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1 Introduction

1.1 What are gymnosperms?

There are five large extant groups of seed plants:
cycads, Ginkgo, conifers, Gnetales and angio-
sperms (e.g. Bowe et al. 2000; CHaw et al. 2000;
Soutis et. al. 2002; HiLton & BATEMAN 2006; CHRIs-
TENHUsZ et al. 2011; CoLE et al. 2017). The first
four represent the gymnosperms in total (HiLton
& Bateman 2006; MatHEws 2009). Gymnosperms
differ from angiosperms, for example by all be-
ing woody trees or shrubs, wood that contains in
most species only tracheids, absence of angio-
sperm-like bisexual flowers, freely exposed “na-
ked” ovules, absence of a carpel enveloping the
ovules and lack of a triploid endosperm.
However, even today the systematic relation-
ships within gymnosperms are still controversial
and also their relationships to angiosperms, in
particular the position of Gnetales (e.g. CHaw
et al. 1997, 2000; Bowe et al. 2000; BuRLEIGH &
MaTtHEWS 2004; HiLToN & BAaTEMAN 2006; GRAHAM &
ILes 2009; MatHEWS 2009; Coiro et al. 2018). Due
to their angiospermous appearance (e.g. flower-
like inflorescences and a special kind of double
fertilization) the Gnetales are often proposed as
the sister group to the angiosperms, forming the
so called “Anthophyte-clade” (CHask et al. 1993;
DovLe 1996, 2006; DonocHUE 1994). However,
based on combined morpho-anatomical and mo-
lecular data, several other authors regard a close
relationship between Gnetales and angiosperms
as unlikely (WINTER et al. 1999; Craw et al. 1997,
2000; Bowe et al. 2000; FroHLIcH & PArker 2000;
ScHMIDT & ScHNEIDER-PoETSCH 2002; BURLEIGH &
MaTHEws 2004; StuTzEL & MUNDRY 2004), while a
close relationship of Gnetales and gymnosperms
is suggested (WINTER et al. 1999; FRronLicH &
Parker 2000; Bowe et al. 2000; CHaw et al. 2000;
GucerLl et al. 2001; BurLEicH & MaTtHEWS 2004;
MunDRY & STUTZEL 2004; CoLE et al. 2017; Corio et
al. 2018) and two competing hypotheses exist. In
the “Gnepine”-hypothesis (Fig. 1), Gnetales are
regarded as sister to Pinaceae (Quu et al. 1999;
Bowe et al. 2000; NickrenT et al. 2000; CHaw et
al. 2000; GucEeRLl et al. 2001; SoLtis et al. 2002;
BurLEIGH & MaTHEWS 2004; CoLE et al 2017), while
within the “Gnetifer’-hypothesis Gnetales are re-
garded as sister to all conifers (CHaw et al. 1997,

2000; Bowe et al. 2000; Rypin et al. 2002; SoLtis
et al. 2002; ScHMIDT & ScHNEIDER-POETsCH 2002).
Other typologies regard the Gnetales as sister to
all other extant seed plants as is suggested in the
“Gnetales-sister’-hypothesis (Hasese et al. 1992;
ALBERT et al. 1994; SANMIGULLIN et al. 1999; WINTER
et al. 1999; FroHLiIcH & Parker 2000; Rai et al.
2003; BuRLEIGH & MaTHEWS 2004).

Among extant seed plants gymnosperms
represent the ancestral ones with cycads be-
ing the basal-most taxon. Extant gymnosperms
are the last reminders of very old lineages with
a long evolutionary history. Especially in the Ju-
rassic and Cretaceous, gymnosperms were the
dominating group of land plants before they were
edged out by the rapidly evolving angiosperms at
the end of the Cretaceous/Early Tertiary (GiFForD
& FosTeR 1989; FarJon 2008; TavLor et al. 2009).
Thus, the species spectrum of gymnosperms and
their structural diversity have previously been
much higher than is reflected by the recent spe-
cies spectrum. Compared to the 295.383 extant
angiosperms the total number of about 1.079
extant gymnosperms is extremely low. Despite
extant gymnosperms being just a small group of
seed plants with a low number of species, even
today several fundamental gaps in knowledge
about their morpho-anatomical structures, their
reproductive biology, their origin and their evolu-
tionary pathways still exist. There are three major
reasons: (1.) Huge gaps in the fossil record; (2.)
Several extant taxa are close to the edge of ex-
tinction and are only rarely or not in cultivation,
which leads to a strongly limited availability of re-
search material; (3.) Within a genus all species
are quite similar to each other showing little varia-
tion in their general structure.

The following chapters deal with different struc-
tural aspects of coniferous reproductive struc-
tures and their evolutionary pathways, but also
functional aspects like the pollination process,
including pollen release, pollen capture and ori-
entation and withdrawal of pollination drops are
treated.
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Fig. 1: Possible phylogenetic relationships among extant gymnosperms according to CHaw et al. 2000 and CoLE et
al. 2017, with Gnetales in the “Gnepine”-topology as sister to Pinaceae (slightly modified).

1.2 What are conifers?

Conifers, which comprise 6 extant families and
about 629 species (Araucariaceae: 37 species;
Cupressaceae: 149 species; Pinaceae: 228 spe-
cies; Podocarpaceae: 187 species; Sciadopity-
aceae: 1 species and Taxaceae: 27 species) are
the largest group among extant gymnosperms
(CHrisTENHUSZ & BynG 2016). The species spec-
trum of the coniferous genera varies strongly, for
example genera like Pinus (Pinaceae) and Po-
docarpus (Podocarpaceae) comprises about 100
species, while for example 17 of the 27 cupres-
saceous genera are monotypic.

The majority of conifers are evergreen trees
and rarely shrubs; only few species are decidu-

ous (DALLIMORE & JAcksoN 1966; KRUsSMANN 1955,
1983; Frankis 1988; FarJoN 2005, 2010a, b; Eck-
ENWALDER 2009). All extant conifers are terrestrial,
except the New Caledonian Parasitaxus (Po-
docarpaceae), which is the only parasitic gym-
nosperm existing today. It grows on shoots and
roots of Falcatifolium taxoides (Podocarpaceae)
(WoLtz et al. 1994; MuseLmanN & Press 1995;
Stockey et al. 1995; SincLAIR et al. 2002; FiELD &
Brobriee 2005; SEYFULLAH et al. 2017).

The foliage of today’s conifers is either needle-
leaved or scale-leaved. In scale-leaved species,
the juvenile trees are always needle-leaved be-
fore shifting to the mature scale leaf type. A few
species, for example Callitris macleayana (Cu-
pressaceae), Cupressus vietnamensis (Cupres-
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saceae), Juniperus phoenicea (Cupressaceae)
or Halocarpus bidwilli (Podocarpaceae) are
characterized by a distinct leaf dimorphism, with
needle and scale leaves occurring on the same
tree, even at adult stages. In the evergreen ge-
nus Phyllocladus (Kena 1963a, b, 1973, 1974
1977, 1978) and the genus Sciadopitys (e.g.
CARRIERE 1868; DicksoN 1866; ENGELMANN 1868;
MoHL 1871a, b; STRASBURGER 1872; SCHNEIDER

1913; TroLL 1937; RoTH 1962; TETZLAF 2004; HiLLE
2002, 2008; DorkeN & StuTzeL 2011) the foliage is
replaced by complex, green phylloclades (Phyl-
locladus) or cladodes (Sciadopitys).

The reproductive structures of both genders
are arranged in compact, unisexual cones (name
conifers! lat. conus = cone, ferre = carrying); the
female (ovulate) cones are called “seed cones”,
the male (pollen-bearing) cones “pollen cones”.
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2 The reproductive structures of conifers

The majority of conifers is monoecious. Seed
and pollen cones are developed on the same in-
dividual, as is the case e.g. for all Pinaceae (Fig.
2F), Sciadopityaceae and the majority of Cupres-
saceae (Fig. 2E). Compared to this, the spectrum
of strictly dioecious taxa with either functional
“male” or “female” individuals is quite low. Dioe-
cy is realized in the majority of Taxaceae (Figs.
2C & D) and Podocarpaceae (Figs. 2A & B) and
some Araucariaceae and Cupressaceae. There
is a high structural diversity existing among the
cones developed in the different groups of extant
conifers, which has previously been subject of
several fundamental studies published between
1920 and 1950 (e.g. PiLger 1926; HirvER 1936;
PropracH-GieseLER 1936; DrLuHoscH 1937; FLORIN
1951, 1954) before this topic became more or
less dormant. About 40 years later, when scan-
ning electron microscopy technique became pop-
ular the topic entered the research focus again
and several important SEM studies were carried
out (e.g. Takaso & TomLINsoN 1989a, 1989b; 1990,
1991, 1992; TomLINsON et al. 1993; JaceL 2002;
FarioN & Ortiz GARciA 2003; JAGEL & STUTZEL
2001a, 2001b, 2003; ScHuLz et al. 2003; ScHuLz
& StuTZEL 2007). Despite all these fundamental
studies even today the complex organization
and the evolutionary pathways of the coniferous
reproductive structures is still not entirely under-
stood. For example the same term is used for
structures which are probably not homologous,
e.g. the “columella” in callitroid Cupressaceae or
the fleshy “aril” in Taxaceae. Thus, it is not sur-
prising that for several frequently used and widely
accepted terms, precise definitions can hardly be
found and the same term is used for different,
non-homologous structures. However, the under-
standing of gymnosperms reproductive biology is
essential to understand the modern seed plants,
the angiosperms.

2.1 The general structure of
coniferous seed cones

In all extant conifers the ovuliferous structures
are aggregated in compact unisexual structures,
so-called “seed cones”, which have an enor-
mous structural diversity throughout the different

groups. They strongly vary in size and shape and
also in the number of cone scales and ovules
(KrUssmMANN  1983; EckeNwaLDER 2009; FARJoN
2005, 2010; DORKeN & NimscH 2019). The majority
of coniferous seed cones is characterized by the
presence of the so called “bract/seed scale com-
plex”. The bract scale represents a leaf, carrying
an axillary ovuliferous short shoot (= seed scale).
Thus, coniferous seed cones represent strongly
condensed and compact inflorescences (ScHuk-
MANN 1902; HerzreLb 1914; ScHweimzer 1963;
SPORNE 1965; STEWART & RoTHWELL 1993; Escara
et al. 2008; WiLLiams 2009; BatemaN et al. 2011;
RotHweLL et al. 2011; RupaLL et al. 2011; Spen-
cer et al. 2015; Dorken & RupaLL 2018, 2019).
The number of bract/seed scale complexes per
seed cone varies strongly between the different
conifers, with only a single one in some Podocar-
paceae to several hundred in some Pinaceae and
Araucariaceae. However, only in Pinaceae (Figs.
3, 17, 18) and Sciadopityaceae (Fig. 31), bract
and seed scale are visible as two distinct types
of scales even at maturity (ScHuHmANN 1902;
HerzreLb 1914; PiLcer 1926; FLoriN 1951, 1954;
ScHwWEITZER 1963; FARJON 1984, 2005; STUTZEL &
Rowekamp 1997, 1999b; Munbry 2000; FARJON
& OrTtiz GarclA 2003; EckenwaLper 2009). In all
other conifers the bract/seed scale complex got
strongly modified, so that finally the cones consist
of only one type of uniformly shaped cone scale
(PAaGge 1990; Takaso & TomLiNsoN 1992; GADEK et
al. 2000; JaceL & StUTZEL 2001b, 2003; JAGEL
2002; ScHuLz 2006; ScHuLz & STUTZEL 2007). The
identity of which is still controversial: Are these
scales representing just the bract scale, while
the seed scales are more or less reduced to their
ovules as is suggested for several Cupressaceae
or are bract and seed scale congenitally fused to
each other to form a common cone scale as is
suggested for Araucariaceae? In this case, the
question arises which portions within such a fu-
sion product is formed by the bract and which part
by the seed scale. In Cryptomeria, Glyptostrobus
and Taxodium (taxodioid Cupressaceae) only
one type of cone scale is formed. However, in
all three genera teeth-like structures are formed
below the ovules. These teeth are fused basally
to the cone scale. Distally they are free and sig-
nificantly exceed the cone scale in length. The
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identity of these teeth is controversial: Do they
belonging to the seed scale? Do they represent
the tips of macrosporophylls? Do they possibly
represent a row of sterile ovules helping to seal
the maturing cone? Thus, all these open ques-
tions show that the structure and the branching
pattern within the coniferous seed cones are still
not finally solved. In this context, teratological
seed cones showing anomalous developmental
sequences with successive processes that usu-
ally occur simultaneously, or such cones showing
different kinds of proliferations are helpful in solv-
ing some of these open questions, which cannot
be answered from wild-type material (compare
DORKEN & RupaLL 2018).

2.1.1 The fertile zones within

coniferous seed cones

In the different coniferous groups, the number of
bract/seed scale complexes varies strongly from
one or two, for example within some Podocarps
(Figs. 27; 28; 29) up to several hundred in numer-
ous Araucariaceae (KrUssMANN 1983; ECkeENwAL-
DER 2009; FARJON 2010; DorkeN & NimscH 2019).
Particularly in seed cones with a high number of
bract/seed complexes, the basal and distal ones
are usually sterile. The fertile zone is located in
the middle of the cone, as in all Pinaceae, Scia-
dopityaceae and early-divergent Cupressaceae
(including the subfamilies Cunninghamioideae,
Athrotaxoideae, Taiwanioideae, Sequoioideae
and Taxodioideae) and also some Podocarpace-
ae, including Lagarostrobos (Figs. 29A-C), Mi-
crocachrys and Microstrobos (DORkeN & NimscH
2019). In basal-most parts of these seed cones,
several transitional leaves are developed which
represent intermediate stages between tropho-
phylls and the basal-most cone scales (JAGeL &
DoRkeN 2014; DORkeN & NimscH 2019). Towards
the apex of the seed cone, the bract/seed com-
plexes are sterile, strongly reduced in size and
often not entirely separated from the cone axis.
However, within seed cones of Cupressa-
ceae s. str., which includes the two subfami-
lies Cupressoideae and Callitroideae, there is
a distinct evolutionary tendency to reduce such
sterile terminal elements and to shift the fertile
zone into distal-most parts of the cone (Fig. 4).
In numerous primitive cupressoid Cupressaceae,
including for example Calocedrus (Figs. 5E &
F), Platycladus (Fig. 5A), Thuja (Fig. 47A) and

Chamaecyparis (Figs. 5B-D), a distinct sterile
terminal piece still occurs, which consists of one
or two sterile pairs of cone scales, which is/are
not entirely separated from the cone axis and is/
are still fused to it (JAGeL 2002; JAGEL & DORKEN
2015a). However, in modern cupressoid Cupres-
saceae, for example in the genera Tetraclinis,
most Cupressus-species (Fig. 4D) and Junipe-
rus (Fig. 4E & F) (JaGeL & StutzEL 2001a, 2003;
ScHuLz et al. 2003; JaceL & Dorken 2015a) such
a sterile terminal piece is usually absent and
all distal cone scales are fertile. This feature is
also realized throughout all callitroid Cupressa-
ceae (Fig. 6) (JAceL 2002; JAGEL & DORKEN 2015b;
DORKEN & JAGEL 2017; DORKeN & NimscH 2019). In
Juniperus and Tetraclinis, the reduction of sterile
terminal elements is so strongly advanced that
even non-axillary or terminal ovules occur (Fig.
4F) (JAGEL & STUTZEL 2003; ScHuLz et al. 2003; Ja-
GeL & DORkeN 2015a). The shift of the fertile zone
into distal-most parts as in modern-most cupres-
soid and all callitroid Cupressaceae, seems ad-
vantageous in the pollination process. It allows a
free exposure of pollination drops and an apically
dense arrangement of ovules in more or less the
same plane, which favors the fusion of pollination
drops of neighbouring ovules into a common larg-
er one (Figs. 53A-D). Both increase the success
in pollen capture (DORkeN & JageL 2014). In this
case, the reductions of sterile terminal elements
in cupressaceous seed cones are assumed to be
important improvements in the pollination pro-
cess. Reduced seed cone biomass may play a
subordinate role in that respect.

In seed cones of numerous modern Cupres-
saceae s.str., the reduction of sterile terminal ele-
ments is so marked that often only the apex of
the cone axis remains visible as a more or less
distinct central spine (Fig. 6). In particular, within
callitroid Cupressaceae (Figs. 6B-F), it is a very
prominent feature (SaHni & SingH 1931; DovLe
1934; DALLIMORE & JACKSON 1966; KRUSSMANN
1983; EckenwaLDER 2009; FarJoN 2005, 2010;
JAGEL & DORkeN 2015b; DORkeN & JAGEL 2017;
DoRrkeN & NimscH 2019) and therefore often re-
ferred to and given the term “columella” (DovLE
1934; KrussmaNN 1983; JAGEL 2002; ECKENWAL-
pER 2009; FarJoN 2005, 2010; JAGeL & DORKEN
2015b). However, previously this term was not
defined precisely enough so that even the three
central, apical lobes in Fitzroya seed cones (Fig.
6F) were frequently described as a columella, de-
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spite their highly controversial identity. They were
described previously as resin glands (JAcksoN
1946; KrussmMANN 1955; bENOUDEN & Boom 1965;
DaLLiMoRe & JAackson 1966; FarJoN 2010) or even
as naked nucelli (SaHnI & SingH 1931). However,
ontogenetic and morpho-anatomical studies (JAG-
EL 2002; JAGEL & DORKEN 2015a; DORKEN & JAGEL
2017) have shown that they represent a distal,
strongly reduced whorl of sterile cone scales, and
the term columella being inappropriate. DORKEN &
JageL (2017) therefore suggested that the term
columella should be only used for seed cone api-
ces that exclusively represent the elongated tip
of the cone axis, given that it does not reach the
periphery of the seed cone and does not take part
in its formation. However, according to this new
definition, the columella is no longer a feature
restricted exclusively to callitroid Cupressaceae,
but occurring also in this respect in some cupres-
soid Cupressaceae, including Cupressus (Fig.
6A) and Thujopsis (DORKEN & JAGEL 2017).

2.1.2 Homologies within conifer-
ous cone scale complexes

Only within seed cones of Pinaceae (Figs. 3;
17; 18) and Sciadopityaceae (Fig. 31), bract
and seed scales are still visible as two distinct
structures even at maturity (FLoriN, 1951; DaAL-
LIMORE & JACKSON 1966; KrussMANN 1983; TAkASO
& TomLinsoN 1991; MunpRry, 2000; FarJon 2010;
Dorken & NimscH 2019). In other extant conifers,
including Araucariaceae (Fig. 24) and Cupres-
saceae (Figs. 5; 6; 7; 38; 40C-F), the bract/seed
scale complex became strongly modified so that
seed cones consist of only one type of cone scale
(PaGge 1990; Gapek et al. 2000; JAGEL & STUTZEL
2001a, b; ScHuLz & STUTZEL 2007; DORKEN 2011;
JAaGeL & DORKEN 2014, 2015a, b; DorkeN et al.
2017b; DoRkeN & RupaLL 2019). However, these
cone scales are of different origin to the previous
type and are therefore not homologous through-
out the conifers.

For example within Araucariaceae (Figs. 24E-
F) the bract and seed scales are fused and form
a common cone scale, with the lower side formed
by bract scale tissue and the upper one by seed
scale tissue (CouLTER & CHAMBERLAIN 1917; JAGEL
& DORkeN 2014; DoOrkeN & RupaLL 2019). How-
ever, compared to Araucariaceae, in Cupres-
saceae the situation is more complex. In the
cupressaceous subfamilies Taiwanioideae and

Sequoioideae (Figs. 7C & D) no vegetative parts
of the seed scale are visible, either at pollination
time or at maturity, and ovules are always non-
axillary and developed in basal parts on the up-
per surface of the cone scale. Thus, it seems that
the basal, adaxial part of the cone scale up to the
point where ovules are inserted is formed by the
seed scale, which is adnate or congenitally fused
to the bract scale (JAaceL 2002; ScHuLz & STUTZEL
2007; DorkeN 2011; JAGeL & Dorken 2014). How-
ever, within the cupressaceous subfamily Cun-
ninghamioideae, there are 2-3 adaxial teeth-like
bulges in basal parts of the cone scale (Figs. 7A
& B). Each of these bulges carries an ovule, a
situation that is comparable to Sciadopityaceae,
but unlike Taiwanioideae and Sequoioideae.
Within Cunninghamioideae these bulges are only
visible in earliest ontogentic stages and are as-
sumed to be vegetative parts of the seed scale
which are fused in a recaulescent way to the
bract scale (JageL 2002; ScHuLz & StUuTzEL 2007;
JageL & DOrkeN 2014). Within the cupressaceous
subfamily Taxodioideae, that includes the genera
Cryptomeria (Figs. 8A-D), Glyptostrobus (Fig.
8E) and Taxodium (Fig. 8F), teeth-like structures
are also developed below the ovules. However,
unlike Cunninghamioideae, ovules are always
inserted in an axillary position and the number
of ovules and teeth seems not to be correlated
(Takaso & TomuinsoN 1990; JageL 2002; ScHurz
& STUTZEL 2007; JAGEL & DORKEN 2014; DORKEN
& RupaLL 2018). Additionally, the teeth are also
visible at maturity, significantly exceed the cone
scales (Figs. 8 A, B, E, F) and help to close the
maturing seed cone (KRUssmANN 1983; JAGEL
2002; EckenwAaLDER 2009; FArJoN 2010; JAGEL &
DoRrkeN 2014; DorkeN & RupaLL 2018). However,
more importantly, within Taxodioideae the teeth
below the ovules are always developed later than
the ovules (Takaso & TomLinsoN 1990; JAGeL 2002;
JaGeL & DORkeN 2014; DOrRkeN & RupaLL 2018).
DorkeN & RupaLL (2018) who investigated terato-
logical seed cones of Glyptostrobus, with anoma-
lous vegetative proliferated teeth, could clearly
show that within the axil of the cone scale two
axillary shoots are inserted. Thus, the cone scale
complex of Taxodioideae consists of a bract,
which forms the visible cone scale that is carrying
two descending axillary accessory shoots (= seed
scales). The one that is distant from the cone
scale is developed first. It is fertile and always
strongly reduced, so that only its ovules remain,
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usually without any visible vegetative parts of the
seed scale. The second lowest seed scale, which
is inserted in the axil of the cone scale, is devel-
oped later. It is sterile and forms the teeth (DoRk-
EN & RupaLL 2018). This explains the axillary posi-
tion of ovules in Taxodioideae, which is unlike to
all other early-divergent Cupressaceae (including
the subfamilies Cunninghamioideae, Athrotax-
oideae, Taiwanioideae, Sequoioideae and Taxo-
dioideae) (DoRrkeN & RupaLL 2018). Within these
cupressaceous subfamilies ovules are non-ax-
illary and inserted on the adaxial surface of the
cone scale (JAageL 2002; JageL & Dorken 2015a,
b; DoRrkeN et al. 2017b). Thus, Cunninghamioide-
ae and Taxodioideae differ significantly from each
other. In Cunninghamioideae there is just one fer-
tile seed scale per cone scale complex, which’s
vegetative parts are visible as adaxial, ovule
carrying teeth in basal parts of the cone scale
(ScHuLz & StuTzEL 2007; JAGEL & DORKEN 2014).

Within sequoioid, cupressoid and callitroid Cu-
pressaceae the number of ovuliferous rows and
the total number of ovules per cone scale as well
is markedly increased compared to the rest of
the Cupressaceae and all other conifers as well.
In some Cupressus (Figs. 7E & F) and Callitris
species there are up to four ovuliferous rows per
cone scale (DorkeN 2011; DORKEN & JAGEL 2014,
2017; JaceL & DoRkeN 2015a, b). The rows are
developed in a centrifugally developmental se-
quence, so that the one which is most distant
from the cone scale is developed first (JAGEL
2002; DORKEN 2011; DORKEN & JAGEL 2014, 2017;
JAGEL & DORkeN 2015a, b). Each row is supposed
to represent a strongly reduced ovuliferous short
shoot (= seed scale) being reduced entirely to
the ovules. Thus, these cone scale complexes
consist of a bract which forms the visible cone
scale and carries several axillary descending
ovuliferous short shoots, which are, however, be-
ing reduced entirely to their ovules (JAceL 2002;
DoRrkeN 2011; DORkeN & JAGeL 2014, 2017; JAGEL
& DoORkeN 20154, b). This is a simple, but very ef-
ficient way to increase the total number of ovules
per seed cone, in this case without the need to
form larger cones and without high investments
in the seed cone biomass, as it would be needed
when only one (Araucariaceae) or two (Pinace-
ae) ovules per cone scale occur. The small seed
size, typical for most Cupressaceae, is also ad-
vantageous in this respect.

To summarize, in conifers showing only one
type of cone scale, the scale is not a homologous
structure throughout. It can represent either an
aggregation of the bract and seed scale with dif-
ferent degrees of fusion or it represents just the
bract scale, with the seed scale being reduced
entirely to its ovules.

2.1.3 Conclusions

Coniferous seed cones are strongly reduced and
compact inflorescences throughout the entire
group. Most coniferous seed cones are character-
ized by the presence of the so-called bract/seed
scale complex, with the bract scale representing
a leaf, which carries an axillary fertile short shoot
— the seed scale. Only in Pinaceae and Sciado-
pityaceae both types of cone scales are visible
as two distinct structures even at maturity. In nu-
merous conifers only one type of cone scale is
developed, which, however, is not homologous
throughout the different groups. In Araucariaceae
and most of the early divergent Cupressaceae
bract and seed scale are congenitally fused and
form a common cone scale. However, in Cupres-
saceae s. str. (subfamilies Cupressoideae and
Callitroideae) the seed scale is reduced entirely
to its ovules and the visible cone scale is repre-
sented exclusively by the bract scale.

In numerous sequoioid, cupressoid and calli-
troid Cupressaceae several ovuliferous rows are
formed in a centrifugally developmental sequence
per cone scale complex. Each row is assumed to
represent a fertile, descending accessory shoot
being reduced entirely to its ovules. This leads to
a distinctly increased number of ovules per cone
scale and represents an efficient way to increase
the total number of ovules per seed cone with-
out the need of increasing the overall cone size
and without significantly increased investments
into seed cone biomass. In this respect, also the
small size of mature seeds is of relevance.

In numerous conifers, the basal- and distal-
most cone scales are sterile and only those in
the middle of the cone are fertile. However, within
Cupressaceae there is a strong tendency to shift
the fertile zone into apical parts of the seed cone
and to reduce sterile distal elements, so that in
several modern-most cupressoid and all cal-
litroid Cupressaceae only the apex of the cone
axis remains visible as a distinct spine-like colu-
mella and all apical cone scales are fertile. Thus,
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in several Cupressoideae and all Callitroideae
ovules are in an apically dense arrangement in
more or less the same plane. This arrangement
allows a free exposure of pollination drops to the
ambient airflow. Furthermore it favors the fusion
of pollination drops of neighbouring ovules into
a common larger one, which is advantageous in
the pollination process, in particular in respect to
pollen capture. These important improvements in
the pollination process seem to be more relevant,
than a reduced seed cone biomass, which is as-
sumed to play a subordinate role in that respect.

2.2 The general structure of
coniferous pollen cones

Compared to seed cones, for pollen cones, their
ontogeny and morphogenesis as well as their
evolution are significantly less well investigated.
This seems mainly caused by the limited avail-
ability of research material, which is only avail-
able for a very short seasonal period. Mature
pollen cones dry out and are abscised or disinte-
grate. Additionally, pollen cones of all conifers are
non-woody structures. Thus, it is not astonishing
that they are less well documented in the fossil
record, compared to the seed cones, which are
all more or less woody. Another problem is that
decisive developmental steps already take place
long before any visible external signs. A major
problem for suggesting the evolutionary pathway
for the coniferous pollen cones is that within a ge-
nus they are more or less uniformly shaped, and
have the same basic structure.

In most extant conifers, they are uniaxial,
simple “flower-"like structures with lateral, non-
axillary hyposporangiate microsporangiophores
(Figs. 9A-C; 22A-C; 25B, C, F; 30D & E; 41; 42)
(e.g. Krussmann 1955, 1983; DALLIMORE & JACK-
soN 1966; GiFForD & FosTER 1989; ECKENWALDER
2009; Farson 2010). Compound, polyaxial, “in-
florescence-"like pollen cones are and only de-
veloped with some Podocarpaceae (Figs. 2B;
30A-C), Taxaceae (Fig. 37) and Sciadopitys (Fig.
32). The structural diversity among Taxaceae
with either simple, uniaxial e.g. Taxus (Figs. 36A
& B) and Torreya (Figs. 36D-F) or compound,
polyaxial pollen cones e.g. Cephalotaxus (Figs.
37D-F) and Pseudotaxus (Figs. 37A-C) and the
occurrence of two types of microsporangiophores
(hypo- and perisporangiate) is unique among ex-

tant conifers (e.g. WorbseLL 1901; DurLer 1919;
DrunoscH 1937; THomsoN 1940; Nozeran 1955;
WiLbe 1975; Munbry & Munbry 2001; ScHuLz et al.
2014; DORKeN & NimscH 2016).

The hyposporangiate type (Figs. 9A-C) con-
sists of a central stalk, a phylloid-like scutellum,
which is species-specifically developed either ad-
axial or has a peltate-like shape. Microsporangia
are developed exclusively adaxial at the stalk.
The hyposporangiate microsporangiophores
of all conifers are supplied by a single collat-
eral vascular bundle strand, with xylem towards
adaxial and phloem towards abaxial. A bundle
sheath surrounding the vascular bundle strand
and a cambium separating xylem and phloem is
absent. The perisporangiate type of microsporan-
giophores (Figs. 9D-F) has a radial structure, with
a peltate scutellum and microsporangia inserted
all around the stalk. The perisporangiate micro-
sporangiophore is always supplied with several
(2-4) collateral vascular bundle strands (Fig. 9),
which leave the concentric stem bundle of the
pollen cone axis in separate strands. A bundle
sheath and a cambium separating xylem and
phloem is also not developed.

Due to their high structural diversity, Taxaceae
seem to be a good starting point for investigations
leading to new insights into structure and evolu-
tion of coniferous pollen cones, in particular, to
answer the question whether the simple, uniaxial
structure developed within the majority of extant
conifers might be derived from an ancestral com-
pound, polyaxial one. Additionally the origin and
the identity of the microsporangiophores, are still
controversial and two major conflicting evolution-
ary concepts exist: (1.) All coniferous microspo-
rangiophores are homologous structures; the hy-
posporangiate (dorsiventral) type is derived from
a perisporangiate (radial) ancestral condition (e.g.
WorbseLL 1901; DuprLer 1919; DLuHoscH 1937);
(2.) The perisporangiate type is derived from a
radial synangium consisting of several dorsiven-
tral reduced and fused microsporangiophores
(e.g. THomson 1940; WiLbe 1975; Munbry & Mun-
DRY 2001; DorkeN et al. 2011; DORKeEN & NimMscH
2016). The coniferous microsporangiophores are
widely accepted as pollen producing leaves in the
sense of a microsporophyll. However, the axillary
position of the perisporangiate microsporangio-
phores in Pseudotaxus definitively excludes this
and points towards a much more complex identity
of this structure (Munbry & MunbRY 2001; DORKEN
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et al. 2011). Thus, detailed morpho-anatomical
studies on Taxaceae are needed which are then
correlated with data from other coniferous groups
as one of the best ways to get new insights into
the overall structure and the evolutionary path-
way of coniferous pollen cones. As shown in the
brief discussion above huge gaps in our knowl-
edge of staminate reproductive structures of co-
nifers still exist today.

2.2.1 Correlation between the
number of pollen cones per tree,
microsporangiophores per pol-
len cone and microsporangia per
microsporangiophore

Within extant conifers, the number of the traits
above varies strongly (Pace 1990; Munbry 2000;
FarJoN 2005, 2010; EckeNwaLDER 2009; ScHuLz
et al. 2014; DoRkeN et al. 2017a). However, their
quantity appears to be distinctly correlated and
different strategies are realized to produce high
amounts of pollen per tree.

Due to the fact that nearly all conifers, except
the majority of Gnetales, are wind-pollinated (Nik-
LAs 1982, 1984; Owens et al. 1998; SCHWENDEMANN
et al. 2007; DORkeN & JAGEL 2014) the amount of
pollen that is needed for a successful pollination
is much higher compared to insect-pollinated
taxa (FriEDMAN & BARRETT 2009; ManGLA & TAN-
poN 2014), because the anemophily syndrome
excludes a precise deposition of pollen only on
the female receptive structures. In consequence,
enormous amounts of pollen get lost, unlike the
condition within insect-pollinated taxa (ManGLA &
Tanpbon 2014). Within conifers two major strate-
gies are realized to achieve a maximum in pollen
production per tree: (1.) If the pollen cones are
small with only a low number of microsporangio-
phores which have a low number of microspo-
rangia, the total number of pollen cones per tree
is high (common case within conifers); (2.) If the
pollen cones are large with a high number of mi-
crosporangiophores which have a high number of
microsporangia, the total number of pollen cones
per tree is low, as in all Araucariaceae and a few
Pinaceae (ScHuLz et al. 2014; DORkeN & NimscH
2015a). In most cases the certain same strategy
is realized throughout the entire family (ScHuLz et
al. 2014; Dorken 2019a). For example, in Arau-

cariaceae the number of pollen cones per tree
is significantly less compared to other conifers.
However, here the pollen cones are large with
several hundred microsporangiophores (Figs.
25A, D, E), each with up to 20 or even more mi-
crosporangia (Figs. 25B, C, F), which is the high-
est number within extant conifers (FArJon 2005,
2010; EckenwaLber 2009; ScHuLz et al. 2014;
DoRkeN & RupaLL 2019). Compared to Araucaria-
ceae, in nearly all other conifers the total number
of pollen cones per tree is significantly higher.
However, their pollen cones are quite small and
contain a significantly lower number of microspo-
rangiophores, each carrying a markedly lower
number of microsporangia, for example just two
per microsporangiophore in Pinaceae (Figs. 22A-
C), Podocarpaceae (Fig. 30D), Sciadopityaceae
(Fig. 32E) and some early-divergent Cupressa-
ceae (CouLTeR & CHAMBERLAIN 1917; SPoRNE 1965;
Munbry 2000; FarJon 2010; DORkeN & NimscH
2015a; DORkeN 2017).

However, within the pinaceous taxa Cedrus
(Figs. 21C; 46A) and Cathaya (Fig. 21A) the
number of pollen cones per tree is significantly
lower compared to all other Pinaceae, but they
are much bigger in size and comprise a high num-
ber of microsporangiophores per pollen cone, in
both cases over one hundred (DorkeN & NimscH
2015a). The number of microsporangia per mi-
crosporangiophore is, however, not increased,
still being two as is the typical family trait (DORKEN
& NivmscH 2015a). In this case a maximum in pol-
len production per tree is achieved not by increas-
ing the number of pollen cones or microsporangia
but by increasing the pollen cone size and the
number of inserted microsporangiophores.

Within Juniperus (cupressoid Cupressaceae)
it is assumed that the formation of pollen cones
in distal clusters, as in Juniperus drupacea (Fig.
12), led to a strongly reduced total number of
pollen cones and in consequence to a reduced
total amount of pollen produced per tree. In con-
trast to Pinaceae, in Juniperus drupacea the
reduction of the pollen cone number per tree is
not compensated by larger pollen cones, but by
higher number of microsporangia per microspo-
rangiophore, which are developed in up to three
abaxial rows. Within all other Juniperus species
the pollen cone size is more or less similar to a
single pollen cone within the Juniperus drupacea
pollen cone cluster. However, their pollen cones
are inserted either axillary (Juniperus Section Ju-
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niperus) or terminal (Juniperus Section Sabina)
on lateral shoots. In contrast to the Juniperus dru-
pacea pollen cone clusters they are developed
in a high quantity, with microsporangia inserted
on the microsporangiophores mostly in only a
single abaxial row (EckenwaLDER 2009; FARJON
2010; DoRrkeN 2019a). Thus, within Juniperus two
strategies are realized to increase pollen produc-
tion: (1.) Low number of pollen cones per tree,
but an increased number of microsporania per
microsporangiophore (e.g. Juniperus drupacea);
(2.) High number of pollen cones per tree, without
increased number of microsporangia per micro-
sporangiophore (majority of all other Juniperus
species).

However, at present, there is still a huge lack
of statistical data about the total number of pol-
len cones, microsporangiophores, microsporan-
gia, and in particular the total amount of pollen
produced per tree, which would be needed to get
further insights into the correlations existing be-
tween these traits.

2.2.2 Branching pattern in conif-

erous pollen cones

The coniferous pollen cones are genus-specifical-
ly either simple uniaxial (Figs. 21; 22A & B; 25A,
D, E) or compound polyaxial (Figs. 2B & D; 30A-
C; 32; 37) (LeEMOINE-SEBASTIAN 1967; WiLDE 1975;
Page 1990; Munpbry & MunbRry 2001; DORKEN et al.
2011; ScHuLz et al. 2014; DORkeN & NivscH 2016;
DoRkeN & RubaLL 2019; Dorken 2019a, b). Among
extant conifers compound inflorescence-like pol-
len cones are rare and are only developed within
some Taxaceae (Fig. 37), Podocarpaceae (Figs.
2B; 30A-C) and Sciadopityaceae (Fig. 32) (WiL-
pE 1975; Munbry & Munbry 2001; DORkeN et al.
2011; ScHuLz et al. 2014; DORkeN & NivscH 2016;
Dorken 2019a). The dimensions of the subunits
within these polyaxial pollen cones show genus-
specific enormous variations, but they can be
classified into two major groups: (1.) Open and
loose; each axillary subunit represents a pollen
cone with an elongated cone axis carrying sev-
eral microsporangiophores, including examples
like Cephalotaxus (Taxaceae) (Figs. 37D-F) and
Podocarpus (Podocarpaceae) (Figs. 2B; 30A-C);
(2.) Dense and compact-globose; each subunit is
strongly reduced to a single axillary, short-stalked
perisporangiate microsporangiophore, including
examples like Pseudotaxus (Taxaceae) (Figs.

37A-C). Within both types the shoot apex of the
inflorescence is exhausted entirely while form-
ing either a terminal pollen cone (Cephalotaxus,
Sciadopitys and Podocarpus) or a single per-
isporangiate microsporangiophore (Pseudotax-
us). This clearly distinguishes these compound
structures from inflorescence-like apical pollen
cone clusters like those found in a few Cupres-
saceae, including Cunninghamia (Cunninghami-
oideae) (Figs. 43A-C), Taiwania (Taiwanioideae)
(Figs. 43D-F) and Juniperus drupacea (Junipe-
rus Section Caryocedrus, Cupressoideae) (Fig.
12) (KrUssmANN 1983; EckeNwALDER 2009; FARJON
2010, ScHuLz et al. 2014). Within such apical pol-
len cone clusters, the shoot apex is not exhaust-
ed by a terminal pollen cone and remains visible
as a terminal bulge (Dorken 2019a). However,
to distinguish between a polyaxial, compound
structure, in the sense of a true inflorescence
and an apical pollen cone cluster, consisting of
“‘just” densely arranged simple pollen cones, is
often difficult. These difficulties are demonstrat-
ed best within the monotypic Juniperus Section
Caryocedrus, which is sister to Juniperus Section
Juniperus (Mao et al. 2010; Apams et al. 2013).
At first glance, the distal pollen cone clusters of
Juniperus drupacea appear quite similar to the in-
florescences of Cephalotaxus (Figs. 37D-E). This
impression is supported by the fact that in Junipe-
rus drupacea the shoot apex does not proliferate
in the next season, and the pollen cones and the
distal-most parts of the shoot axis dry out after
pollen release. This is unlike pollen cone clusters
of other conifers, including Cunninghamia (Fig.
43C), which usually proliferate in the next season
(ScHuLz et al. 2014; DorkeN 2019a). The absence
of a terminal pollen cone/microsporangiophore
distinguishes such pollen cone clusters distinctly
from the polyaxial inflorescences as developed
within Cephalotaxus (Figs. 37D-E), Pseudotaxus
(Figs. 37A-C), Sciadopitys (Fig. 32) and Podo-
carpus (Fig. 2A; 30A-C) (Munpry 2000; MuNpry
& Munbry 2001; DORken et al. 2011; DORKeN &
NimscH 2016).

It has been shown that the inflorescence-like
pollen cone cluster of Juniperus drupacea is
probably derived from an ancestral condition as
it is still represented in all taxa of Juniperus Sec-
tion Juniperus, with uniaxial, axillary pollen cones
usually developed in lower parts on lateral shoots
(Fig. 12A) (Dorken 2019a). Beginning with this
condition only few steps are needed to form the
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Juniperus drupacea pollen cone cluster, including
a shift of the fertile zone into distal-most parts on
the shoot axis (Fig. 12B) and a profound reduc-
tion of the distal internodes and the bracts (Fig.
12C) (Dorken 2019a). This novel interpretation
is very surprising insofar as Juniperus drupacea
is the earliest-divergent taxon within this genus
(Apams & Demexke 1993; Dorken 2019a). Thus,
it could be expected that the species would still
reflect the primitive condition of this genus and
not derived ones. The selection pathways lead-
ing to the formation of pollen cone clusters in
Juniperus drupacea, however, still remain open
to question. Possible advantages within the pol-
lination process, including a better exposure of
the pollen cones to the wind, might be one of the
driving forces. Within Juniperus drupacea as part
of forming the pollen cone clusters, a decrease
in the total number of pollen cones and the total
amount of pollen produced per tree is assumed.
In this case the arrangement of pollen cones
in distal clusters represents a distinct trade-off,
which strongly influences the ratio between the
total number of pollen cones and the total amount
of pollen produced per tree. However, the strong-
ly increased number of microsporangia per mi-
crosporangiophore may compensate for the re-
duced total number of pollen cones and pollen
per tree (Dorken 2019a). Depending on these
results it is assumed that within Juniperus the
simple, uniaxial pollen cone structure reflects the
primitive condition.

However, within other conifers, including Tax-
aceae, the evolutionary pathway of staminate
reproductive structures seems to be completely
inverse to that. Within Taxaceae the simple, uni-
axial pollen cone structure is regarded as being
derived from an ancestral compound, polyaxial
inflorescence. Different evolutionary concepts
(Fig. 13) are suggested, that can explain the sim-
ple, flower-like structure of Taxus and Torreya as
derived from a compound polyaxial Cephalotax-
us-like inflorescence. Within the first evolutionary
concept (Fig. 13A) the Torreya pollen cone is re-
garded as the final link of the following transition-
al series: Cephalotaxus — Pseudotaxus — Taxus
— Torreya (MunpRy & Munbry 2001; DORkEN et al.
2011; DORKeN & NimscH 2016).

Within the Cephalotaxus inflorescence each
subunit (= lateral pollen cone) is inserted in the
axil of a bract and consists of several lateral hypo-
sporangiate microsporangiophores and a termi-

nal perisporangiate one. The Pseudotaxus pollen
cone — a compact inflorescence that comprises
several perisporangiate microsporangiophores,
each lateral microsporangiophore is inserted in
the axil of a bract — is assumed to be derived
from a loose Cephalotaxus-like ancestral condi-
tion by reductions of all lateral hyposporangiate
microsporangiophores and profound shorten-
ing of the cone axis, so that finally each lateral
subunit within the Cephalotaxus inflorescence
is reduced to the single, terminal perisporangi-
ate microsporangiophore. A simple reduction of
the bracts leads to a pollen cone structure typi-
cal for Taxus — a compact cone with non-axillary,
perisporangiate microsporangiophores. When
the adaxial microsporangia within the lateral per-
isporangiate microsporagiophores of Taxus get
reduced the Torreya pollen cone is formed — a
uniaxial pollen cone consisting of several lateral
hyposporangiate microsporangiophores and a
terminal perisporangiate one. In this case, the
perisporangiate microsporangiophores of Pseu-
dotaxus and Taxus are homologous to a lateral
subunit within the Cephalotaxus inflorescence,
which became reduced to the terminal perispo-
rangiate microsporangiophore. This evolutionary
concept is supported by the fact that the num-
ber of perisporangiate microsporangiophores in
Pseudotaxus and Taxus corresponds perfectly to
the number of subunits within the Cephalotaxus
inflorescence (DORkeN & NimscH 2016).

However, the number of lateral, hyposporangi-
ate microsporangiophores within Torreya pollen
cones significantly exceeds the number of peri-
sporangiate microsporangiophores within Pseu-
dotaxus and Taxus (EckeNwaLDER 2009; FARJON
2010; Dorken & NimscH 2016). This might argue
against a derivation of Torreya from an ancestral
Taxus-like condition. Thus, a second scenario
could be suggested with two different evolu-
tional lineages leading independently from each
other towards a uniaxial pollen cone structure
(Fig.13B). Both lineages start with a compound,
polyaxial pollen cone structure: (1.) Cephalotax-
us — Pseudotaxus — Taxus; (2.) Cephalotaxus
— Torreya. Also, as part of this concept, the
simple, uniaxial pollen cone structure of Taxus
and Torreya is assumed to be derived from an
ancestral compound Cephalotaxus-like structure
as was suggested by Munbry & Munbry (2001)
and DoRrken et al. (2011). However, with this sce-
nario, the simple Torreya pollen cone structure is
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regarded as derived without transitional stages
from a Cephalotaxus-like inflorescence, by re-
ducing all lateral subunits so that finally only the
terminal one remains. This is the shortest and at
first glance the easiest way to evolve the simple
Torreya pollen cone structure (WiLbe 1975). How-
ever, Torreya pollen cones and subunits within
the Cephalotaxus inflorescences show distinct
differences, including a different size and shape
of their primordia and differences in the orienta-
tion of microsporangia. These differences strong-
ly argue against a homology of the Torreya pollen
cone and the terminal subunit within the Cephalo-
taxus inflorescence. According to Munbry & Mun-
DRY (2001) the primordia of the entire Cephalo-
taxus inflorescence are broad and dome-shaped,
while the primordia of its subunits, however,
quite small. If Torreya pollen cones and the ter-
minal subunit of Cephalotaxus inflorescence are
homologous, for both a small apex would be
expected. However, Torreya pollen cones have
broad primordia. Their dimensions are similar to
the primordia of the entire compound Cephalo-
taxus inflorescence, but also to those of Taxus
pollen cones. The broad primordium in Taxus can
be explained by a derivation of the simple Taxus
pollen cone structure from a Cephalotaxus-like
ancestral condition. The broad primordium in Tor-
reya is explained best by regarding Torreya pol-
len cones as derived from an ancestral Taxus-like
condition, by a simple reduction of adaxial micro-
sporangia (Munpry & Munbry 2001; DORKeN et al.
2011; DorkeN & NimscH 2016). This scenario is
strongly supported by the fact that the perispo-
rangiate microsporangiophores of Taxus and the
hyposporangiate microsporangiophores of Tor-
reya are located parallel to the stalk of the mi-
crosporangiophore, while in Cephalotaxus, they
spread vertically from the stalk at more or less a
right angle (Munbry & Munbry 2001). Summariz-
ing this, it seems most likely that Torreya pollen
cones and the terminal subunit within Cephalo-
taxus inflorescences are not homologous struc-
tures as suggested by WiLbe (1975), and the evo-
lutionary pathway Cephalotaxus — Pseudotaxus
— Taxus — Torreya as suggested by Munbry &
Munpry (2001), DorkeN et al. (2011) and DORKEN
& NivscH (2016) seems to be the most likely one.

In summary, it seems that within conifers, dif-
ferent evolutionary pathways of male reproduc-
tive structures were realized — in Taxaceae from
compound, polyaxial inflorescences to simple,

uniaxial pollen cones, in Cupressaceae from sim-
ple, uniaxial, pollen cones to inflorescence-like,
apical pollen cone clusters.

If the simple, uniaxial pollen cone structure
of other coniferous taxa e.g. Pinaceae, Cupres-
saceae or Araucariaceae could be also derived
from a former compound, polyaxial inflorescence
as is assumed for Taxaceae remains, however,
still an open question (Dorken 2017; DORKEN &
StUTZEL 2019).

2.2.3 The origin of perisporangi-

ate microsporangiophores

Among extant conifers two types of microsporan-
giophores exist (Fig. 9). The hyposporangiate,
dorsiventral type (Figs. 9A-C) is the most com-
mon one. It consists of a central stalk, abaxial
microsporangia and a distal phylloid-like scutel-
lum (e.g. PiLger 1926; DaLLIMORE & JAcksoN 1966;
KRrUssMANN 1955, 1983; Page 1990; ECKENWALDER
2009; FarsoN 2005, 2010; Dorken 2017). The
perisporangiate, radial type (Figs. 9D-F) is rare
and can be found only among extant Taxaceae.
It consists of several microsporangia which are
arranged all around the central stalk (WiLbe 1975;
Munpbry & Munbry 2001; DOrken et al. 2011;
ScHuLz et al. 2014; DOrkeN & NimscH 2016). With-
in a pollen cone usually only one type of micro-
sporangiophore is developed (Figs. 9B-C; 22A &
B; 30A, B, D, E) (PiLcer 1926; DaLLIMORE & JACK-
soN 1966; KrussmanN 1955, 1983; Pace 1990;
EckenwaLDER 2009; FARJON 2005, 2010; DORKEN
2017). In this respect pollen cones of Cephalo-
taxus (Figs. 37E & F) and Torreya (Figs. 10; 36E
& F) are remarkable because they comprise both
types of microsporangiophores within the same
cone, the lateral ones are hyposporangiate, the
terminal one is perisporangiate (Munpry 2000;
Munpbry & Munbry 2001; DOrken et al. 2011;
DoRkeN & NimscH 2016).

The coniferous microsporangiophore is wide-
ly accepted as a pollen producing leaf in the
sense of a microsporophyll (e.g. Lotsy 1911;
CouLTER & CHAMBERLAIN 1917; KRUSSMANN 1955,
1983; SporNE 1965; DALLIMORE & JACKSON 1966;
Mirov 1967; Liu 1971; Farson 1984, 2005, 2010;
Pace 1990; EckenwaLber 2009; WiLLiams 2009).
However, the axillary position of the peltate leaf-
like, perisporangiate microsporangiophores in
Pseudotaxus excludes a priori a leaf character
for this structure. Additionally, the ontogeny of
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perisporangiate microsporangiophores and pel-
tate leaves differs strongly (Munbry & MunDRY
2001). The characteristic developmental steps
occurring in the formation of peltate leaves, in-
cluding meristem incorporation, meristem fusion
and the formation of a meristematic cross zone
(TroLL 1932; Franck 1976; DORKEN & PARSONS
2018), are absent in coniferous perisporangiate
microsporangiophores (Munbry & Munbry 2001).
Thus, two conflicting theories about the origin of
the coniferous microsporangiophores exist: (1.)
All coniferous microsporangiophores are ho-
mologous structures, and the hyposporangiate
type is derived from an ancestral perisporangi-
ate condition (e.g. WorbseLL 1901; DupLer 1919;
DruHoscH 1937). (2.) The perisporangiate type
represents a radial synangium, consisting of sev-
eral dorsiventral reduced microsporangiophores
(e.g. THomson 1940; WiLbe 1975; MunbRry & Mun-
bRy 2001, DoRrkeN et al. 2011; DORkeN & NimscH
20186).

In morpho-anatomical investigations on the
apical pollen cone structure of Cephalotaxus
and Torreya, several hyposporangiate microspo-
rangiophores were found instead of the “typical”
terminal perisporangiate one (Figs. 10 C-E), in
Torreya in 38% and in Cephalotaxus in 37% of
the investigated cones (DOrken & NimscH 2016).
It was clearly shown that the presence or ab-
sence of a terminal perisporangiate microsporan-
giophore is strictly correlated with the diameter
of the pollen cone apex. If the apex is small, the
primordia of apical hyposporangiate microspora-
giophores come into contact and subsequently
fuse to form a radial synangium — the perispo-
rangiate microsporangiophore. However, if the
pollen cone apex is broad, the primordia of the
microsporangiophores are widely separated,
which prevents their fusion. Thus, instead of a
terminal perisporangiate microsporangiophore
several distal hyposporangiate ones are devel-
oped. In this case the apex of the cone axis is not
exhausted and remains visible even in mature
cones. Thus, it is not surprising that the perispo-
rangiate microsporangiophores in Cephalotaxus
and Torreya are always developed terminal at the
cone axis (DORrRkeN & NimscH 2016).

The interpretation of perisporangiate micro-
sporangiophores as radial synangia is strongly
supported by the differences in the vasculature
between hypo- and perisporangiate microsporan-
giophores. The hyposporangiate ones are always

supplied with a single collateral, vascular bundle
strand, with xylem located towards the adaxial
and phloem towards the abaxial side. However,
in the stalk of the perisporangiate ones, 2 to 4
ring-like arranged, collateral vascular bundle
strands are developed, which leave the cone axis
in separate strands (Fig. 9F). Their xylem poles
are pointing towards the center of the stalk. Each
of these vascular bundles can be understood as
belonging to one of the hyposporangiate micro-
sporangiophores, which are involved in forming
the radial synangium (Dorken & NivscH 2016).

The idea that the taxaceous perisporangiate
microsporangiophores represent radial synangia,
is strongly supported by the fact, that within some
of the investigated perisporangiate microsporan-
giophores of Pseudotaxus a central “columella-
"like structure was found (Figs. 11C-E), which
represents the apical meristem of a strongly re-
duced lateral shoot axis, which is not exhausted,
as is the usual case. It remains visible as the cen-
tral “columella” even at maturity. This lateral shoot
axis usually carries two or rarely three hypospo-
rangiate microsporangiophores. As a result of the
strongly reduction of the shoot axis, the primordia
of these hyposporangiate microsporangiophores
come into contract and subsequently fuse to form
a radial synangium — the perisporangiate micro-
sporangiophore (DARKeN & NimscH 2016).

This novel interpretation of the origin of peri-
sporangiate microsporangiophores supports the
idea that the perisporangiate lateral microspo-
rangiophores in cones of Pseudotaxus and Taxus
correspond to an entire lateral, but, strongly re-
duced subunit of the Cephalotaxus inflorescence.
In Pseudotaxus and Taxus the axis of the lateral
subunits became profoundly reduced, so that the
primordia of all hyposporangiate microsporan-
giophores always get in contact and fuse sub-
sequently (Dorken & NimscH 2016). This would
explain why the number of perisporangiate mi-
crosporangiophores in Taxus and Pseudotaxus is
identical to the number of subunits in the Cepha-
lotaxus inflorescence and why these perisporan-
giate microsporangiophores are always supplied
with several vascular bundle strands (Dorken &
NimscH 2016).

In summary, among extant conifers, only one
basic type of microsporangiophores exists — the
dorsiventral, hyposporangiate one. The radial,
perisporangiate type does not reflect a second
basic microsporangiophore type, but is a fusion
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product of several hyposporangiate microsporan-
giophores.

2.2.4 The identity of coniferous
microsporangiophores

Since it has been shown that there is just one
basic type of microsporangiophores — the hypo-
sporangiate one, the question about its identity
arises. Its non-axillary position and the single
collateral vascular bundle strand, strongly point
towards a pollen-producing leaf, homologous to
a microsporophyll and comparable to sporophylls
developed within cycads or higher ferns (ScHuLz
et al. 2014). However, microsporophylls of cy-
cads (Fig. 14) differ from those of conifers by rep-
resenting strongly reduced pinnate leaves with a
broad and plain stalk (Figs. 14D-F), which is car-
rying the microsporangia in abaxial soral clusters
(Figs. 14D-F), a feature that can be also found
at the fertile fronds of higher ferns (Jones 1993;
Munpry & StUTZEL 2003; ScHuLz et al. 2014).
Thus, it seems that at least for some conifers, in
particular conifers with hyposporangiate micro-
sporangiophores with exclusively abaxial micro-
sporangia, the stalk of the microsporangiophores
can be interpreted as homologous to sporophylls
as they are developed within cycads and higher
ferns (ScHuLz et al. 2014).

This leads to the question about the homology
of the different parts within the dorsiventral conif-
erous microsporangiophore and the cycad micro-
sporophyll. At first glance, it seems that within the
coniferous microsporangiophore the scutellum
corresponds to the lamina, and the stalk to the
petiole. However, such homologies are difficult to
justify and should be avoided for several reasons,
particularly, because sharp borders between scu-
tellum and stalk do not exist (Fig. 16C). Addition-
ally, the size and shape of the distal scutellum
vary not only species-specifically, but also even
within a single cone (Figs. 15A & C; 41C & D)
(ScHuLz et al. 2014; DorkeN 2017; DoORkeN et al.
2017a). Thus, within a microsporangiophore the
exact portions of the scutellum and the stalk are
difficult to define, as is also the case for the ex-
act border between the stalk and the scutellum.
Particularly, in microsporangiophores developed
in distal parts of the pollen cones (Figs. 15A &
C; 41C & D), the scutellum is strongly reduced
or can be entirely lacking (Fig. 15), so that fre-
quently only stalked microsporangia are devel-

oped (Fig. 15) (ScHuLz et al. 2014; DORkeN 2017;
Dorken et al. 2017a). This clearly indicates that
the microsporangia are formed by the stalk of
the microsporangiophore and not by the scutel-
lum (ScHurz et al. 2014; DOrRkeN 2017; DORKEN
et al. 2017a). This is supported by the fact that
the sporogenous tissue gets developed within
the earliest ontogenetic stages of the microspo-
rangiophore, even before the scutellum gets
differentiated (Munbry 2000; ScHuLz et al. 2014;
DoRkeN et al. 2017a).

The final position and orientation of the micro-
sporangia vary between species and cones. They
are strongly influenced by significant differences
existing in spatial and temporal growth patterns
occurring in the development of the microspo-
rangiophores (Fig. 16) (Munbry 2000; ScHuLz et
al. 2014; D6rkeN 2017). Additionally, the size and
shape of the distal scutellum has a strong impact
on the position and orientation of the microspo-
rangia (Munbry 2000; ScHuLz et al. 2014; DORKEN
& NimscH 2015b; DoOrken 2017). An exclusively
adaxial scutellum (Figs. 16A-C) allows microspo-
rangia to be developed even in distal-most parts
on the stalk, which can lead to the wrong impres-
sion that the scutellum and microsporangia are
fused. However, within the investigated pollen
cones no evidence was found supporting the idea
that the scutellum is responsible for the forma-
tion of microsporangia as suggested previously
by DrLuHoscH (1937). A peltate-shaped scutellum
(Figs. 16D-F), however, enormously obstructs
the growth direction of the microsporangia, and
prevents from forming of microsporangia in dis-
tal-most parts on the stalk. Consequently the
scutellum and the microsporangia are developed
distantly and microsporangia are attached to the
stalk in lower parts towards the pollen cone axis
(Munpry 2000; ScHuLz et al. 2014).

Since it is now known that the stalk is respon-
sible for the formation of microsporangia (DORKEN
et al. 2017a), at first glance the scutellum is
seemingly functionless. However it has been
shown that it still serves different important func-
tions, including covering and protecting maturing
microsporangia until pollen release (DORken &
NimscH 20153, b), and it also plays a role in the
pollen release process (Munbry 2000; DORKEN &
NimscH 2015a, b; Dorken 2017, 2019b).
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2.2.5 Conclusions

The majority of coniferous pollen cones are uni-
axial, simple, “flower-"like structures, polyaxial,
compound, “inflorescence-"like ones are rare.
Concerning the overall structure of coniferous
pollen cones, two major evolutionary trends were
found: (1.) Beginning with an ancestral com-
pound inflorescence towards a derived simple,
flower-like structure, as is suggested for Taxa-
ceae. Whether such an evolutionary scenario is
also realized in other coniferous groups is still
open. (2.) Beginning with simple, axillary pollen
cones towards distal pollen cone clusters, as is
the case in some Cupressaceae. The formation
of such pollen cone clusters might be advanta-
geous within the pollination process.

There is a distinct correlation between the
number of pollen cones per tree, the number of
microsporangiophores per pollen cone and the
number of microsporangia per microsporangio-
phore. A low number of pollen cones per tree
leads to the formation of large pollen cones with
a high number of multisporangiate microsporan-
giophores. A high quantity of pollen cones per
tree is accompanied by small pollen cones with a
distinctly lower number of microsporangiophores

and microsporangia per microsporangiophore. In
both cases a high amount of pollen is produced
per tree. However, there is still a huge lack of sta-
tistical data about these correlations mentioned,
which would be needed to get further insights into
the correlations existing between these traits.

There is just one basic type of microsporan-
giophore — the hyposporangiate one. The per-
isporangiate type represents a radial synangium,
consisting of several fused hyposporangiate
microsporangiophores. The stalk of the micro-
sporangiophore is responsible for the formation
of microsporangia and not the scutellum. The
insertion and orientation of microsporangia on
the stalk of the microsporangiophore is strongly
influenced by the size and shape of the termi-
nal scutellum. An exclusively adaxial scutellum
allows the formation of microsporangia even in
distal-most parts of the stalk, which is obstructed
by a peltate scutellum. The dorsiventral, hypo-
sporangiate microsporangiophore or at least its
central, microsporangia-bearing stalk, seems to
be homologous to a fertile leaf, in the sense of
a microsporophyll comparable to the sporophylls
among cycads and higher ferns.

Fig. 2: Gender distribution in conifers; A-D: Dioecy; “female” and “male” reproductive structures occurring on differ-
ent individuals; E & F: Monoecy; “female” and “male” reproductive structures occurring on the same individual; A &
B: Podocarpus macrophyllus (Podocarpaceae); A: Fertile branch of a “female” individual with mature seed cones;
B: Fertile branch of a “male” individual with mature pollen cones; C & D: Cephalotaxus harringtonii (Taxaceae); C:
Fertile branch of a “female” individual with mature seed cones; D: Fertile branch of a “male” individual with mature
pollen cones; E: Cupressus torulosa (Cupressaceae); fertile branch with pollen and seed cones developed on the
same branch; F: Pinus sylvestris (Pinaceae); cones of both genders develop on the same long shoot; a seed cones
in a distal position, the pollen cones in a dense basal cluster.
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Fig. 3: The coniferous bract/seed scale complex; the majority of coniferous seed cones is characterized by the
presence of a distinct bract seed scale complex, which however got markedly modified in the different coniferous
groups; only in Pinaceae and Sciadopityaceae both are visible as two distinct structures even within mature cones;
the bract scale represents a leaf that is carrying an axillary, however, markedly reduced and modified, fertile short
shoot (= seed scale); A: Schematic drawing of a bract/seed scale complex of Pinus (Pinaceae); B: Pinus sylves-
tris; longitudinal section of a bract/seed scale complex, shortly after pollination; C & D: A single bract/seed scale
complex of Abies alba (Pinaceae); C: Adaxial view; D: Abaxial view; E & F: Longitudinal section of an entire seed
cone of Pinus sylvestris in two different ontogenetic stages; E: At pollination time; the cone scales are markedly
spreading from the cone axis; F: After pollination; the cone closes by an excessive growth of the seed scale, that
finally markedly exceeds the bract scale.
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Fig. 4: The distribution of the fertile zone in cupressaceous seed cones; A-F: Different types of seed cones at pol-
lination time; A: Taxodium distichum var. distichum (Taxodioideae) (SEM-image); only the cone scales in the middle
of the seed cone are fertile, the basal and distal ones are sterile; B: Chamaecyparis lawsoniana (Cupressoideae)
(SEM-image); the distal pair of cone scale (pair 3) is sterile; it is not entirely separated from the cone axis; these
sterile cone scales and the apex of the cone axis form the so-called “sterile terminal piece”; C: Diselma archeri (Cal-
litroideae) (SEM-image); all sterile terminal elements, except the apex of the cone axis, entirely reduced; the apex
of the cone axis forms a central spine-like structure, the so-called “columella”; D: Cupressus arizonica (Cupres-
soideae) (SEM-image); all sterile terminal elements entirely reduced; E & F: Juniperus drupacea (Cupressoideae)
(SEM-images); E: All sterile elements reduced; each cone scale bears one ovule; F: Non-axillary ovule in a terminal
position on the cone axis (P1 = cone scale of pair 1; P2 = cone scale of pair 2; P3 = cone scale of pair 3; W1 = cone
scale of whorl 1; W2 = cone scale of whorl 2).
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Fig. 5: The occurrence of distal sterile elements in seed cones of cupressoid Cupressaceae; within seed cones of
several Cupressoideae sterile elements can be found, in most cases consisting of one or rarely two distal pairs of
sterile cone scales which are usually not entirely separated from the cone axis and form the so-called “sterile termi-
nal piece”, which is of different shape in the different taxa; A: Platycladus orientalis (Cupressoideae); mature seed
cone; the two sterile terminal cone scales and the apex of the cone axis still visible as two distinct structures; B-D:
Chamaecyparis lawsoniana (Cupressoideae); mature seed cone; the sterile terminal piece is formed by a distal pair
of cone scales and the apex of the cone axis, in most cases both are visible as two separate structures, however,
they can fuse to a common shield-like structure; C: Longitudinal section of a seed cone at pollination time; D: Cross
section of the distal part showing two sterile, decussate cone scales and the central cone axis; E & F: Calocedrus
decurrens (Cupressoideae); E: Mature seed cone; usually a distal pair of sterile cone scales and the cone axis
are so markedly fused, that finally a two-dimensional flattened, shield-like terminal piece is formed; F: Anomalous
shaped terminal piece, showing the central cone axis and two, not entirely separated sterile cone scales.



