of pollen deterloration in
storage are: (1) exhaustion of resplratory
substrate, (2) inactivation of enzymes,
growth hormonas; and pantothenle acld, (3)
desicecation injury, (4) accumulation of
secandary metabelle products, amd {(S)
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changas
pollen membrane and lipid sutoxidation...m

in 1lplds of the exine of the

Some research has been done on airuc—
tural and physiciogical changes during
pollen storage. When conifer and anglo-
sperm pollen was deep-frosen, mechanical
injury Included paeudoplasmolysis, ice
erystal and air bubble formatlon, and
aurlace cracks., Phyalolegleal Injury
included decreased or complete lass of
ability to form starch and pollen tubes
(Iohikawa et al, 1970; Ichikawa and Shidel
1971, 1972a, b). Loss of Populus pollen
germinabllity depends on the appearance of
gne or more Inhibltory protefin-llke
substanees (Dhir et al. 1982). Bingham st
al. (1964) have also demonstrated inoreased
deanatured protein In poorly stored pine
pallen as ahown by inecreased protein banda
Iln elecrophoretlic patterns. Paeudotsuga
pellen under adverse storage conditlons
ahowed a decreased resplratlon rate (Binder
and Ballaptyns 1975), Another effect
dppears to be membrana damags as measured
by conductivity of pollen leachate (Ching
and Ching 1964, 1872). Rlthough certaln
types of storage adversely alfeet pollen
viabllity, there la not yet a clear picture

af all the structural or physiologleal
ahangesa Lhat oecur. A recent study
suggests that selectlon against weaker

poilen may oceour durlng storage, reésulting
In stronger seedlings from stored pollen
{Mulecahy et al. 1982).

Pollen téstln;

Follen viabillty or quality, usually as [t
reletes Lo storage, was reviewed by Visser
{1955), Binder et al. (1974), Snyder and
Clausen (1974), Stanley and Linskens
(1974), Ooddard and Matthews (15B1) and
Heslop-Harrison et 31. (1Q84), Pollan
viabll ity was originally bassd on germina—
tion tests and seed or Truit set., Follen
gerinability is the ablllty
polian tubes under what are assumed to be
optimal in witro growing conditiens =nd
pollen fertility is the ability to produce
normal seed (Jensen 1964). Obviously, all
pollen that germinates may not have the
vitality to survive or compete and take
part In fertillzatlen. Therefgora, germin-

ability may not be an adequate measure of:

pellen "wvlablllty". Jensen (196%) showed
that fertile pollen invariably showed posi-
tive germinability but the reverse was not
neceasarily  true, Simlilarily, Duffield
{1954} stated that germlnatlion tests are

te produce

not a reliable assessment of the fertiliz-
ing potentlal of pollan. Therefore, pollen
viability tests which also give some
measure of vigor are very important.

Tests of pollen quallty have been used
extensively (5tanlay and Linskens 1974,
Heslop-Harrlson et al. 1984)., Snyder and
Clausen (19T4) descrived procedures and
tabulated methods and results Tor many
anglosperms lneluding most hardwood foreat
genera. They gave almllar but more limitad
procadures for several conlfer genera,
mostly from the Plnhaceas, Goddard  and
Matthews (1981) provided detalled proce-
dures for pine pollen and emphasized the
need lor standardized procedures whioh glve
veriflable results, A few studies hava
tested ellacts of varlous minerals, growth
substances, and augars on  pollen  tube
growth (Echola and Mergen 1956, Dillon and
Zobel 1957, MeWilllam 1960, Vasll 1960, Ho
and Sziklal 1971a; b, 1972).

Pollen germlnatlon tests mads before
1932, when boron was discoverad to be an
Important stlmulant to germlnatlon, are of
questionable wvalue (Stanley and Linskens
1974). Early teats of Clorest GLrees
involved broad aurveys of media and condi-
tions (Echols and Mérgen 1956). Several
typea of germlnatlon testa are descrlibed by
Stanley and Llnskens (1974), but they may
be mast spplicable to anglosperm pollen,
where pgerminatlon Is generally rapld and
easlly identified pollen tubes devalop.
Germination {3 generally slower in conifers
{Snyder and Clausen 1974) and, in some
genera (Pssudotsuga, Larix) pollen elon-
gates (Ho and Rouse 1970, Ho and Sziklal
1972a, Allen and Owens 1972) but does not
form & pollen tube untll It reaches the
nucellus s=veral weeks later (Allen and
Owens 1972, Owens and Moldar 1973c). It is
difficult to diatinguish between swelling
and elongation .and active pollen tube
growih. The extznt of pollen tubes growth
necessary [0 ladleate "germinaticn” ls alao
diffieult to determine even in sSpecies
having typical pollen tubs development.
Pollen tube growth may decrease with
fnoreasing pollen age (Kuhlwein and
Anhasusser 1931) and storage time (Cram and
Lindgulst 719B8%), which supports Duffleld's
(3354} and Deampzey's (1962) suggestions
that rate of pollen tube growth should be
eqplayed an a measure of Fertilizing poten-
tial, Begause of the Irequent ambiguoupa
results, especially with eonlfers, and the
need far reasonably preclse technlques and
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equipment, wunavailable in some Isbora-
tories, other technigues for acceasing
pollen quallity have been developed.

However, germlnatlon tests will mo doubt
remaln & useful standard technigque.

Stalning technigues, like germination
tests, have bgen used to estimate pollen
wiability. Binder et al. (1374} reviewsd
the literature of tne 19505 and 1960s and
coneluded that none of the staining tests
were generally reliable. Snyder and
Clausen (1974) and Goddard and Matiheus
{18981) =lso discussed staining methods and
eoncluded that techniques are pot widsly
aceepted and are generally unsatisfactory
indicatora of viability. Some stains, like
acetocarmine or salranin, are histologieal
stains whieh glve no indication of physic-
logical wiability. Other "wital" stalns,
such ‘as nitro blue tetrazolium (Nitro-EBT)
(Hauser .and Morriszon 71964}, are bessed op
the oxldatlve metabolism of 1living pollen.
With many stalning technigques the ecolour
reactlon la Inf'luenced not only by viabil-
ity but also by temperature, time of stain-
Ing, and species of pollen. Response Lo
tests can be judged bo fall into other

categories besides living or dead. Inter=
medlate ecategorles may represent wvarying
degrees of vigor or degeneratlion. Many

atalnlng tests are useful, but only Lf
parallel tests of seed set are run using
the same# hateches of pollen. Tachnielans
working ‘with one species can [reguently
develop a rellable astalning test for their
sltuation. However, this test canpot
alwaya be tranaferred to another specles or
used by other technlelans without repeatling
the tedlous seed set comparison.

Follen wlability has beon teated In
Torest trees uwusing tetrazolium szalts such
a3 2,3,5-triphenyltetrazolium chlorlde
(TTC) (Cook and Stanley 1960, Chira 1963,
Chen 1981) and Nitro-BT (Hauser and
Morrlsen 1964). A percexidase reactlon was
used In Larlx, Pinus, Pasudotsuga, and
saveral angloaperm speciea (Maurin] and
Kaurovy 1956). Metnyl green and phloxine
have been used for testing Larix and Betula
(Woralesy 1859}, Fluorochromatic dyes
{Ryynanen 1978) and acetoecarmlne have alsa
been successfully used (Heslop-Harrlson and
Heslop-Harrison 1970, Heslop-Harrison et
al., 1984), as well as potasaium ldodide
{Jovancevie 1962). In ‘a comprehensive
study of anglosperm pollen quality testing
methods, Heslop-Harrison ep al. (1984)
concluded that the T[luorochromatic

reaction, & histochemical procedure which
tests for the presence of an active
a3tarase and Integrity of the plasmalemma,
correlates highly with in vitro germination
methods., The speed of most other ataining
tests is ocutweighed by low peliability -and
repeatability. As & 'result, other rapid
teainigues based on pollern phy=iology hawve
peen devsalopsd.

Tests of slactrlezl conductasnce and
lazghates ars haszed on the premlse that, as
pollsn =ges, membranes change and
Substanee= leach out in water, Ching and
Chning (1976) placed Abies, Pssudotsuga, and
Tsuga peollen in distilled water and
measured Lhe leachate by ultraviglet
absorption, sugar and amino acid content,
and eleerical conductance. High values for
2ll these were olosely related teo germina-—
tipn tests of the same pollen lots.
Similar results were obtained using Pinuz
taeda pollasn (Fostsr and Bridgwater 1979).
A chemical assay of pine pollen showed Lhe
concentration of low molecular wYelght
sugars and organle aclds to ba higher in
vlable than In non-viable pollsn and this
was related te 1ln vitro Eermlpatlon
capacity (Stanley and Poostchl 1362).
Goddard and Matthews (1981) deserihe a
procedure for measurling electrlieal conduct—
ance of many pollen lots slmultaneously.
They obalned high correlatlons between this
teat and germlpabllity of P. elllottll
pollen and concluded that pollen deterlora-
tion I3 accompanlad by loss of membrane
Integrity. The amount of leachate may alao
indicate the relative vigor of pollen.

Resplration of pollen from foreat
trees was atudled by Livingaton (1971},
Hygaard (1973) and Binder and Ballantyne
(1975). 1In the last study, the reaplratlon
rate of Pseudotsuga pollen was measured
using a Clarke oxygen electrode and
compared to the number of [illed seed.
They conecluded that there was a positive
correlatlon between pollen raapiratlon and
pollen fertility, Ching et al. (1975}
found the content of adenosine trlphosphate
(ATP), which provides energy for bloaynbhe-
sls and growth, was slgnificantly corre-

lated with germinablility of abiles,
Pseudotauga, and Tsuga pollen. Although

bath of the above tests reguire only small
pollen samplea and & few minutes to
perform, they requlre =mome apecialized
equipment. This equipment is not diffieult
to operate Dut 1s expensive. Thess Leoh-
nigues probably provide the most
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unamblguous results because they are based
on  quantitatively measurable metabolic
processes. More recently, coyclic AMP and
GMP have been shown ta thave zone
physinlogieal of blochemioal regulstory
effects on germination of Pinus densiflora
pollen but this was not suggestsd as a
viablllty test {Katsumata et al. 1978).

Pollen physiclogy

There are camplete revlews of pallan physi-
olagy (Johri and Vasil 1961), physiology
With emphasis on gymnosperms (Binder st ai,
1974), and ultrastructure and phyaiology
{Rosen 1968). The first two deal with the

phyalology of pollen In storage and
eulture, wiablllity tests, and pollen
chemiatry. Pallen chemlstry conaslders

dugara, proteins and amino aclds, vitamins,
growth promoters and innibitors, enzymes,
Isnenzymes, metaboliam, and resplration.
Rosen (1968} reviawed pollen in a wery
broad sense, lnoluding the above aspects as
wall as ultrastructure and Lncompatablitty
reactions, Understandlng pellen phyalology
Is Important In developing methods rfor
pallen extraction, atorage, and viablllity
testing. It i3 also essential for under-
atanding changes which ocour during pellen
tube growth 4n wive, and Interactlons
between poll#én tubes and stlgma, style aor
nuwasllar tissues (Ch, 6},

Farbohydrates not only sasre malor
constituents of the pollen wall (Heslop-
Harrison 1975} but pay be abundant within
pollen as free sugars or starch. Mameli
{1952) generalized lncorrectly that wind—
pollinated plants have atarchy polisn whils
entomophyllous plants have pollen rleh In
fat and sugar, In conifers, the Cupres-
gacese have pil-rich pollen (Owens et z1.
1980} and the Finaceas have starch-Tilled
pellan {(Owens and Moalder 1971al. Als=o,

Johri and Vasil (1961) state, ™At varlious

stages of development, poilsn gralns show
sonsiderable gquantities of starch but
imvariably it disdppesrs during o1l dlvi—
sion: er at the time of sheddinz..." This
is not true for the PFinaceas, whers
gonsiderabls amounts of stareh ars present
In pollen tubes whila they grow through the
nuesllus (J.N. Owens, unpublisned results).
The major component of Tree sugar in pollen
varles ‘wilth spesies. Iri =angicspermss,
gugrose compriszed 20-50 par eent of fres
augars; whereas in pines {t msy be mors
Ehan 93 per cent (Stanley 1977). Most
pollens contaln many  soluble sugars. in

pollen from 15 conlfers, atachynose coeurred
in 10, arabinese, xylese, and galactose
gecurred frequently, often a3 hydroxylates
of pectin and hemicellulose (Stanley 1971).
Chira and Berta (1978/79) identified 13
Sugars In pollen From 25 taxa of Plnus and
irom seven specles of Ables, In plns
pollen, =soluble sugsrs decreased mueh more
rapidly under poor than under Cavopable
storage cenditions (Stanley and Poostaohl
1962).

The total proteln In pollen Is gener-
ally between 11 and 30 per cent (Stanlay
197T1). Froteln' synthHeals [(noreases at
germination (Mpacarhenas and Bell 1969) and
protein levels are higher In fast growing
than in slow growling pollen tubes (Stanley

1971). Hetula pollen showed o conalderable
change In proteln compositlon Witk Agea.

All proteln studles of fareat trees appear
Lo have bean done on ungerminated pollen ap
pollen grown in vitro.

Vitamin content of gymnosperm pollen
ts usually low, whareas anlgosperm pollen
ta rpleh In B-vltamlns but poor in Cat=
salubtle witaming (Lunden {9547, High
levels of vitamins, augars and Cats In
angloaperm pollen may be related to lnseot
peliination slnoe pollen bls a food aource
of maeny Lnsect pellinataors.

Plant. graowth substancezs have been
identifled In poanlfer pollan (Mlechalsid
1967). Thirteen growth regulators, inolud-

ing three Inhibltors, aeveral auxing,

gihberellinsg (Ch=l, and posalbly
cytokinins, were Ildentifted in Pinus
radiata pollan (Sweet and Lewis 1989,
18711}, Gay, CA., and GA» have been
characterized 1n P, attenuata pollen
(Kamienska and Praris 1975, Kamisnska et
al. 1976z). ‘Alsa, GOA activity changed from
predominantly non-polar Gi8s in  dormant

pollen to more—polar OAs =s germination
progressd In P, attenuata, P. coulteri, and

P. ponderosa (Hamlenska =t al. TE?&Q}.
Sweet and Lswis (1971) demonstrated that
one CA, when extracted and reapplied,
enhianeed pollan  tube growth, RAeszearch
using anglosperm pollen lmpllestes auxing,
GAs, and cytokinins in germination and
pollsn tube growth (Barendse et al. 19700
Effectz of varlous growth regulators have
besn tested on 2. roxburghii pollen, and
thelr enhanecement of growth was manifested
through oyelle EMP; phytochrome was also
fnvelved (Dhawan and Maiix 1981).  Although
pollen appearsz to possess a simple system
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in whleh to study the primarj_afrects uf
growth regulators, the physiology 1is
complex.

Genarally, pollen has enzyme acbivi-
ties similar to ofher plant structurss
(Binder et al. 19743,  Most studies of
forest tree enzymes cpenter =round [soen-
Zymes used as genetic markers. Although
isozymes have been identiflsd In =several
specles of angiosperm pollen (see Binder 2t
R 1974), isogzyme studies in conifers
generally wubtilize the haploid female
gemetophyte Lissue rather thap pollen and
compare the former to the dipleid embryo

{sporophyte) tissus in the seed [Lewis
1981).

Beveral faetors may affeet pollen
germination. High' 'deses of radiation
{above 100kR) depress or prevent pollen

tube growth, whereas lower doses may stimu-
late pollen tube growth (Mergen -and
Johanzsen 19263, Fujimoto et al. 1980,
Clausen 1973b, Livingston &and Stettlier
1973). Livingston (1971b0) found low radia-
tion increased growth because of acceler-
ated metabollsm, whereas decreased growth
at higher doses may have resulted [rom
changes In cell wall or mambrane structure.
High deses of radlatlen have been used to
Inhiblt pgermination and produce mentor
pollen In Populus (Stettler 1968).

Atmospheric sulfur dioxide (50:) &t
congentratlions avove 0.75 ppm reduced
germination of moist Populus poilen and
congentrations of 1.4 ppm reduced germina-

tlon and pollen tube elongatlon In moist
Pinua and Pleea' pollen grown In vitro

(Karnosky and Stairs 1974). Thelr results
showed that the primary effect of 350;
exposure may be correlated with absorption
af S0:; by the germinating medla. Addl-
tional work is needed to teast the applie-
abllity of In wvitro atudies to In wvive
vonditions. It 1s possible that stlgmatic
and' pollination drop fluids could be toxi-
fled by S0: absorption. The 50:
concentrations which  decreased conifer
pollen germination and pollsn tube elonga-—
tion Iin vitro are within the range of
reported concentrations in areas of slgnlif-
icantly decreased P. ponderosa cone
production (Scheffer and Hedgecook 1955).
P. strobus pollen exposed to czone (0i)
showed no adverse effect if pollen was dry.
However, 0s; Tumlgatlon of wet pollen
signiflcantly reduced per cent germination
but did not Inhibit pollen tube Erowth in

the umaffected pellen (Benolt et al, 14983).
Sidhu (1983) found no adverse eflects af
aeld raln on Plcea glauca pollen If pH was
apove 3.6 but germlnation was reducad by up
to 30 per cent at .a pH equal Ea or less
than 3.6. The limited observations on
effects of alr pellutants on conifer pollan
suggest that pollination mechanisms
Involving a poliination drop or cooditions
which otherwlse hydrate exposed pollen may
inerease the adverse effsots of GtChe
pollutant.

Summary, and recommendations
for future research

The phenclogy of meloais, polien develop-
ment, =snd anthesis are extremely variable
in foresat treaes. Spenles grown outalde
their nmatural range may vyvary from those
within the natural range and the former may
underge meiotic or pollen abnormalities or
pollination irregularities. With the
exception of lloral Inltlatlon, polllnatlen
ia preobably the most LImportant atep and
weakest link In the reproductlve oycle.
However, specific causes of poor polllina-
tion are numerous and may vary with aspenles
and loecation. Identifying the causes could
slgnificantly Inerease 2e8ed productlon 1In
orchards and seed productlon areas;
however, thls would have llttle lmpact on
laproving seed productlon In natural
atands.

Studies to determine the mast eflfec-
tive tlme for controlled pollination ar SMP
are essentlal hut have been done [for very
few apecles. Technlgues used Invelve
phenologleal observatlons and the preclase
timing of pollination, followed by disseo-
tion, counts of pollen teken Iln, and eatl-
matlon of seed ellicliencies. Simple
methods using =stained peoellen and genabtle
markers (e.g. lsozymes) are uselul.
Howaver, hefore extensive fleld studles are
done, the pollinatlion mechanlam should he
understood for the spacies,

Although the general condltions favor-
ing wind pollination are underatond, little
iz known of how these apply Lo dlfferent
specles Ln natural stands or seed arohards,
Even less i3 known about Insesct polllna-
tions in hardwood Forest Lrees. Such
stedies serve s easentlial background Ffor
d¢etermining procedures to lnokaase seed
production,

Studlas determining the optimal time,
method, =nd bepefit of SMP and the effept
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af early arriving pollen or polien
contamlnatlion in orchards, are reguired.
The use of controlled poliination and SMP
will Inersase as more seed orchards are
established. This will require detalled
information on pollen management procedures
such as pollen forolng, collectlon, extrac-
tion, storage, and viability testing. We
know little about the effect of forcing on
pollen vlabllity and vigor. Storage and
viabillty testing should be done for each
specles  because of the structural and
phyalological differences betwesn pallen
from different species. Methods should be
developed to determine pollen wigor In
additlon to wlability, because success (n
fertilizatlon may depend upon slight, as
yet unmeasured, differences in vigor.
Testa of vigor and viabllity should be
correlated with seed efflcliency uslng the
aame pollen lot, The lower limits of
pallen vigor which allow adequate aeed aet
ahould be determined.

Standardlzed
viabllity and

procedures for pollen
vigor tesata should be

developed for each species. Germination
tests may work for some species but growth
rate data are essential In determining
vlgor. Physiological tests involving eleo-
trical conductance, and resplratory and ATP
levels, are promising because they have a
known physlologleal basls which relates to
vigor. Fluorochromatic tests show promlse
as qgulek, inexpensive, and rellable sstl-
mates of pollen guality but more tests nead
to be made on pollen from forest troes,
Basic changes In pollen metabol Lsm,
chemistry, and ultrastructure during pollen
aterage, hydratlon, and germination ahould
be lnvestigated further (n order to develop
optimal atorage conditlona for malntalning
maximum pellen wigor.

Studles of the effects of environ-
mental pollutants on pollen vigor should
determine the upper allowable limits of
pollutants., This may be most Important in
gpeciea which have pollen that remalns
hydrated and exposed Lo the atmosphere for
prolonged perlods.
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CHAPTER 6
GAMETOPHYTE DEVELOPMENT AND FERTILIZATION
Introduction

The male gametophyte (3 the smzll naplﬂid
multicelluylar structure that develops from
the pollen grain and within which the mals
gametes develop., The female gamebophyte is
the large multicellular structure in which
the egg{s) form within the ovule, The
present subjsct thus ipcludes pollen
germlinatlon, pellen tube development,
penetration of the ovule, and prefertilizs—
tion ovule development. Fertilization
specifieally invelves the releaze of male
gametes and their fusion with female
gametes. In many relferences thsa Lterm
"fertilization" ls used more gensrally, and
includes pollan germination and pellen tube
growth as well as prefertilization ovule
development. Male gametophyte development
In conifera and angiosperms diffsers Ln
rather subtle waya, whereas Female gameto-
phyte development and fertilization are
quite different in the two groups. These
differences are important in understanding
seed development. Terminology alaso differs
somewhat between conifers and anglosperms,
The correct botanical terms for both will
be used here Decause they show differencesa

in origin, deyelopment, and functlon af
atructures. Singh (1978), Foster and
Gifford (1974), and Kozlowskl {1971) are

useful references on theae Loples. There
have been no reviews of this subject fleor
foreat trees but a recent book "Mate Cholce
In Plants" (Willson and Burley 1983)
discusses some of the relavant llteraturs.

Post-pollination male gametophyte,
development in conlfers

The slte of pollen germinatlion

Varlations in location of pollen at germin-
atlon, and in pollen tube development, are
related to the polliration mechanisms
deseribed In Chapter 5. 1In members of the
Plnaceae having a pollinatlon drop (Ficea,

1984}, Development of the pellen chamber
has not besn descrlbed [n Plnus (Sarvas
1968). Chamberz vary ln size In different
canifars. Willaon and Burley (1983)
suggest that large chambers. inerease Lhe
probability of deposfition of outoross
poll=an thereby decreasing inbreeding.

As pollen settles, nuecellar gells
collapse, forming a deep depresslon.
Pollen sinks into the depression and
germinates. Pollen grainzs left at the
migropyle or in the micropylar canal either
do pot germinate or germinate late. In
Plesa and Plpnus the [ntegument arms
collizapse after the pollination drop a3
withdrawn. In Picea sitechensis (Owens and
Blake 198%) this results In a plug which
seals the micropyle. In Pinus and Picea a
ring of cells inside the micropyle divide
and enlarge, conatricting and sealing the
micropylar canal (Singh 1978, Owens et al,
19816, Owens and Blake 1984). When a
pollen graln germinates, the exine splits
and a large pollén tube, Cformed by tLhe
intine, emerges. Several gralns may
germinate on each nugellus, Sarvas (1962,
1968) suggested that pollen germinating
within the nucellar depression has an
advantage In effectling fertllizatlon ovar
pollen remalning outalde Lhe depresalon.

In the Cupressaceae, Taxacdeae,
Taxodiaceae, and Podocarpaceae, which also
have a pollination drop (Fig. 5.13), pollen
may germinate and elongate within the
mieropylar canal as In Chamaecyparis (Owens
et al. 1980), or after {t has reached the
nucellus, as In Thuja (Owens and Molder
1980b). Subsequent development ta almlilar
to that described above.

In Ablea and Cedrus pollen adheres Lo
the funnel-like Intogument tip (Fig. 5.16).
The funnel crimps ln and cerrles the pollen
into the short micropylar canal, The
nucellus elongates toward the pollen gralns
and a pollen chamber forma [n the nucellar
tip, where the pollen may settle (Fowell
1970, Singh and Owens 1981b, 1982). In
Ables, pollen remains ungerminated within

Pinus) the top of the nucellus ascretes the
drop. Pollen la withdrawn into the owule
with the drep (Fig. 5.15) and may settls
into a depression (pollsn chamber) in the
tip of the nucellus, The chamber, at least
In Picea, develaps by differentizl eell
divislon and enlargement rather than
collapse of eells (Owens and Molder 197%a,
Singh and Owens 19812, Owens and Hlake

the pollen chamber for several weeks (Owens
and Molder 1977d, Singh and Owens 1981b,
1982), Germination then cgours and pollen
tubes penstrite the nucellus,

In Larix and Pseudotsugs, pollen is
engulfed by the stigmatle tip {(Figs. 5.17,
5.18), germinates just Inside the sealed
micropyle, and then elongates along the
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micropylar eanal. A true pollsn tube does
net form until the elgngatsd polilen
contacts the nucellus. A narrow pollsn
tube then grows through the nuecelluys (Allen
1946, 1963, Allen and Owens 1972). Fluid
has beer Incorrectly reportzd in the micro-
pylar canal of Larix (Barner and
Christiansen 1960, Villar et @l. 1984) and
Pseudotsuga (Christlansen 196%),
fluld is not present IF the micropyle is
carefully diasected (Allen and Owens
1972,

Two methods of germination occur in

Tauga. In T. mertensiana, pollen adheres
to the Integumentary flaps, germlnates,

then forms a long pollen tube whlch grows
through the micropyle (Owens and HBlake
1983) and along the mleropylar canal. The
nucellus growas into the micropylar canal
and meeta the pollen tube which then pene-
trates the nueellus (Owens and Molder
197%5e). In T. heterophylla, the splned
pollen adhares to the ocutloular Hales on
the abaxlal surfagce of the bract. Ovull-
rerous scales overgrow the bracts and after
several weeks the pollen grains germinate
and ferm extremaly long pollen tubes. The
pollen tubes grow over the surface of the
bract, through the mloropyle and inte the
nueellus of an ovule on an adjacent owull-
ferous secale (Colangell and Owens 1984),
No nucellar attractant has yet besn identi-
fled, Only the Araucarliaceas and
Saxegothaea af the Podocarpaceas (Doyle
1945) have a polllnation mechanism and long
pollen tubes slmilar to T. hetercphylla
(Singh 1978].

follen tube development

Pollan tube development in vivo and pene-
tration through Gthe
studied wvery little in conifers. FPollen
tube development has' been studied Iln vltro
{Cr. 5) ‘and we may =ssume that physio—
logleal and ultrastructural changes ars
similar in both situations (Singh 1978).
Three types ol pollen germinatlion have bDeen
reported: {1} the exins ruptures
irregularly and fs5 cast off in the
Cupressaceas, Taxaceae, zand sSome non—
saocatz FPinaeceae; (2) the intine swells and
forms a bubble-like protrusicn through a
papilla ipn the exine in the Taxeodlaceae:
and, (3} the exine spliits along 2 predeter-
mined germinal furrow between the sacei ln
winged pollen (Singh 19781,

This

nucellus have bean’

The pollsn tube develops from the

intine. in germinatlng Juniperus pollen,
an external intine i3 present and ultra-—
structurslly consists of three layers,

During germinatlon a new layer, the
internal intine, forms next to the plasma
membrane by deposition of polysacoharides.
The external intine Is eventually shed and
the Internal Intine forms the pollen tube
{Duhoux 1972a, b)., 1In Plnus, the pollen
tube arlses from an lnner pectic-cellulpaie
layer of the Intine (Martens and Waterkeyn
1962). The tubs nuelsus malntalna a
constant diatance from the tip of  the
pollen tube and plays an important role in
pollen tube growth (Tanaka 1956). Labelled
nuclegaldes led to germinatlng plne pollen
Showed the tube nucleus rapldly (neorpor-
ated the label, indlecatlng rapld DNA
synthesls or turnover [or ANA templates and

possible enzyme synthesis (Stanley and
Young 1962, Young and Stanley 1963).
However, Nygaard (1973) concluded that

limited HANA syntheals occurred durlng
pollen tube growth, Orowth regulators have
been isolated Crom peolien (Ch. 5}, Thena
may affect pollen tube growth and ovule
development (Sweet 1973). Comparable
studles have not been made of posaible
growth regulators derived from the nueel-
lus.

The pollen tube growa between nucellar
cells with some diaruptlion of the latter
{Camefort 1978). Willemse and Linakena
(196%) demonstrated that germinated -and
ungerminated plne pollsn grains seecreted

pectinase and cellulase whieh may dissolve

the adheslve layer between cells and cell
walls, respectively. Variatlon cecurs in
different taxa in rate of pollen germlins-
tion and pollen tube growth. Germination
2nd pollen tube growth may be complated in

two weeks In Pleea sngelmannii (Singh and

Owens 1981a), several weeks without
interruptlon of ‘growth In P. sitchensis

(Owens ‘and Molder 19802), Several weoks
with & brief interruptlon In Abies amahilis
(Owans and Malder 1977d) or several months
with an overwiniering dormant stage in
Pipus (Singh 1978H). The function of
delayed pollen germination or tube
develapment 15 uncertain, It could simply
be to gllow early pollination, with pollen
tube and Tfemale gametaphyte development
synchronized later. Willsogn and Burley
(1983) maintalin that delayed Ffertilizatlen
may Bbe = {emale reproducktive tLaotle
designed to increase the amount of pollen
avallable, thereby \Increasing pollen
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competition and the potentlal quallty of

‘the fertilizing male gamete, Delayed
germination does not ‘appear in most
conifers  because, although pollination

mechanlsms allow for gollsction of pollen
over time (Ch. 5), In most conifers all
pollen grains are taken into the ovuls at
one time,

Verigtions in the peosition of arche-
gonia may alter the method of pollan tube
penstration., In the Pinaceae end many of
the Cupressaceas (Singh 1278), the
unbranched btubs grows dirsetly through the
nucellus to the archegonla. In Sequois,
which thas Iateral archegonia (Buchholz
193%a; b, Locby snd Doyle 1952), tubes grow
between the nucellus and the female gameto—
phyte. 1In some species of Podocarpus the
tube branches «when 1t reaches the female
gametopnyte (Konar and Oberoi 1969a, b).
These variations demonstrate zome of the
diversity of materlel avallable ln which to
study pollen tube and female gametophyte
interactions.

Posslble pollen-ovule interactions

In Larix lepteolepls the stigmatle hairs
have been compared to dey-type stlgmas of
snglosperms (Heslop-Harrlson and Shivanna
19771+ Esterase activity was demonstrated
on the surface of the stigmatic papillae
and this oould have a Tunction in pollen
germinatlon (Villar et al. 1984).

Hecognltion barrlers may exlst between
pollen or pollen tubea and nueoellar or
female pametophyte tlsaue. Such aystems
have been studled extensively in anglo-
aparms. Pettitt (1977a, b, 1979, 1982) haa
detected proteins and glycopratelns in the
pollan wall, pollen tube wall (intine), and
megaspord wall of the primitlve gymnosperm
Cycas and has demonstrated Inter-species
and Inter-tissue precipitation reactions
betwoen varlous componenta of the ovuele
Liasuns. Although there have been no
studies of conlfers, results from Cycas
(which has a similar reproductive cycle)
Suggest that protelns could be lmportant In
prezygotle lncompatibility durling stages of
pollan germination, and btube growth through
the nucellus, the megaspore wall, and the
neck. oells. In anglosperma, several
experiments have shown that following
attachment of the pollen to the stlgma,
intine proteinsz are rélessed from the
pollen wall &8 the graln hydrates, and
eontinue Lo be secreted from the tip of the

pollen tube (Pettitt 1982). In angiosperms
the protelns located In the pollen tubs
tip, which sncounters the lemals preceptive
surface during growth, could bs Implicated
in pollen-stigma recogonltlion (Heslop-
Harrison 1976, 1978).

in most conifzrs the nuecellar tlp 1s
comparsble to the stigma - Ehe sike of
pellen germination andfor tube penstration.
The inner nucellar tissue through which the
tubes grow iz comparable to the stylar
tissue. Several pollen grainsg commonly
reach bthe nucellar tip but not all
germinste, although microscopically they
appear living. Their germipation could be
innlbited by pellsn-nuesllar Interactions.
Algo, some tubes grow more alowly than
gthers. They are (nterpreted as belng less
vigorous, but their slow growth ecould
result [rom Interactlon between .pollen
proteins and nucellar tlssue. Little is
known about conifer pollen tube wall
ultrastructure and proteins except that
they are gametophytic In origln In
Juniperus (Duhoux 1972a, b). In pine
pollen, four to six seriologleally active
substances have been demonstrated (Hagman
1975).  Nothlng ls ¥nown about protelns
within the nucellar or megispore cell walls
that the polien tube must penetrate, Some
preliminary Immunochemlcal studles have
bogun in Larix leptolepis (Villar et al.
1984) and Plcea ables pollen (J.M.
Pettitt, pers. comm.)}.

The few immunochemlcal studles ol
conifera and the abundant llterature
dealing with angloaperma Indleate thin
procedure may be a wuwaelful avenue aof
research in conifera. The {mmunochemical
properties of the lemale gametophyte Llasus
of Plnus strobus were studied Ln seads from
6 trees (Eckert and Eckert 1984)., EBach
tree was unlquely ldentifled, Thina
procedure la highly sesnsltive,
Immunofluorescent stalnlng at the llght
microscope level reveals the presende of
speclfie proteins In the pollen tube wall

of Cycas (Pettitt 1982). Pollen tube
proteins may difrffer Crom those of the
nucellus and female gametophyte.
Interspecific Incompatabllity In  Plnua

(Hagman 1975) and Picea (Mikkola 1969) 1=
indicated when pollen tube growth In Lhe
nucellus stops early. The chemieal activ-
ity of enzymes released by the pollen bubs
could be very specific for complex middle
lamellar substances for a Species or
subgenus (Hagman 1975). These possible
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barriers to fertilization remain unstudisd
In eonifers. In fact, it is generally
accepted, though not proven, that
Eymnosperms, unllke anglosperms, Have
limited abllities 1in prezygotic mate
selection (Willson and Burley 1983).

Post-pollination male gametophyte
development in hardwoods

In anglosperms
stigma surface.

pellen gorminstes on the

Variation in the atlgma
surfaces wWwas brlefly mentloned in
Chapter &, The wvariation found in 1000
specles, about 900 gerera and 250 Familles
la described and classified Into saveral
categories (wet or dry, paplllate or non-
paplllate) by Healop-Harrison (1977). The
stlgma type |Ia remarkably consistent at
generle levela and sven at the famlly lavel
in some cases. Most hardwood forest trees
have dry papillate or non-papllilate
atlgmas, With few exceptiona (e.g.
Populus) hardwood pollen has one ar more
germlnal pores through which a single
pollen tube emarges.

Oermination of pollen on the stigma
eften Involves complex interactions between
the proteinaceous coating (pelliele) on the
atlgma surface, the pollen wall, and
Substancen which may be released by Bboth,
Pollen rapldly extracts wster from the
Stlgma, swells, and releases pollen wall
materials. Proteins and glycoprotelins
derlved from the tapetum during pollen
development may bind the poelien to the
stlgmatic surface. Enzymes and enzyme
precursors f'rom the intine are then
released to degrade the cuticle of the
stigmatic papillse and zllow the pollen
Lube to enter (Heslop-Harrison 1975). The
time required For these svents to happosn is
short ecompared to conifers, and may take
only minutes (Heslop-Harrison and Heslop—
Harrison 1982) or hours (Cresti et al,
1977) depending upon the species. The
Intimate association betwsen the pollen
exine and stigma, and the intine aof Lhe
pellen fube and style, allow Tar many
Sporophytle and gametophytic Incompatibil-
ity systems to operate (Hesiop-Harrizon et
al. 1975, Heslep-Harrison and Shivanna
1977
sophlsticated prezygotis detection and
selection abllities than are thought %o
aceur in gymnosperms (Willson and Burley
1983).

Angiosperms generally have mors

There is commonly a gontinuity between
the glandular stigmatie tissue, the
transmitting tissue of the style, and the
piacental reglons of the ovary. Esau
(1965) refers to thesa as stigmatolid tlssue
because of thelr cytological and physio-
logical similarity to the stigma. Three
types of styles have been diatlngulshad
(Vasil and Johri 1964)., (1) The otyle may
be open or hollow .and the transmitting

tissue la represented by a glandular
epldermis lining the stylar canal. Pollen
tubes grow along this epldermia  whioh
nourliashes and perhapas chemotropleally
Buides the diractlion aof growth. (2) In

most hardwoods, the style Is more or lassn
3o0lld and the centaer is composed of strands
of tranamltting tlssue through which the
pollen tubes must pass Intercellularly on
thelr way to the ovary. Thia Invalvea the
Secretlon of pectln dlgeating enzymes [rom
the tubes to loosan eell walls. (3}
Rarely, styles may he half-closed, Styles
may be quite long, requiring very long
pollen tubes (Foster and Gifford 1974).

The pollen tube Tforms a complex poly-
Saccharld callose in the lnnermost lamellas
of the intine and this |a déposited an
callase plugs (Cresti{ et al, 1977). The
function of the plugs 1S uncertaln but ia
thought to separate active eytoplasm @t the
pellen tube tlp from the oldar portlon of
the pollen tube (Stanley 1971). The wall
4t the tip of the pollen tube |s devold of
callose and oonsiata of pectlin, The
mechanlsm of pollan tube tip extenslion may
Involve changes in calelum inon concantra=-
tion but the procesa is not Tully under-
stood (Pleton and Stser 1982). The pallan
tube 1s strictly gametophytie tissue and it
i3 within the transmitting tissue of the
Style that gametophytle incompatibllities
accur.  Tubes are separate so there IS no
interaction betwsen tuhes, Therefore, the
rejectlon reaction s loeslized ko sach
individual tube, There 1s no general
stylar rejesction response.

In sueh = complex system there are
numsrous stages at which normal development
coulid be slowed or stopped. In Populus,
enzymes are released from the pollen wall
which are Iinvolved In emergence and nutri-
tlon of pollen tubes as well a5 stigma
penetration, Other protelns released are
considered to be recognitlon substances.
This is the basis for the recognition or
mentor  pollen pollination teachnique
(Stettler 1968) in which dead compatible
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pollan is mixed with fresn lacompatible
pollen. The dead pollen provides recogni-
tion ‘substances e=zsential for stigma
penetratlon and growth af the incompatible
pollen tubes (Knox =t 3l. 1972b). Stigma
type and pollen type have also baesn related
to the \Incompatiblllity =system (Heslop-
Harrison and Shivanna 1977). Although very
little work has been dons for hardwood
forest trees, similar systems to Lhose
already found in herbaceocus plants probably
operate,

Incompatability in Torest trees

The  term
misused.

"inoompatibility™ 13 often
Following Hagman'as (1975])
definitions, incompatibility ¢s the
sltuatlon in which functional =ale and
female gametophytes cannot unite becauss
fertilization 1s blocked =t some point.
Incompatibility can thus be intraspecifie
or. interspecific. It Involves prezygotie
detectlon and selection abilitlies which ars
highly developed in angicsperms (Willson
and Burley 1983). Inviability is where
development of the new Indlividual 113
arrested at some point after division of
the zygote. This postzygotic detectlon and
selection is well developed Lln gymnosperma
(Willson and Burley 1983).

In sonifers, self-incompatibility has
not been reported, rather, pollen tube
growth and fertllization are thought to
proceed normally but embryos abort at an
carly atage of development. Thiz has been
chaerved In Pinus (Hagman and Mlkkola 1963,

Forshell 1974), Pagudotauga (Orr-Ewing
1957, 1965), #nd Pleea (Andersson 1965,

Mergen et al., 19657 . Numerous other
reports show simllar low secdsets from aelf
pallination but have looked only at mature
soed rather than the atages at which
development stops. There la general agree-
ment that low seedset resulting from zelfl
pellinatlon 18 caused by embryo abortion
(Hagman 1975).

Interspecifie Incompatibllity s
common in conifers and results from inhibi-
tion of pollen germination or pollsn tuhe
growth (MeWilllam 195%a, Li 1964, Mikkoia
1969, Hagman 1975, Nakal et al. 1976,
Kormutak 1984). This has been extensivaly
studied {n Plnus where {t ls common In the
subgenus Diploxylon but rare or absent in
the subgenus Haploxylon. Again, flew
studies have followed development. Instead
they have pelled on indlreet evidence of

cone absclsslon, dus to the lnmbllity of
pollen to Llnduce ovule development (Hagman
1975). In interspecific grasses of Pinus,
Kormutazk (1984) found that If pollen
germinatlon on the nuoellus was inhibited,
the conelets aborted In the firat growlng
season; however, Af pollan germinated and
the pollan tube penetrsted the first layers
of the nucellus but fertilization did naokb
occur, the evile zborted durlng the sétond
sz2ason resolting in empty seed. Develop-
mental studies to determine the stage at
which interspecific Incompatlibillity oeccurs
are absent for other conifers.

Intraspecifle Incompatibilicy, ir
present In conlfers, is lesa developed than
in angiosperms. Many forest geneticlsts
have made orosses In conifers in which
seedzet [s poor. The stage at which the
syatem Tg2ils has not been determined but
could result Trom recopnition barriers.
Some Indirect evidence asuggests this is
posalble. Different sugars have a apecies-
specifie effect on peollen germlnatlon and
tube growth In pinss (Chira and Berta
1965}, and irradiation of pollen changed
the sugar composition and allowed hybrld-
lzatlon of P. nigra and P. sylvestrls
(Vidakovie and Jurkovlie-Bevllacqua 1971).
Another possiblllity is that a high degree
of disparity between pollen and nucellus
might stimulate the synthesls by the nupiel-
lus of phytotoxie substances such aa
phenels which may inhiblt pectic enzymes
(Hagman 1975).

Incompatiblilty In hardwood specles
(Hagman 1975) has been Infrequently
studied; however, the llterature on

herbaceous anglosperma is axtenaive., It is
reéasonable to assume that hardwood lorest
trees would have patterns similar to other
anglosperma, It is beyond the scope of
this review to cover the latter but here
are several recent papera and reviews
(Hagman 1975, Heslop-Harrlaon 1975, Healop-
Harriaon et al, 1975, Heslop-Harrison and
Shivanna 1977, Nettancourt 1977, Kormutak
1984),

Self lincompatlbillty {n hardwoods
oceurs In the style and {3  expressed
through retarded pollen tube growth., This
has been described in Alnus (Hagman 1970),

Betula (Hagman 171971), and Quercu=s
(Pjatnitsky 1947).  Detalls are not known
for Fagus and Castanea but, because of

similaritles with Betulas and Alnus, Hagman
(1975) suggests that the former should have
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d similar system. Interspecific Lncompat-
1bility has been studied In Populus with
the gopl of obtaining hybrids between
incompatible: specles (Stettler et al,
1980}, Foilep-stigma interactions examined
uslng the =scanning electron mlercscaope
ldentlfled considerable variation
egpenlally in pollen size, hydratlon, and
tube length. Some of these varlationa wers
gignifiecant In determining the Fate of
matings. These observations do not support
the hypothesls by ¥nox et al. (1972b) that
A proteln released by the exine sets the
stage Tor germination and polien tube
groWth In compatible crosses. Stettlar et
al. {1980) found no differences In the
giarly atages bhetweon compatlible and |ncoin-
patible pollen-stigma interactlons and
attached more signilicance to post-germina-
tion stages. In contrast, in Ulmus, inter-
aptellle Incompatibllity ococurs at the
atligma aurface (Ager and Gurlea 1982),
Solvent treatment of polléen and stlgmas,
manktor gollen, ar extracts from compatible
pollen, have been used to Inorease hybrld-
lzatlon of Ingompatlble poplara (Stettler
and Bawa 1971, Whitecross and Willing 1975,
Willlng and Pryor 1976, Stettler et al,
1980).

Sead el'fiplency in hardwoods (a3 often
low [(Schopmayer 1974, Willson and Burlay
1883), Future studies of the poerly under-
stood pollen-stigma and pollen tube-style
Interactlons In commerelsl hardwoods may
provlde explantations for low seed efli-
elencles, Some lmpediments may be overcome
by the manlpulations which have been used
to latrease orossabllity in hardwoods.,

Female gametophyte development in
conifers

Each ovule contzlns = megaspore mother esll
during winter dormancy. Melosis commonly
oegirs  about  the time of pollination,
Femzle gametophyte development occurs
during the next ong te twe months sxespt in
some genera (eg. Pinus) where this tskes
over one year. Melosls produces four mega-
gpores; thres degenerate and ths functianal
magaspore undargoss aovapal weeks of frae
niolear division during which several

hundred free nuclei form. Eell ‘wz=lisg
develop bebween all nuelsi, formine &
multleellular Temale gametophyt=e. Ususlly,

aeveral cells at the mlcrepylar end of the
female gametophyte functlon as archegonial
Inltials. Each LInitial enlarges and
divides wunegqually, producing a small

pri=mary neck cell and & large contral eell.
The [lormer divides to lorm cone or more
tiers of neck e2lls, The ecentral cell
enlarges and divides unequally to Form a
amall ventral canal cell znd large egg cell
{Flg. 6.1). The egg ecell becomes fllled
Wwith large and smal! lnclusions containing
stored 1llpld and proteln (Singh 1978),
Female gametophyts (prothalllal) ©eells
aften Ingorrectly cailled "endosperm™ also
become Cilled with stored lood., Howaver,
andasparm haa a dlfferant origin and gene-
tie makeup and often a different Cunetlon
than the lamale gametophybte.

The egg cell la enclosed by an arche-
gonial jJacket, The archegonlal Jasket,
nack oells, wventral canal oell, and egg
eonstitute an archegonium (Fig. 6.1). The
nusher of archegonia varles with specles,
Willson and Hurley (1983) glve an extensive
1lst of specles and varlatlon In arche-
gonial numbera., Varlatlon wlthin specles
often results from differences In alge and
shape of the lamale gametophyte (Owana and
Molder 198%a). Singh (1978) described acme
of the wariatlon found ln Temale gamabto-
phyte development, and references thereln
provide deserlptiana of many apecien, Most
gonifera have several archegonla at the
mieropylar end, <ach Separated [Crom the
others by sterlle tisaus. In the Pinaceae,
arghegonia rangs Mrom ons2 to ten but most
commonly number three to [Flve (Willson and
Burlay 1983}, In the Cupressaceae and
Taxdiaceas several archegonla have a gommon
Jacket Tormlng an archegonlal complex. The
number of archegonia per archegonial
complex may vary Trom 5 to 100 (Singh 1978,
Willson and Burley 1983). In Sequols
sevaral archegonlal complexes occur later-
ally (Buchholz 193%a, b, Looby and Royle
19523,

Female gametophytes may abort at
varigus stages of development. Abortion
commorly cceurs =t or shortly after meigais
in many Pinacsse and Cuprassacsas (Owens
and Mslder 1384a-d). Ovule development
begomes  grrested and 2 smzll  Flaktenad
emply "ssed" resulis. The oauses of thils
ars unesrtain but low temperature at
pollination has hbeen suggestsd (Owen= and
Molder 1980b). In most conifers, pollen ia
not essentizl for continued fFemale
gametophyte development, whareas In Finus,
pollen must be present In the nucellus Tor
ovulas to develop (MoWilliam 19593, Sarvas
1962, Sweet 1973, Flym Forshell 197U, Owens
et al, 1981n1). In Pigea the presonce of



_E‘g-

AECALTOR]
=R L1

o )
CLOWIE sl =

Flgure 6.1

development. F-H.
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pollen may also be essential for ovula
development (Mikkola 1869, Kossuth and
Feshner 1973, Fechner 1979, Owens and Blake
19847, Origlnally It was proposed that
auxln from the pollen stimulated increased
auxln productlon by the ovule, which in
turn attrected Llncreased metabolites thua
reducing ovule abortion (Sweet and Lewls
1964979, It was subsequently shown that
pollination did nob cause lncreased move-
ment of 'Y€ to the ovule and exogenous
appllcéatlion of auxin had no eclear-put
effgot  (Sweet 19730, Sweet (19Y3) has
postulated that the pollen tube may release
serological substances which stimulate
oyule development. Most developmental
studles emphasize normel formation and do
not leok for frequency or timing of ovile
abortion; therefore, it may be more impor—
tant In seed production than the lltersture
Indlicates.

Ovule development, B-E.
Postdormancy development (from Owens and Moldar

Ovule and lemale gametophyte development ln the Plnaceae. A. The
dormant seed-cone bud. B-H.

Predormancy

Female gametophyte development in
hardwoods

The ovary may consist of several carpels,
each of which may contaln several ovulas,
Each ovule contalns a megaspore mothar cell
which undergoes melosls to Form four mega-
aporea (Fig. 6.2). From thls stage thers
is a surprising diversity in female gameto-
phyte {embryo sac) development. Variatlon
oceurs In: (1) the mumber of megaspores or
megaspore nuclel that partieipate; (2) the
number of nuclear dlvislana; (3) the occur-
rence of nuclear fuslonsg; and, [(Y) the
numbaer, arrangemsnt, and chromosome number
ef the ocells and free nuolel presant
(Foster and Gifford 197h). Heviawa of
classifiestlons recognize at leaat 11 gate-
gories of embryo s=ac develapment (Johrd
1563, Fogster and Giffard 19749, Davis
(1966) gives the type of lemale gametophyte
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deyelopment found In many sanglosperm
families,

The eategury of embryo sac development
in hardwood [orest trees appears to be the
monasporle seven-celled (Polygonum) type
(Fig.. 6.2) (Davia 1966). This type is the
most common type in apgiosperms. Following
melosis, three of the four megaspores
deganerate, The functional megaspore
divides to Form a binucleate structure with

one nuel=us at each pole of the smbryo sac,
Ezeh nucleus divides. Then these daughter
nuclei divide Tormlng an B-nucleate embryo
gac with four puclei at each pole. Three
of the nueclel at the micropylar pole become
diffsrentiated; one as the egg ocell and two
a3 synerglds or the egg apparatus. At the
apposite end three of the four nuelel
become differentlated as antlpodal oells,
The two remalnlng nuclel {polar nuclal)
migrate from the opposite poles and form

Secondery nuatirul

Eipodas s=sn—y

Figure 6.2
mother cell. BD.

states. I

Ovule and the Polygonum type of embryc sac development. A.
gontaining 2 megsspore mother call,
Four' megaspores.

inner Tunctional megaspores. G, H.

Mature embryo sac (from Foster and Gifford 1974).

— Egm ol

———=Erl il

Owule
8, C. Meiosis of megaspore
E, F. Three degenerating and

Two and four free nucleate



the binuveleate central cell. The polar
nuclei may remain separate or fuse bafore
feptilization to form the diploid sescondary
nucleas (Flg., &.2) (dohri 71963, Foster and
Gifford 1974). Moltiple embryoc sacs are
rare: but Alnus rugcsa ls an excepticn, It
forms one to four embryo Sscs per ovule
apomictically (Davis 1966). ThHe oeceurrence
of multi-ovulate carpels is common and
parellels the wultisrchegocnizte condition
in conifers (Willson and Surlsy 1983) tut
some ovules sbort during devslopment.
Early abortion occurs In Quercus (4 of 5
abort) (Mogensen 1975) and Betula (3 of &
abort) (Claussn  1973a). The ecause or
funetion of ovule abortion is unknown. It
pcgurs regardless of levels: of poilen
received or matrition., Early sbortion of
ovules may also occcur in obther hardwoods
and affect seedset, but this h3as not been
studied,

In most hardwood forest treea the
phenoclogy of ovyule development is unknown;
therefore, the stage of lemale gametophyte
development cannot be related to eclimatle
conditions or time of polllnation. Because
the time between pollinatlon and fertiliza-
tion 1is short In most anglosperms, It Is
safe to assume that [emale gametophyte
development la usually fairly advanced at
pollination (Conrad 1900, Nagaraj 1952,
Hielmgvist 1953, GCermaln et al, 1973,
Mogengen 1975).

Fertillizatlion

Discusaions of fertilization may include
all atages, from pollen structure through
gamete Tuslon (ayngamy) (Linskens 1964,
1974} to more restricted usage Including
only the release of male gametes and fuslon
with' the female gamete (Singh 197B). It
represents the tranaltion from the haploid
to the dlplald phase of development
{Linakens 1974). 1In this review, fertiliz-
atlon will lnelude male gamete formation

and release and Lthelr fuslen with female
gamstes,

Fertilization i3 essentisl in seed
produetion of all commercially important
hardwood and conlfer species, The term
"parthenocarpy"™ Is often misused in
Forestry 1llterature and s3should be
restrieted to refer to the formation of a
frult without fertilization of ovules. The
term "parthencgenesis" should refsr only to
the formation of an -eabryo without
fartillzation (Nitsch 1963). This usage

will o= adhered to in thiszs review, Othera
have used parthenocarpy to deslgnate fruit
formed without pollination, without seads,
or with empty seeds (see Nitsecnh 1963).

Conifers

In ponifers fertillzatlon does not appear
to be a stage where obvlous Impediments
opcur. If pollen tubes reach tha arche—
gonium, Ffertilization generally follows.
However, this gensralization is ba=zed upon
descriptive studies In which chemical or
ultrastructural impedlments would not be
datected. The normal sequence la for two
male gametes to form by divislon of the
body cell, usaally during the latter stages
of pollen tube growth, Male pametes may
be: two egqual sized cells in the Cupres-
saceae, Taxodiaceae, and Araucariaceae; two
unequal ¢ells In some Taxaceae and
Podocarpaceae; or two equal sized nuelel
enclosed within the body eell cytoplasm, as
in the Pinaceae and Cephalotaxagceae (5ingh
1978).

Pollen tubes usually
magaspore wall whers It Is often thinner
aver the archegonla, HNething la known of
this procesa but [t must lnvolve dlssoluy-
tlon of the megaspore wall and/or the
pollan  tube wall. The magaspore wall
consists of a suberlized outer [(oxosporum)
and double egellulose-pectinacesus LInner
fendosporum) layer comparable bo the exlne
and Intine, respectlvely, of pollen. The
Interpretation of thls wall has been quen-
tioned (Singh and Johri 1972). The physl-
cal or chemleal constltuents of the wall
could be an Important sporophytic (exine)
or gametophytle f(lntlne) barrier to
fertilizatlon and needs Turther investlpa-
tlen.

pengtrate the

In most conlfera the neck opella
degenerate and the pollsn tube penetraten
the wventral eanal cell and releases both
male gamstes Inside an archegonium (Singh
1878). Some studles show pollen tubes
separating Intaect neck cells and then pena-
tratlng the ventrsl canal eell (Owens and
Malder 197Te). 1In conlfers having arche-
gonial complexes several pollen tubes may
extend to each complex. 1In Thuja plicata
two male cells form just above the intact
neck eslls, The latter then degenerate and
male ecells enter the egg cell (Owens and
Molder 1980H). In conifers wlth arche-
gonial complexes it may be pessible for the
two male cells from one pollen tube to
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fertillze different =gg oells. Othaer
variations may also occcur (Singh 1978).

A receptlve wvacuole Torms where the
pallen tubs enters into the egg cytoplasm,
In additlen to male gametes, other coells
and nuelel frem the pollen tube may enter
the egg. These supernumerary cells and
nuclel {Allen and Owens 1972) usually
degenerata, One male gamete migrates to
the ecenter of the egg cell, the other
remalns near the receptive vacuole and s
non-funotlonal (Flg. T.1). Double fertili-
zatlon doés not ocour., In some gymnoaperms
the non-funatlonal riale gamete may [uge
with the ventral sanal o=ll and then divide
lrregularly, but few oella result (Singh
19783 .

Of apme lmportance to seced production
and, eapeolally, genetlics 1s the eytoplas-
mlo econtributlon of gametes to the zygote.
Ultrastructural studies show that a parl-
nuclear zone around the egg nucleus
contalns many mitochondria. Fusion of the
male gamete and egg nucleus la accompanied
by the formatlon of a dense neocytoplasm
{Camefort 196%9) around the zygote nucleus
and Mlrast eella of the proembryo, In
Pinua, early reports eolalmed the wmale
eytoplasm did not enter the egg (Camefort
1896491, but Willemse (1974) showed that
plastlids do enter with the male gamete, In
Laplz, the male gamete carrles a small
amount, of cytoplasm with plastids and mito-
chondris Inte the =gg (Camefort 1968,
Cheanoy and Thomas 1971). Any female
plastids in the sgg cell of Pinus and Larix
appear Lo degenerate. Thus mitechondria
ara contributed by hoth male and female
parents but plastlds come only from the
male parent. A simliar sltustion appears
to exist in Pseudoisuga (Thomas and Chesnoy

196%). [I[n Biota, representing the Cupres-
saceas; Lthe male gamebte coniributess
conslderable eytoplssm, mitochondria,

plastids, and cytoplasmic ANE to the sgg.
However, TfeW maternmal mitochondriz and no

maternal plastids are lncluded in the
negeytoplasm  (Chasnoy 1969}, The m=is
contribution iz similar in ChamaecEEaris

(Chesnoy 1973). GOenetie proof for patsrnal
transmissicn of plastids has been shown in
Cryptomeria of the Taxodiaceae {(Ohbz 2t al.
1971).

Hardwoods

Fertllizatien In angloaperss 1s more vari-
able than in conifers and has bsen the

subjest of reviews (Stellfen 1963, Kapll and
Bhatnagar 1975), symposia (Linskens 1964,
1974), and texts (Makashwarl 1950). Varia-
tion occurs in the method of pollen tubi
sftrance into the ovule, fusion of male and
females cells, and In endosperm development.
The processecs are aslmllar within each plant
family and In most commerclal north temper-
ate hardwood l'orest trees, bub there are fo
detailed wltrastruetural astudies of
Fertilization For hardwood btrees.

After reaching the ovary, the pollen
tube may anter an ovule by several roubtes
(Kapll and Bhatnagar 1975). The moatk
common route LIn herbaceous sapecles s
called porogamy (Foster and GifCord 19743,
Here the pollen tube grows (rom the trans-
mitting tissue into the locular apace
around the ovules, through the micropyle,
and then through the nuoellar tlasue Lo the
#gg apparatus. Thla has rot been reported
In common hardwood genaera, although many
apecies havo yor Lo be deseribed. Anothep
type, [found in Betulacean, Juglandaceas and
Ulmaceae (Davis 1666) ia the chalazogamous
route. Here, the tlp of the pollen tube
penetrates the chalazal «nd of the ovula
(oppoalt= the mloropyle) then grows along
the surlace of the embryo sac to the egg
apparatus. In porogamous and chalazogamous
routes the pollen tube Finally penstrates
the miergpylar end of the embryo saco
(Foster and Giffard 1974).

Entrance lInto the egp apparatus
appeara to be varlable (Kapll and Bhatndgar
1975). The pollen tube may pass betwsen a
synergld =nd the egg, between a synergld
and the embryo sac wall, or inte a syner-
gid. The btwo male gametes ars relsassd
inte 2 aynergld. 38y an unknown mechanlsm,
one gamete enters the egg, the other enters
the central ecell and the synergid degener-
ates (Steffen 1963, Fester and Cifford
19740,

Double fertilization oecurs 1ln anglo-
sperma: one male gamele Fuses with the egg
to form The zygets, and the second gamete
fusea with one or more polar puels2i to form
the primary endosperm nuslsus. The method
of gamsts movement is unknown (Steffen
1963, Foster znd Gifford 1974, Kapll and
Bhatnagar 1975). In the familles which
include most north temperate forest trees,
the polsr puclei fuse to form a dipleid
(2n) fusion nuclaus before lertllization
(Daviz 1966). Subsequent fuslon wlth the
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male gamete produces a triplold (3n)
primary endosperm nucleyus.

Endosperm is the tissue formed from
the primary endosperm nucleus durlng seed
development. The endosperm provides flood
materials essentiazl for growth of the
embrys and often the young seedling,
Therefore, it Is functionally anslagous to
the haploid female gametophyte of gymno=
sperms, but different in origin and genetic
makeup. Considerable varlatlion exists in
the development of endosperm (Foster and
Gifford 1974). 1t may consist entirely of
a liquid mass of multinucleste cytoplasa,
or the free nuclear phsse may be lollowsd
by eentripetal eell wall formation
resulting in cellular tissue:. The Iatter
type appears to oeccur in most hardwood
forest tress, except Fraxinus (Davis 1966).
In Fraxinus the endoesperm iz cellylar from
the start; e=11 will formation [ellows
divialen of the primary sndosperm nucleus.
In the Fagaceae, including Fagus and
Quercus, the endosperm, after a fres
nuclear phase becomes gellular, except at
the echalazal end whera a multinueleate mass
of cytoplasm remalns (Davis 1966). The
histologleal structure and the types of
food reservea In endosporm vary widely
{(Maheshwari 1950). The function of endo-
sperm and lemale gametophyte in embryo and
sead development are discussed (In
Chapter 7.

Summary, and recommendations
for future reaearch

Gametophyte development and fertilization
involve many complex stages, each egsential
Iln &seed development. Howavar, In most
Fforest tresa the effect of a malfunetion or
developmental anomaly 4t  any stage s
uncertaln.

In anglosperms the pre-fertilizatlion
stages are very Important in seed produc-
tlen, Barrlers to fertilization have been
ldentified In many specles, and studlad
extensively in herbaceous speclias, Similar
studles have begun In a few hardwood forest
trees. The use of ultrastructural and

immunochenical fechniques have elarified
pollien-stigma interactions and lncompati-
bility responses in angliosperma, bul rela-
tively few studies have utlllzed hardwood
species, More research on hardweods is
needed.

Conifers are generally thought not to
have pre-fertilization re¢ognitlion mechan-
isms. However, developmental studies of
pellien-nuesllus interactions suggest that
this generalization may be premature.
Enowledge of pollen tube development. and
growth through the nueellus to the egg is
much less extenslve In conifers than in
anglosperms and research needs to be done
in this area, Immunochemloal reactlions
between  gametophytie and sporophytic
tissues have been demonstrated tn primitive
gymnosperms using established techniques.
Research couplling ultrastruetural and
immunochemleal techniques applled to
conifera ocould determlne some causes of
poor seed Crops. The production of
posaible pollen tube attractants by the
nugellus and female gametophyte should also
be lnvestigated.

The [reguency of early ovule abortlon
la significant ln most econifers but uncer-
taln in many hardwoods, Environmental and
physiologleal factors causing early ovule
abortion should be determined.

Fertilization la not well understood
In conifers or In commerclally {mportant
hardwoods., Untll Lt Lls better understood,
we will not know LI thera are problems to
be overcome lor [ncreased aeed yleld,

There |3 some ovidence that the number
of seeds per cone or frult varies with each
parent tree regardleas of self/croas ratlos
(Willson and Burley 19B3). (That 13, some
treea are more succeasful mothers. than
other trees. The reasons [lor thla are
unknoWwn  but ‘may be related to pesource
competition or alloeation In the paraent
tree, Ilncompatibllitiea, or developmental
problems. These and other potentlal causes
must be Investlgated lor each commerclally
{mportant tree species.
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CHAPTER T
EMBRYO AND SEED DEVELOPMENT
Introduction

Embrycgeny las the development of the
embryo. The earllest stages aof the embryo
of gymnosperms and anglosperms are deslg-
nated as the proembryo. This stage ends
when a Cilamentous row of cells (usually
about 16) form. A portion of the cells
develop Into the embryo. The embryo of
gymnosperms develops within the haploid
female gumetophyte and that of anglosperms
Wwithin the endoaperm, which has warlable
ploidy. Beyond a few pencrallzations whlch
apply to both gymnosperma and angiosperms,
detalla of embryogeny differ markedly
batween the two groups. Considerable varl-
atlon also exlsts within each group; conse-
quently, embryogeny of conlfera and hard-
wood loreat trees will be dlascussed separ-
Ately. Although embryo formatlon (8 an
Important, often fraglile process, lew
studles have attempted to identifly aapects
of embryogeny that causes poor seed produc-
tion. Most studies of embryogeny are
deserlptlive and morphologleal. General
discusalons of embryogeny are glven by
Johansen (1950), Wardlaw (1955), and Foster
and Gifford (1974). Discusalons of gymno-
sperm embryogeny are given by Schnarf
(1933}, Chamberlaln (1935), Aoy Chowdhury
(1962), and Singh (1978), and angiocsperm
embiryogeny 15 dlacussed by Maheshwarl
{1950, 1963).

Embryogeny of Conlfers

Conifer embryogeny has been atudied in two
waya: one deseriptive and developmental,
and of zecademic 1interest In botany
(Johansen 1950); and the othar for sssd
testing Ia forestry (Simak and Gustaisson
1953a, b, 1954). There have been Seyveral
reviews. of conifer embryogeny (Buchholz
1926, 1929, Doyle 1957, Roy Chowdhury 1962,
Konar and Obercl 196%a, Singh 1978), but
Few studies have dealt with embryological
detalls regulred for sesd gquallty and
genetlec analysls (Sarvas 7962, Dogra 1967).
Dogra's (1967) approach was unique; he used
embryogeny to determine seed guallty and
sterility Iin nmatural and controellad
breeding populations. He showed that

embryo mortality iIncreases the number of

empty =eeds. Embryclogical disturbances
are found ‘in all conifers and may occur any
time durlng embryo developmant.,

bDisturbances may be caused by climatie or
genetle faectors, but It i3 difflocult to
distingulsh between these. Generally,
ambryo mortality ls hnlgher In early- than
in late-embryo stages [Dogra 1967).

The literature on conifer ombryogeny
ls extenslve and specles (rom all Familties
and most genera have been described (Roy
Chowdhury 1962). The Plnacese have Deen
studled most extenslvely, Proembryogeny in
the Plnaceas was regently reviewed by Mehra
and Dogra (1975) and thia, and later,
atages were reviewed by Dogra (1967) and
Singh (1978). Dogra (1967) thoroughly
reviewed embryogeny varlation within the
Taxodlaceae. Cheanoy's (1977) study of
Biota orlentalis glves an extenslve lltera-
ture revliew of the Cupreasaceae, Feu
spacias In the Podocarpaceas havae bhean
Studied and the most recent review fs by
Buchholz (1941). The embryogeny of most
genera within the Taxaceae has been
descrlbed but there la no review of that
literature, However, a recent astudy of
Pseudotaxus Includes moat references to
embryogeny within tha family (Chen and Wang
1978). Cephalotaxus, the only genus within
the Cephalotaxaceas, has been studied and
its relatlionshlp to other gonifers evalu-
ated (Slngh 1961, 1964). The Araucariaceas
of the southern hemlsphere has been studled
vary little {(3ingh 1974).

Proembryo development begins with the
division of the zygote nucleus, In the
Finaceas, two daughter nuclel form  and
divide, sraducing four Cree nuclel enclosed
by dense neacytoplssm in the center of the
archegonium. The four free nuelei and the
neceytoplaam migrate Lo the chalazal end of
the archegonium and form a siogle tier of
nuclei, Huclear division and eell wall
formation folilow, Torming an B-celled then
8 12 or 1b6-celled proembryo (Fig. 7.1).
Proembryo cells may vary in pumber and
arrangemant asccording to family and genils
within a family (Roy Chowdhury 1962). The
terminology associated with these wvaria—
tions iz extensive (Hoy Chowdhury 1962,
Degra 1967, Singn 1978). Generally, lrreg-
ularities which occur Jduring preembryo
development have not been related to seed-
set.

Zince most conifars are multlarche-
gonlate, more than one egg may be lerbll-
ized. Multifertilizations wusually occur
about the same Glme and resultant proem—
bryos develoap 3t a3 similar rate.
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Figure T.1

Molder 198Hc).

Fertlilization of one egg in a female

gametophyte does not appear to prevent
aubsequent Tertilizatlon of other eggs:
however, unfertlllzed eggs rapldly

degenerate as adjacent proembryoes develop.
The fertlilization of more than one egg per
female gametophyte, simple polyembrycny
{S8PE), 1s very common but not universal in
conlf'ers (see Appendix In Willson and
Burley 1983). The resulting embryos have
different genotypes. Harely does more than
one proembryo develep lnto an embryo., The
mechaniam by whieh the succeasful embryo
ILnhibits the others, usually resdlting in
thelr abortion, Ls unknown. Willson and
Burley (1983) dlscuss SPE in terms of mate
oholce by both males and Females, The
tendency towardas Increased number of
archegonia per ovule helps reduce the
oceurrence of empty seed (Sarvas 1962).
Doyle (195%4) demonstrated the tendency for
archegonial number to increase from

Fertilization and early embryo development in Plcea (f'rom Owana and

primitive to derlved members of tLha
Podocarpaceas. Similar studies have not
been made for other famllles. Archegonial
number may vary withln populatlons and
could be a tralt to select for In seed
orchards.

The proembryo stage ends when Lthe
suspensor cella (Filg. 7.2) within the
proembryo elongate and forece the apleal
{embiryonal) tier Into the female gamebto-
phyte. Cells of the apleal tier divide and
may lorm a single embryo or they may aspar-
ate into four Tilaments ol pcells, each of
wWhich may develep into a separate embryo.
This is called cleavage polyembryony (CPE)
and the embryos are genebiecally Identical.
Buchholz (1929) arugued that a single large
proembryo should be able to prevall over a
small cleavage embryo, but Doyle and
Brennan (1971) noted that cleavage embryos
grow rfaster, Willson and Burley (1983)




W peaucan an
& e e

Lha =t

L L oL TTTHE)
R T FETE b Lag i Tt
ROt
Fomais FuRE
L] 14

ahalnl Tliie
B T T gl

AMasla ta /
B L]
o i Tl

L=

Flgure 7.2 Fertllizatlon and eleavage polyembryony in Pinus (from Owens and

Molder 1984BL).

proposs that the CPE embryos may assimilate

nutrients faster than & alngle large
embryo. This may Intensify compétition
between embrycs of different genotypes

within the same ovule.
undergo CPE,

Not all conifers
and others only rarely (ses
Appendix In Willsen and Burley 1883),
COften, in those lacking CPE, all eells of
the proembryo do not contribute equally to
embryo development., Some Tilss of cells
are more vigorous and overgrow the others
but de not separste them, This has been
called gdelayed coleavage polyembrycny and
has been chserved in Pseudotsugs {Allen and
Owens 1972), Larlx (Schopf 1943, Owens and
Molder 1979e), and Pleea (Singh and Owens
1981a)., Tts signifleanes 2 uneertain, It
may ‘anly be an -evolutlonary Intermediate
from CPE to SPE (Buchholz 1928, 1950) or
from SPE te CPE (Themson 1245 and Roy
LChowdhury 1962). Other categories of poly-
embryony are discussed by Dogra (19567).

Conller embryo development may
gontinue normally, may be inhibited but
resume when condltlons are f[avorable, or
the embryos may degenerate. In Pimgps
{Hagman and Mikkola 1263), Pseudotsuga
{Orr-Ewing 1954, 1957), and Picea (Mergen
et al. 1065), degeneratlon has been traced

to sell pollination and may be a result of
physiclogleal lneompatablllty between early
embryca and the lemale gemetophyte tlsauys,
Observations on other oonifera (eg. Ables),
however, do not show that self pollinatlon

leads to embryo degeneration (Sorensen
1282). QDefective or undeveloped seeds due
to selfing were seldom found In Plnus

strobus (Kriebel 1966), The embryology of
self pollinsted conifers has not been fully
investlgated. It has been atated Lhat
intraspecific prezygobie self incompata-
bility h=s not been reported for conlfers
(Hagman 197%) but that selection agalnst
=elfing occurs by low self embryo viability
{Sorensen 1982).

In interspecific crosses of Plees and
Pinus, the inpgompatability barrler isa
commonly prezygetic (Dogra 1967, Hagman
1975). Pollen tube development Is usually
inhivited (Hagman 79735) but if fertiliza-
tion dees ocecur, smbryo degeneration may
follow (Buchholz 1944). FProembryo mortal-
ity i3 one of the causes of poor seedset In
Interspecific crosses of some plnea (Wright
1959, Hagman and Mikkecla 1963).

Dogra (1967) mentlions several preem-
bryo lrregularitles whiech others (Wardlaw
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1955, Owens and Moldsp 1975b) eonsldered as
natural wariations in cell number and
arrangement, determined ln part by changes
in: shape and size of female gametophytes
and archegonia. These variations may not
adversely affect embryo or sesd develop-
ment. However, Some asuthors viaw any vari-
atlon as an irregolarity which may result
in an abnormal embryo and increased embryo
mortality, Dogra (1967) observed that the
peeurrence of any one abnormal ity may not
be commeon, but 2ll asbnormalities totalled
2 to 15 per cent of the embrycs for =
species. He concluded that early embryo
mortality played a more signifieant role in
conifer seed sterility than is presently
thought. Looby and Doyle [(1937) alss
commented that the fregquency of abnormal
embryos was probably more widespread than
can be Jjudged by published reports.
Unfortunately, large samples and numerieal
data are generally lacking for conifer
embryological studles.

Embryo degeneration may occur at
several stages and result in normal appear-
ing seeds with well formed lemale gameto-
phytes and embryo cavities but with
degenerated embryos (Miller-Olsen and Simak
1954 ), On this basis, Dogra (1967)
deseribed four eclasses pof seeds. In
Class I seeds the ovules are polllinated and
the eggs fertilized, but something causes
the young embryos to abort. Class IT seeds
may eontaln well developed female gameto-
phytes and one or more small ambryos not
longer than half of the embryo cavlity.
This glass may be further subdlivided (Simak
and Gustafsson 1959, Simak and XKamra 1963,
Silmak 1966), Class 11l seeds contaln one
or more embryos, the langest of which
measures between hall' and three quarters of
the embryo cavity. Class 1V seeds have one
fully developed embryo completely or nearly
completely filling the embryo cavity. He
separated aeeda of Pinus aylvestris and
Pleoea -ables into these clasaes and deter-
mined posslble causes of degeneration in
each class, This approach could be applied
to other conifers In order to understand
the underlying causes of good or poor sead-
set. However, Dogra's system may not adapt
well two all donifers alnce, unlike many
other conifers Pinus (Sarvas 1962), and to
a lesser extent Picea {Sarvas 1968, Mikkola
1969) require the presence of pollen for
normal prefertilization ovule development.

Berlyn
Pinus,

(1962) generallzed that In
large geeded species had a more

prolonged selsction period than amall
seedad species. However, this Was not true
withln a specles and Buchholz (1946) Tound
that, ian s given tres, the smallest seeds
had the longest pericd of embryonie selac-
tion. If -embryoniec selection occurs wery
late In development, polyembryonie seeds
may result (Johnstone 1940, Berlyn 1962).
The occurrencs aof palyembryonic' conifer
seeds has Trequently been reported
(Jonnstone 1980).

Deficient ovales

Deficient sovules may rezult From ovule
abgrtlon or a lack of ovule development.
Ovule azbortlon hHas heen most extensively
studied in Pinus (Sweet 1973) where pollaen
I= necessary for normal ovule and female
gametophyte  development, Similar
observations have been made for Picea
{Barvas 1968, Mikkela 1969, Owens and Blake
1984). However, Iln Pleea a small number of
uripollinated ovules develop and pollination
with dead pollen or pollen fram other
specles may promote ovule development,
Sweet and Lewis (1969) suggeated that
diffusible auxin from pollen In the nucel-
lus may stimulate the ovule to produce
hormones that promots 1tz further develop-
ment. The absence of pollen in mpst otbher
conifer genera does not stop female gamekbo-
phyte development and normal appearlng
seeds will form. Howaver, withoubt lertill-
zatlon no embryos are preaent and Ghe
female gametophyte degenerates leaving a
normal slzed, hut empty, aseed (Orr-Ewlng
1957, Owens and Molder 1975b, o, 1977d,
1979a, Singh and Owens 1981b, 1982).

All econlfer cones have ovulllarous
scales at the base, and to a lesser extent
at the tip, which bear elther no ovules or
rudimentary ovulea. Hudlmentary ovules
alther do not [fully develop or develop
slowly and are not pollinated (Owens et al.
1981a, b). This ls most marked ln Pinus.
Sarvas [1962) demonatrated that 78 per cent
of the scales In P. aylvestris were dafl-
clent or sterile and 92 per cent of theae
were at the base of the cone, Only 60 per
cent of P. radiata (Sweet 1973) and 25 per

cent of F. contorta (Owens et al, 1382}
scales bore ovules capable of Formlng
seeds. This severely limlts seed potentlal

of cones but 1z inherent ln the speciss and
probably cannot he altered. This tralt
should’ be accurately determined for each
species so that potential seed production
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ar’ seed efficiency (Bramlett ot al. 1%78)
is not overestimated.

Deflelient ovules alss goour in the
fartlle regions of cones, but this has not
been carelfully studled with regard to cause
or Prequency withln cones, trees, or
spegies, Lyons (1956) found that S50 to %0
per cent of evules In the fertile reglon of
P. resinosa cones produced no seed and
abtributed this to owvule abortion in the
Flrst year or fallure to produce archegonia
in the second year., In Pseudotsuga in New
Zealand, defleient ovules ranged from 13 to
B2 per eant, which was Influenced by
geography and olimate (Swest and Hollmann
1972). In Pleea abies about 7 per cent of
pvules were deflelent (Sarvas 1968), In
daeflolent ovules resulting from ovule abor-
tlen, seed wings may develop but seeds are
commonly amall and flat., Alss, s=lnee sesd
wings Ir the Plpaceae develop from the
ovuliferous acale (Owens and Smith 106%5) Lt
ls pesalble te have wings develop without
an  attached ovule. Fallure to recognize
the poasible deflclencles in the fertile
reglons of cones can result in miscaloula-
Lions of ultimate seed yleld (Lyons 1956).

The moat common cause of late ovule
abortion in soms genera ia the lack of
pellen; however, othar factors may azlso
have an effect, Lyons (1556) and Burdon
and Low (1973) suggest that competition for
nutrlents may be a factor leading to abor—
tlon of pollinated ovules, Dickman and
Keozlowskl (1968, 1969a, G, 1970) have
demonstrated seasonal growth patterns in
Pinus resinosa seed cones and changes in
macro- and micromutrients in  develaping
Sgeda. Developing sesd cones are strong
matabolie sinks competing for Tloite
amounts of nutrlents. Therefore, any
general ingrease ln tree vigor may inercase
coe mnd seed production. Releasza by
removal of adjacent tress, which generzlly
inereases nutrients avsilabls to the
remalning treess, Increased cone production
and the proportion of sound s=zed (Allen and
Trousdell 1961),

Some Ieregularities in gvule and sesd
development may be environmentally eceused.
Brown (1972) suggests fastors such 23 site
and grown posltien as well z3  inherant
traits of Individual tress may influence
seed  development. Damage %o the f(emals
gametophyte and embryos of P, sylvesiris
gnd Pieea abies has b=en caused by sub-
argtic climate (Simak and Gustafsson 1953,

Sarvas 1962) and by drought Tor Cedrus
gecdara and Ables pindrow (Dogra 1967). In
Thujs pliests, siightly lower than normal
Lemperatures at polllnation were related to
2 high Incidence of ovule zbortion (Owens
and Molder 1980b). Bogra (1967) stated
that e¢limatie factors generally have less
effect on proembryogeny than on late smbry-
ogeny. The degree of damapge may yary with
the stage of devalopment and resistance of
the species, provenancd, or Lpee,

There have been several Impediments to
atudies of endogenous and environmental
effects on ovule development. Few atudles
have been made on the physlologleal changes
occurring ln gametophytes and embryos
durlng developmart {(Takac 1960). Until
recently [t was not possible to test endo-
genous and environmental Cactora oh rapro-
ductive trees under controlled conditcions.
However, advanced blochemleoal, histo-
chemleal, and ultrastructursl teahniques,
combined with cone Inductlon on amall trees
{Ch. U) may make these¢ studles posalble.

Cone abortlon and loaa

Cones, Llike seeds, may abort or otherwlae
be loat before seeds are maturs. The
causea are many, are olten poorly under—
stood, and may vary wlith the speeles, The
most susceptible atage is at or about Lhe
time of poliimatian. This i3 usually
assumed to reault from low temperatures
(Hard 1962, Hutchinscn and Bramlett 1984,
Krupman 1966) but has nobt been ecarefully
monltored under controlled condlitlons.
Death of Lhe conelet commonly begina in the
cone  axis (White and Knopp 1978) and
ovules, follewed by wilting and browning of
the bracts (J.N. Owens, pers. ohservation).
To determine temperature and humidiby
effects on conelets, studies should be done
on small trees malntained in controlled
enviramnents.

Few studles deal with pre-pollination
loss of eonelets, except those dealing with
potential cons-bud sbortion or latency (see
Ck. 3). There ls some evidence Ln Plnus
that 3 to 5 per cent of conelels abort
during the 3 months prior to pollination
(Sest 19731, Swest ‘@nd Bollman (1970)
attributed some sarly conelet loss (drop)
to ecompetition  between stroblili and
vegetative aplees In P, radiats.

Moat studles of conslet loss are on
Finus, where post-poclllpatlon conelet
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abertlion la common. This can usually bhe
traced back to |Iniadequate pollination.
Sarvas (1962) postulated that BD per ecent
of maturally oceurring coneist drop in 2.
sylyesiris resulted from fpadeguate polline
atton and the remaining 20 per cent
resulted from some type of damage To the
conelst, He ‘estimated that when more than
20 per cent of potentislly fertile ovules
aborted (due- to lack of pollen) the
cenelets die during the first year of
development.. Strong clonal differences in
the amourt and timing of conslet drop have
tesn observed (Sweet and Thulin 1969,
Forbes 1971). Bramlett [1972) observed & 3
to 65 per cent survival rate in two
nonsecutive years, =nd Brown (1371)
recorded 20 to 52 per cent survival,
Conelet drop appeared to be more common in
lower than upper portlons of the crown
{Sweet and Thulin 1969) and on colder
agpects of the tree {Brown 1970). Abacis-
8ion of unpolllinated seed conelsts has besn
studied anatomically and phenologleslly but
not physiclogically (Sweet 1973). Unpol-
linated Plnus conelets develop normally for
several weeks, then 80 to 90 per cent
abscise within a perlod of two weeks. This
may be trlggered by fallure of ovules to
develop.

There are some references to abscis-
slon of Pinus cones in the spring, one year
alter pollinatlion at the time of rapid cone
growth (MeWilliam 1495%a, Matauta and Satoo
1964, Krugman 1970, Sweet and Bollmann
1971). HKatsubta and Satoo (1964) coneluded
that econe drop at thls time had no
cennectlion wlth the proportion af
fertllized ovulea or embryo development.
Sweet and Hollmann (1970) demonstrated that
competltion for carbohydrates and mlneral
nutrlents may reault in preéemature cone
absclsaion In P. radiata, Auxln diffusing
from germinating pollen in Plnus might
atimuiate Inereased suxin production by the
ovule, Thiz would attract metabolites,
reduclng ovule abortlion and cone
abtaclasion. Experiments applying auxin to
eut pedlieela of cones demonstrate that high
auxin levels from cones prevent abaciasion
[Swesb 1973).

There have been lew studies of physio-
logieal changes asaoclated wlth cone loss.
White and HKnopp (1978B) showed that ATP
levels dropped as conelets abortsd. Compe-

tition Tfor water may affect cone drop
{Rehfeldt et =1. 1971) but, in P.
palustris, fertilizer apolication :and

Irrlgation did not reduce eonelet abortion

(Summerville et =1. 1979). Low tempera-
tures may also cause cone drop (Sweet and
Thulin 1969). Katsuta (1975) studlied oone
devalopment In P. thunbergii{ and #P.
densiflora in responze to chilllng and
daylength but nc data were glven on eone
Ios3. Cone positlon in the erown may have
an effect (Srown '1973). Fungsl and lnsect
agents have &iso been asugpgested (Wright
1953). '

Postiertilization coms loss has besn
reported (Brown 1970, Bramlett 1972) but is
not common. Rehfeldt =t al.  (1971)
deseribed postfertilization cone drop in P.
monticolz and showed It to be influenced by
early summer water defioit, Swaet (1973)
suggesied the low cone loss at this tima is
due to lzssensd competition For nutrients,
because cones and seeds have approached
full size by the time of fertlllization., It
has be=on observed that the seed coat is
well developed at fertillzation and seeds
and seed wings have usually separated Crom
the ovuliferous scale., No vasaular connec-
tion =xists betwoen sesd and ovullferous
scale in most conifers but, If present, Lt
is rudimentary and not intact after fertil-
fzatlon (Owens ot al. 1982, Slngh and Owens
1981a, b, 1982). Consequently, sesds are
usually autonomous during postfertlilizatlon
developoent and no longer serve as strong
metabolie ainks, Shoot elongatlon, also a
atrong metabolie sink, 18 generally
completa by this time (Owena 19B4b) and no
longer competes with maturing oones faor
nutrlents,

Sead maturatlon In conifers

Development of the conifer seed aoat im
deseribed by Singh (1978). The seed coat
(testa) wusually begins to differentliate
Into a three-layered structure belore
fertilizatlon. Differentlatlon of the thin
outer sarcoteata, the thick, hard, middla
sclerotesta and the thin, inner andotesta
continues throughout embryo development
(Singh and Johrl 1972, Singh 1978). Only
Cedrus and Cephalotaxus have a vasoularized
testa (Roy Chowdhury 1961, Singh 19671).
Development of reain cayitles (n the aced
coat haa been describad for seyveral apeclss
of Abies (Owens and Molder 1977d, Singh and
Owens 1981b, 1982). Resinous seeds poase
particular problems In sesd extraction and
handiing.

Chenges oecur
gametophyte after

within the female
Fertilizatlaon. A
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corrosion cavity forms by =2 breakdown of
cells in the gentral portion of the femalse
gamelophyte. The young =mbryo s pushed
Into thHis cavity by elongating suspensor
cells, In the few members of the Pinaceas
In whieh Gthls has been studisd, a cavity
Forms  evan when flertilization does not
peeur: (Singh and Owens 1981b, 1982).
Therefore, cavity formation may be caused
by the relepass of substances Trom the
degenerating archegonla (J.N. Owens, pers.
observatian). The prasence of a cavity may
glve the false [mpression that an easbryo
haa Mormed but aborted,

Changes within the female gametaphyte
agoaur during embryo development. It under-
goes asome oell dlvision, which may be
diffuse or concentrated In certaln arcas,
but the most consplouous change 1a In the
depoglticn of reserve lfood as fat, starch,
and protein. One of the moeat complete
studles of satarch, lipid, and lipoprotelin
changea has been in the gametophyte of the
primitlive gymnosperm GCinkgo (Favre-
Duchartre 1556, 1958a), Similar changes
appear Lo ocecur in the gametophytes of the
Pinaoeans (Hakanason 1956, Takao 1960, Owens
et al. 1882, Singh and Owens 1981a, b,
19823, but detalled histochemical and
ultraatructural studles have not been made
durlng conlfer seed develapment. Hakansson
(1956) followed embryo development and the
sidte of [ocd matarlals o the [lemals
gamatophytes of Pinus and Pleea. Some
differdnces opour betwesn Lhe LWo genera
but more complete studies are needed. A
detalled uwltrastructural study has  been
made of F. gylvestrls embryos and female
gamatophytes in dry and germlnating seeds
{3imola 1974).

Seed wings develop in mast conifers
either Trom the ovulifergus scale (e.g.
Pipaceas) ar {rom the ovules (=2.g.
Cupressgaceae). Details of seed wing
development and the separation layer whish
Torms betwesn the owvuliferous seals and
spad Wing have been described for
Pseudotsuga (Owens and 3Smith 19635).
Factors affecting seed and wing abscizsion
have not been studied, but complele sepera=
tlon does nobl always occur {d.N. Owens,
pers. ohservatlion). Tne origin of seed
wings Trom ovules has been described Tor
Thuja plicats and Chamaecyparis

nootkatenzias (Owens and Molder 13808,
198h4a). '

Embryogeny of hardwoods

Early embryogeny of anglosperms has been
variously separated [nto thres (Cpégd
1963), =ix (Johansen 1950}, or more types.
The systematle embryology of Davls (1966)
uses Johansen's clasaificatlon and most of
the north tewmperate hardwoods fall Late
thres major Lypes. Most members of a
family have the same bLype of development.
Theralore, gensri whloh have not yet bean
studied (e.g3. Fagus, Betula) likely show
embryogeny almllar to other members of the
same family. In all pases the Clrat divi-
slon of the zygote 1s by a tranavarsa wWall

Torming a terminal and a basal oall.
Following this, conalderable varlatlan
oceurs., The Onagrad type occura ln Acer;

Quercua, some Populus speclas, and sone
members of the Ulmaceae. 1In thls type the
terminal cell divides longltudlnally and
the banal pell hasa only a minor role in
embryoc development. Alnus, Carya, Juglans,
moat members of the Sallcaceae, and all
members of the Rosaceae have the Asterad
type. Thia differa from the Onagrad type
in that both the basal and terminal cells
contributz to the embrya. Ulmus, and
probably Fraxinus, have the Solanad type In
which the terminal eell divides Lrana-
vergely and the baassl cell divides te form
a suspensor of two or more cells. There
areg no deacrlptions of the Platananeae
{Davlis 1866).

Subsequent ecell divislens are gener-
ally well coordinated but variaticns occur
in diffsrent plants (Foster and Gifford
1974%). A suspensor, consisting of a fila-
ment of wvarlable numbers of oells, remalns
attached to the endosperm and elongates.
Distal eslls wWwhich have besn forced i(nte
the endosperm divide In various dirsctleons
to'form a2 gleobular or heart shaped group of
cells. from which the embryo develops.
Details of subsequent embryogeny of Quercus
has been earefolly studisd ([Stalrs 1964},
Salix (Maheshwarl and Roy 1951) and Populus
[Magzaraj 1952) have also been studied, but
Fihar gensra have not. Therelfore, 1t i=s
not known If problems oocur 1n -embryogeny
which might redues sesd production. It has
been generalized that barrisrs to success-
ful repgroduction in angfosperms are
primarily prezygotic, but some postzygotic
selection does occur (WillsSon and Burley
1383)., Double fertilization may lnereases
relatedness of the endosperm to the zygobe,
thereby decreasing embryc abortlion and
postzygotic selaction (Charnov 1979).
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Polyembryony occurs in anglosperms but
It has been rarely reported In hardwood
Torest trees, There are different types of
polyembryony. True polysmbryony occurs
when more than one embryc arises within an
embryo sac. This can occur by budding or
cleavage of the proembryo, from synerglds
or antlipodal cells, or [rom the nucellus or
Integument, In Ulmus, antipodal cells may
give rise to additional ambryos but these
do not survive (Guignard and Mestre 1966).
suspensor budding results in polyembryony
in Acer (Davis 1966). Polyembryony of
urispeelfied types thas been reported for
Alnus, Juglans, Fraxinus, and Populus
(Davls 1966); however, the Treaquency ls low
0.717 to T per cent in Fraxinus) (Davis
1966) and is of less significance than in
conifers. False polyembryony, embryos
arising Trom different embryo sacs in the
game ovule or fusion of two or more
nucelli, occurs In some anglosperms but has
not been reported in hardwoods. Polyem~
bryony has alsoc beon used to describe the
development of two ovules per ovary in
Betula pubescena where, typically, only one
ovule and embryo mature per fruit
{Sulklnoja and Valanne 1980).

Agamospermy, the development of viable
geeds In the abasence ol pollen, ecan ocour
In =some hardwoods, e.g. Acer saccharum
(Gabriel 1967). However, in most species,
unpollinated ovules abort during develop-
ment. In ‘Alnus, Betula, GQuercus, and
Corylus (Hagman 1970}, ovule abortion may
be caused by Inhibition of aelfed pollen
tube growth due to lncompatability mechan-
lama In the atyle., Unpollinated ovulea In
Alnus and Betula abort, but leave full-

alzed empLy seeds (Hagman 1970). However,
unlike some conlfera, abortlon of many
ovules In these species does not cause

developing frult to abselse (Swest 1973).

Agamocarpy, the development of froits
Iln the absence of pollipation, ocecurs in
several hardwoods including Alnus, Betula
(Hagman 1970), Fagus sylvatlea (Nielsen and
Scharfalitzky de Muckadell 1354), and Acer
sacoharum (Gabriel 1967). In many fruit
trees fertillzaticn occurs early in the
reproductive cycle and provides the stimu-
lus neceasary [or both seed and fruit
development (Luekwill 1659). it is
uneertaln how common this i3 in north
temperate hardwoods.

Ovule, flower, and fruit loss

Hardwood flowera have wvarying numbers of
ovules depending upon the aspecie=, In scome
specles all ovules can develop, whereas in
others all but one ahork, S5ix ovules
typleally develop in the ovary of Quercus,
but only one normally matures into a seed
(Mogensen 1975). In Betula only one of
four oviles develops into sced (Clausen
1973a). In Pepulus trichocarpa, ovaries
contain 50 to TO0 ovules but only 25 to 40
are potentially Tunectional. The others
stop development early and aborlt (Stettler
and Bawas 1971). Although ovule abortlon
decreases potential seed productlon, (lt may
be an Important method of selection or of
insuring the survival of the remalning
ambryo{s) by decreasing oompetition for
nutrients (Stephenson 1980).

Premature abacission of Flowers s
common In hardwood forest Lrees bub Lhe
causes are uncertain (Sweet 1973).
Willlamson [1966) reported that 90 per cent
of Fflowers [nitiated in Quercus alba
abscised prematurely during the I montha
after anthesis. Sixty-Clve per cent of the
abscission ocourred between anthesis and
fertilization and the remalnder occourred
during fertlilization, embryo devalopment,
and acorn maturation. Comparable absclo-
sion was reported in a European Quercus and
Tectona grandis (Bryndum and Hedegart
1969) . Premature abscisalen has heen
related to damage from frost, drought, high
temperatures, Insects, fungl, bleda, and
mammals, A complete recent revieow of
Mlower and frult abortlon, thelr caunesa,
and wultimate Tunetlons Lla given by
Stephenaon (1981).

Some specles have been studled more
extensively LCthan others,. Hugalyptus
pilularls =hows conslderable preanthesis
flowar abortlon and abaclaslon.. This was
correlated with major Ineréases In rate
of bud growth which implisa a competition
for metabolites (Florence 1964). Frult
ahortion In response bto Limited resourcea
was descrlbed for Catalpa speclosa as a
trade-off between -ased number and spoed
quality that permitted the parent plant to
mateh frult productlion with avallable
resources (Stephenaon 1980). Considerabls
research has been done on aorchard apeclea
where lmmature flower and [ruit drop are
very noticeable and lmportant. The work of
Luckwill (1959, 1970) Indicates that the
developing owvule after poliinatlon ls a
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rish goureer of auxin and other plant
hormonesa and, that If sulfisient ovules
develop, hormone levels are high enough in
the fruit to preyent fruit absecission. The
concepts developed by Luckwill (1970)
coneerning nutri=snts, hormones, and trans-
port ol nutrients ln apple frult abscission
may also apply to hardwood forest trees
but, as yet, there appeara to be no compar-
able detailed information for the latter,

Seed maturation ln hardwoods

Development of anglosperm seeds is
degerlbed by Bhatnagar and Jehrdl (1972) and
brelelly by Krugman et al. (1974). The =esed
goat 1s more wvarlable and c¢omplex than Ln

conllers, partially becausea It devalops
from a double integument {n most anglo-
aparma, Seed coat development has heen

daseribed for several familles but not for
hardwood loreat trees. Generally, the seed
ooat conolata of more than thres distinet
layers whleH wvary In structure and thlck-
ness. Unlike oonifers the developlng seed
ramalns attached %o the ovary wall by the
funlculus, which leaves a scar, the hilum,
an the aeed coat when the aeed abacises.

Seed coata may be very thin (Populus,
Sallx), thlek (Crataegus, Euecalyptus),

membranous (Ulmua), or fleshy (Magnolla).
Sometimea the ased ooat bears hales
{Populus, Salix). In many, the wall of the
frult and the seed poat fuse (Quercus,
Flatanus, Juglans); 1in some, the pericarp
forms a slngle wing (Acer, Fraxinus), two
wings (Alnus, Betula), or s large membran-
bus wing around the ssad (Ulmus), For
general descriptions of seed structure a
manual: such as Schopmeyer (1974) should be
consulted.

In mpat hardwood forest trees, the
endospernt ls nearly or entlrely consumed
durlng embrye development and the seed
gontalns: a large smbryo with large cotyle-
dons In whlieh food 1s stored (e2.g.
Quercus). In a few species the endosperm
constitutes a large portion of the seed and
the cotyledons are small (e.g. Diospyros)
{Schopmeyer 1974). 1In most speciss eaobryos
attaln their full size by the time the seed
of frult ripens and i{s shed, In only a Few
te.g. F. nlgra)l are embryos rudimentary cof
Immature: when seeds ars shed.

Frult development

The fruit 1s the seed contalning structure
that orlglnates from the enlargement and

modified development of the gyneclum, the
gynecium belng one or more Tused carpels
(Foster and Gifford 1974). Other parts of
the Flower may also form part of the mature
fruit but gensrally not Lln hardwood forest

treas. The fruits of moat hardwoods are
slmple, developlng from a single ovary.
They are dry dehiseent (e.g. Populus,
Sallx}, dry lndehlscent schenes (e.g.
Platanus), samaras (e.g., Acer, Fraxlnus,
Ulmes), or nuta (e.g, Quercus, Juglans,
Eagus).

Growth of the fruit Is usually depend-
ant on stimulatlon provided by pollination
and subsequent Tertilization. However,
some planta may develop seedless Trults
without polllnatlon, or alter embryo abor-
tion. Frults of thla kind are termed
parthenocarpio, Farthenoearpy has bean
divided into three Lypes: (1) Cruits whioh
develop without pollination; (2] fruits In
which pollinatlon stimdlates development,
but Fertillzatlon of ovules does not aceur;
and, (3} frulta iIn whleh frertillizatlon
opeurs but abortlon of embryod takes place
before frult maturatlon (Leopold 1964).
Parthenocarpy ln hardwiod foreat treea [a
poorly underatoocd.

Summary, and recommendations
for future resesarch

The embryogeny of gonifers 1a well
deseribad, wWwhereas there have been few
studies of embryogeny of bhardwood forast
trees, More lmportant, however, are
studies of embryogeny deslgned to determine
posaibls causes of ovule and embryo abap-—
tiogn. It Is generally thought that lncom-
patability-barriers to reproduction in
anglosperms ecccur during the: prezygobic
stagas and thosze of gymnosperms ocour post-
zygotleally, However, the llterature to
support this hypothesis i3 llmited ln
foreat trees. [In hardwogds there are many
casses of ovule sbortion after the time of
fertilizatlon, but studies must be made Lo
determine I fertilization actually has
oecurred. Similarly, in comifers ovule
abortion can be very high before fertiliza—
tion as well a5 alfter. The causes ol abor-
tion at these Cimes must b= determined.
The ability to induce flowering on small
potted physicleglieal clones (rootlng
cuttings) providesa a valuable teol In these
studies since reproductive planta can be

grown in controlled environmenta where
endogencus  and <exogenous lackors oan  be
beasted.
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The onauses of flower and conelet abortion
ahould: be determined in a similar manner
for most speciss., One excaption which has
heen sxtensively studied Is cone drop In
Pinus due to lnadequate poilinmation.
Factors such as low tempserature, molsture
stress, nutritlon, and competition For
nutrlants between vegetatlve =and repro—
ductive structures should be examined undar
controlled conditions. Physiclogical
changes associated with ovule, flower, and
cone abortion should =lsp be studled,
Species for which the normal devslopment I3
known should be studled Tirst and the
normal developmént should be =an Integral
part of ‘any ecological or physiolegieal
atudy.

The relationship between embrys and
endosperm or female gametophyte durlng seed
develapment 15 poorly wunderatood for both
hardwoods and conifers. Studias of thase
physiological changes may be Iwportant ln
understandling normal seed development and
abortion.

Growth of trees in seed orchards
allows fFor some control of envirommantal
and cultural conditions which adverszely

aifect seed production In nature. aAn
understanding of embryo, seed, cone, and
flower ‘development 15 a3 [lrst essential

step In determining ‘cauzes ‘of seed, oone,
and fiower losses. Such studies could
result in significant increases In seed
quantity and quality.




_ﬁu_

SYNOPSIS

Seed produeotlon of north tempsrate lorest
krees 1s a broad subject because of the
diversity of conifer and hardwood apecies,
thelr long and eoften complex life cycles,
and the many approaches needed to Tully
understand causes of wvarlable seed produc-
Eion. Ideally, [factors affecting sead
productlion of all species should be inves-
tigated in a comprehensive fashlon but thia
iz pot wsually economically leaslble. The
task 1s made easier because: (1) partiou~
lar aspects of development are especially
Important In influencing seed production;
and, (2) many apecles are reproductively
glmilar, ao cautlous generallzatlons may be
made [lrom Intensive atudies of specles

having representatlve reproductlve
development ,
Includad In the "Summary and Recom-

mendatlona for Future Ressarch" sectlons at
the end of each chapler are many major and
minor problems which should be addressaed.
From these, three major areas are recom-
mended most highly for research because:
(1) thelr solutions could potentially lead
te aigniflcant galns In seed productlon:
{2) the technology 1a avallabla to solve
Lhens problems; &nd, (3) there 15 adequate
information on coomercially important
species. Theae areas are floral induction,
pellination, and seed losses due to cone,
ovule, and embryo abortlon,

Floral induction

‘Poor lloral initiation is often the primary
caude For poor seed productlon. Floral
indugtion has been achieved in many coni-
fers but few hardwoods. Further research
is required to develop more conzistent
results with shorter treatments. The maior
shorteomings of much of the sarly research
were the lack of earsfully controlled
experimental conditions, the use of non-
uniform plant materizl, and the inclusion
of too many wvariables in experiments.
Future research should utilize smallsr
potted trees grown in controlled environ-
ments; rooted cuttlings would provide geneb-
fedlly wniform material. In ail experi-
fments treatments should be gorrelated with
easglly recopnizable developmental stagss
{e.g. per cent shoot elongation).

Promizing cone indection technliques
lnelude thf? with high moisture
stress and high temperatures In the

Plnaceas, and GAs; alone in the Cupres-
Zaceas and Taxodiaceas. However, more
research 1s neecded to refline these tech-
nigues, reduce treatment times, and regu-
late the number and sex of induced cones,
The use of =mall clonal material grown in
contreolled environments will be eszentlal
for consistent results, If field grown
trees are used, careful monltoring of mola-
ture stress and correlatlon of treatmenta
With shoot development will be neceasary.
There ls now adequate llterature to show
that the most conslstent results ape
obtained when treatment times, methoda, and
growing conditions are carefully control-
led, B8Baslc research ls needed to determine
how inductlon treabtmenta arfrfect the
blochemistry, growth, and development of
tracs, The role of growth regulators In
eone Inductlon shauld be determlned.

Comparable studles wusing hardwoods
should begln using vcontrolled wconditlons
and genetleally uniform material rather
than rleld grown treea. In general, the
approaches to he used for hardwoods may
parallel those found Lo be aucosasful In
conifers, but care should be taken Lo avold
errors made |In many early conifer cone
lnduction studles,

Succesaful floral Llnductlon should be
followed by studies of subsequent cone or
frult development In order to determine
optimal numbers of econes or frults fop
maximum Seed production and higheat guality
of seeds and seedlings. This Is essential
in order to demonstrate that floral indue-—
tion l2 a sound practliece, worthy of the
investment.

Floral Induction research, 8o far,
Indfeates that the use of amall potted
trees In containeriged seed orechards,
utillzlng small areas and controlled condi-
tions, may be a viable alternative to
conventional seed orchards lor sesd produc-
tion of sSome species, However, the cost
effectivensss of this practice’ ghould be
detarpined using one of the more exten—

sively studied specles (es.gZ. Picea
glaucal,
Pollination

A second major area of research {s polllna-
tion, sinee poor pollination s & common
cause of poor seed productlon. Pollination
gt the right time with high quality pollen
can signilficantly increase seed productlon.
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Supplemental mass pollinations will likely
be necessary in most seed orchards. There—
Tore, research must continue on pollen
forcing, collection, storage, and viabillity
testing. Pollen viabiity must be related
to pollen Tertilfty through studies of
seadset. Basic studies of pollen physiol-
ogy are essential backgrowund for all pollen
atudies byt are lacking of most [lorest
trees., Pollination technigues and optimal
times off poliination for meEximm seed
production musi he determined, In many
genera, species =re wvery similar so
detziled studies may not be rTeguired FTor
all species, Many aspects of pollination
will be most effectively studied wusing
small Tlorally induced trees grown in
controlled environments.

Seed losses due to cone, ovule, and embryo
abortion

The loss of cones, fruits, ovules, embryos,
or seeds can be significant in most forest
treas but the causes are often unknown and
have been atudled wvery l1ittle. Pogaible
gdyses Include incompatabllitiez at the
pra= '‘and poat-Tertilization satages: the
Inherent ability of the parent tres to
carry canas, [rults, or seeds to maturity;
competition between vegetative and repro-

duetive development; and, environmantal
ef'fects on econe, flower, frult, ovule,
embryo, and sdeed development. Studles

determining the causes of these losses are
needed and would be most eflfectlvely
carried out wusing amall florally induced
Lregs grown In controlled envircnments.

Conecluding remarks

Much of the technology 1a now avallable to
slgnificantly inorease seed productlon In
many Tforeat treea. Howaver, further
reagarch 1s required to refine Lhe technol-
0y and provide basle Information about
bree reproductive physiology and develop-
ment,

The breadth of ary problem 15 often
more than can be handled by one individual
or laboratory. Howaver, developmentsl,
physlological, blochemlcal, and eecologleal

aspects should be investigated uvalng
currest techniques. This often involves
spacialized and complex eguipment and tech-
nigues. Therefore, oooperative afforts
between research groups should be encour-
2ged. The ‘cooperative efforts of Drs,
Pharis, Hoss, Webber, and Owens on cone
induetion In westsrn Canadd Is an sxanple
of the benefits: of pollaboration on
biochemical, physiological, and davelop-
mental aspects of conifer reproduction.
Other regiomsl ressarch groups should be
eneouraged,

Supporting agencies must racognizs
that seed production research Ils long term,
requiring & continuing commitment on the
part of supporting agencies and tha
regearcher. If research is intermittent;
the investments wlll be, for the most part,
lost. Upon completlon of projects, the
results should be publlshed 1n acesssible
Journals in order to keep uszelul lnforma—
tion from becoming lost In internal or
progress reports. There should alsa be
mare emphasis on technology transfer Freom
researchers to those Working 1n seed
productlon.
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