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Article

Fossilized pollenmalformations as indicators of past environmental
stress and meiotic disruption: insights from modern conifers

Jeffrey P. Benca* , Ivo A. P. Duijnstee, and Cindy V. Looy

Abstract.—Pollen malformations have been proposed as a paleoenvironmental stress proxy. However, the
frequency and variability of pollen malformations under near-optimal conditions and environmental
stress, as well as their developmental origins, remain unclear. To bridge these gaps, we compared pollen
malformation frequencies and assemblages of 14 extant conifer genera of Pinaceae and Podocarpaceae
producing saccate (winged) grains grown under near-optimal conditions. These baseline pollen yields
were compared with those produced by Pinus mugo ‘Columnaris’ cultured under an abiotic stress—
three experimentally heightened ultraviolet-B radiation (UV-B) regimes proposed for the end-Permian cri-
sis. We additionally reviewed previous cytological literature of abnormal microsporogenesis in conifers.
Under near-optimal conditions,malformations comprise <3% of pollen yields in 12 out of 13 bisaccate gen-
era and >10% of yields in the naturally trisaccate Dacrycarpus dacrydioides. We detected no phylogenetic
pattern inmalformation assemblages of the baseline comparisons. UV-B–irradiated P. mugo produced sig-
nificantly higher malformation frequencies and different assemblage compositions when compared with
baseline bisaccate lineages. We propose that pollen malformations originate during the meiotic and tetrad
stages of microsporogenesis and present a framework for the ontogeny of different malformation types
seen in the fossil record. Malformations comprising >3% of bisaccate pollen yields can be used as a paleo-
environmental stress proxy, but rare, naturally trisaccate lineages are not suitable for such assessments.
Furthermore, heightened UV-B not only increases pollen malformation production, but also alters the
types of abnormalities trees produce. Different environmental stresses may therefore leave behind distinct
fingerprints in the fossil record.
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Introduction

Environmental stresses—conditions that dis-
rupt metabolic, growth, and/or developmental
processes of organisms (Lichtenthaler 1998)—
are expected to have influenced biotic turnover
during all major Phanerozoic mass extinctions.
However, besides the disappearance of certain
lineages, there are few tangible imprints of
environmental stress in the fossil record. Micro-
sporogenesis, the process of pollen production,
is among the most vulnerable phases in the life
cycle of seed plants to environmental stress

(De Storme and Geelen 2014). Deviations in
microsporogenesis could alter pollen and
spore shape and size and, given that palyno-
morph walls are highly resistant to decay,
these malformations may be archived in the
fossil record. Morphological deviations in paly-
nomorphs therefore might provide a unique
paleoenvironmental stress proxy for terrestrial
ecosystems.
Increased spore abnormalities and pollen

malformations in palynological assemblages
are interpreted to be among the few instances
of a detectable biotic stress response during the
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end-Devonian, end-Permian, and end-Triassic
crises (Visscher et al. 2004; Foster and Afonin
2005; Looy et al. 2005; Kürschner et al. 2013;
van de Schootbrugge andWignall 2016;Hochuli
et al. 2017; Lindström et al. 2019; Gravendyck
et al. 2020; Marshall et al. 2020). In pollen,
these malformations have been observed pre-
dominantly in saccate forms (Foster and Afonin
2005).

Natural History of Saccate Pollen.—Saccate
grains are wind-dispersed, consisting of a cor-
pus—central body containing the microgame-
tophyte—and sacci—spongeous, inflated
regions of the outermost pollen wall (exine)
(Fig. 1A). Saccate grains are characteristic of
several major Paleozoic, Mesozoic, and Ceno-
zoic seed plant lineages, including conifers,
cordaites, peltasperms, corystosperms, and
glossopterids (Clement-Westerhof 1974;
Grauvogel-Stamm 1978; Millay and Taylor
1979; Balme 1995; Lindström et al. 1997). The
saccate condition has evolved in both prepollen
and pollen. Saccate prepollen was produced by
medullosan seed ferns, walchian conifers, and
some cordaites (Millay et al. 1978; Poort and
Veld 1997; Poort et al. 1997). These prepollen
are characterized by having a proximal aper-
ture indicative of zooidogamy, that is, fertiliza-
tion bymotile antherozoids, but lacking a distal
thinning (leptoma) and the ability to form a
pollen tube (Millay and Taylor 1974; Poort
et al. 1996). The earliest saccate prepollen
appeared in the Late Devonian (383–372 Ma;
Foster and Balme 1994; Aubry et al. 2009) and
diversified during the Pennsylvanian (323–299
Ma; Poort et al. 1996; Traverse 2007). These
grains were usually monosaccate, having a sin-
gle large saccus, although the saccus in several
fossil lineages is indented close to the central
body, giving the false resemblance of a bisac-
cate condition (Poort et al. 1997; Rothwell
et al. 2005). The bisaccate condition, in which
the central body bears two symmetrical sacci
(Fig. 1A), first appeared during the Middle to
Late Pennsylvanian and became the most
abundantly andwidely produced form in gym-
nosperms from the early Permian (299–273Ma)
onward (Kosanke 1969). Presently, saccate pol-
len continues to be produced by ∼375 extant
species in the conifer families Pinaceae and
Podocarpaceae (Leslie 2010).

The saccate condition is thought to play a role
in the dispersal and pollination process in
wind-pollinated taxa (Schwendemann et al.
2007; Leslie 2008). Computational models and
experiments show that sacci reduce the settling
speed of pollen grains and thus increase the
potential dispersal distance (Schwendemann
et al. 2007). Additionally, sacci play an import-
ant role in the pollination process of many
extant members of Podocarpaceae and Pina-
ceae. These conifers produce ovulate cones
with inverted ovules, which are gravitropically
orientated (downward-facing) and exude, or
condense from water vapor, pollination
droplets around the micropyle in which wind-
dispersed pollen are captured. Sacci aid in
pollinating inverted ovules by increasing the
buoyancy of the grains, enabling their float-
ation against gravity through the pollination
droplet, up toward the micropyle. Once there,
the pollen grain germinates and initiates the
fertilization process (Salter et al. 2002; Leslie
2008, 2010).

Microsporogenesis in Conifers.—In extant con-
ifers, pollen formation (microsporogenesis)
occurs in three distinct phases: (1) the micro-
spore mother cell stage (in which meiosis I, II,
and cytokinesis occur), (2) the tetrad stage,
and (3) the free microspore stage (Fig. 2). Before
meiosis, the microspore mother cell partly
breaks down its primary cell wall, and a thin
surface coat is deposited between its plasma
membrane and remnants of the primary cell
wall (Kurmann 1990). Early in meiosis, the tap-
etum deposits a callosewall between themicro-
spore mother cell surface coat and its plasma
membrane, and callose continues to be depos-
ited selectively throughout meiosis I and II
until the end of the tetrad stage (Kurmann
1990). Callose separates developing pollen
grains, prevents fusion between their outer
walls (exine) (Nishikawa et al. 2005), and serves
as scaffolding against which microspores
deposit the surface coat and exine (Kurmann
1990). During this process, each microspore
secretes a surface coat—a primexine layer—
between the plasmamembrane and enveloping
callose wall over the entire grain surface,
including the regions where future sacci are
generated (Dickinson and Bell 1970). The for-
mation of the different parts of the exine
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proceed stepwise in the tetrad stage. Observa-
tions of microsporogenesis of Pinus banksiana
Lambert show that saccus formation initiates
early in the tetrad stage, when regionalized
spaces develop between the inner surface of
the primexine layer and the plasma membrane
(Dickinson and Bell 1970). The shape, number,
and orientation of sacci therefore are develop-
mentally determined in the early tetrad stage
and formed by the end of the tetrad stage

At the end of the tetrad phase, the callose
wall, plasma membrane, and surface coats dis-
solve (Lou et al. 2014), and themicrospores sep-
arate (Kurmann 1990). The intine layer forms
between the exine and the microspore plasma
membrane, while continuous accumulation of
sporopollenin increases the exine thickness
(Kurmann 1990). Polysaccharides in the free
pollen grains expand greatly, separating the
intine and exine layers, further inflating the

FIGURE 1. Schematic of phenotypically normal pollen and observed malformation types in bisaccate pollen compared in
this study. A, Phenotypically normal bisaccate grain. B–D, Asymmetrical sacci: B, enlarged and reduced sacci; C, fused/
confluent sacci; D, encircling sacci. E–H, Atypical number of sacci: E, asaccate grain; F, unisaccate grain; G, trisaccate
grain; H, tetrasaccate grain. I–K, Conjoined grains: I, dyad; J, triad; K, tetrad (decussate). L, M, Giant grains: L, giant
monad; M, giant dyad. N–P, unseparated grains: N, dyad; O, triad; P, tetrad.
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FIGURE 2. Developmental stages in bisaccate pollen sporogenesis including hypothesized developmental origins of pollen
malformation types. A, B, Giant grains: A, giant monad; B, giant dyad. C–E, Conjoined grains: C, dyad; D, triad; E, tetrad
(decussate). F–L, Saccus malformations: F, asaccate grain; G, unisaccate grain; H, enlarged and reduced sacci; I, fused/con-
fluent sacci; J, encircling saccus; K, trisaccate grain; L, tetrasaccate grain. M–O, Unseparated grains: M, dyad; N, triad; O,
tetrad. Microsporogenesis sequence schematics adapted from Ferguson (1904).
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sacci from initial ellipsoids contained within
the tetrad to more spherical, spongeous forms
in free pollen grains. This inflation of the sacci
is accompanied by an∼300% increase in corpus
volume and near doubling of the thickness of
the outer exine (Dickinson and Bell 1970).
This synchronous expansion of the outer exine
elsewhere in the grain as the sacci expand sug-
gests sacci represent a relatively minor modifi-
cation of normal exine structure (Dickinson
and Bell 1970). Pollen grains are released from
the microsporangium after several more
mitotic divisions.

Saccate PollenMalformation and Environmental
Stress.—Saccate pollen malformations manifest
in a range of forms, some of which coincide
within individual, conjoined, or unseparated
grains (Fig. 1). Malformations in the past and
present are primarily documented in bisaccate
pollen types and include specimens with asym-
metrical sacci (Fig. 1B–D), grains having fewer
or more than two sacci (Fig. 1E–H) (Wilson
1965), but may also occur as conjoined
(fused)] grains (Fig. 1I–K), giant grains
(Fig. 1L,M), and unseparated grains in which
thewalls of each palynomorph are fully formed
but unfused at contact points (Fig. 1N–P)
(Wilson 1965; Pocknall 1981; Tretyakova and
Noskova 2004; Foster and Afonin 2005; Benca
et al. 2018). Although dispersed saccate grains
with malformations are not uncommon, inter-
vals of heightened malformation frequencies
(despite considerable time- and/or spatial-
averaging in palynological samples) tend to
coincide with times of great ecological and
environmental perturbation, such as the end-
Permian crisis (Visscher et al. 2004; Foster and
Afonin 2005; Looy et al. 2005; van de Schoot-
brugge and Wignall 2016). This association
implies pollen malformations may result dir-
ectly from environmental stresses associated
with biotic crises.
Malformed pollen grains have been observed

in modern conifers under numerous environ-
mental stresses such as sharp decreases in tem-
perature (Christiansen 1960; Chira 1967),
warming and drying climate (Bazhina et al.
2007a; Noskova et al. 2009), photochemical
and industrial pollution (Renzoni et al. 1990;
Mičieta and Murín 1996; Presnukhina and
Kalashnik 2003), geochemical pollution

(Tretyakova and Noskova 2004), pathogenic
fungal attack/disease (Bazhina et al. 2007a),
heightened ultraviolet-B radiation (UV-B; 280
to 315 nm) (Benca et al. 2018), and nuclear radi-
ation (Sirenko 2001). Aside from nuclear radi-
ation, these stresses are not limited to
anthropogenic activities, and therefore could
have been experienced by gymnosperms before
the Industrial Revolution. High levels of mal-
formed bisaccate pollen thus have potential as
an indicator of various environmental stressors
from the Pennsylvanian to the present.
Foster and Afonin (2005) proposed a bench-

mark of more than 3% malformations in dis-
persed fossil and extant pollen yields as
indicative of environmental stress. However,
the observations used to generate this bench-
mark are difficult to compare, as they are
drawn from geographically disparate localities
lacking environmental controls. These studies
also contrast in terms of sampling methodolo-
gies, sample size, and categorizations of mal-
formations (see Foster and Afonin 2005) and
include members of both Pinaceae and Podo-
carpaceae. Although the saccate pollen of
these conifer lineages are both structurally
and functionally similar, and likely ancestral
within extant groups in which they occur
(Leslie et al. 2015), their microgametophytes
are produced by different cellular division
patterns (Sporne 1965; Fernando et al. 2005).
Furthermore, morphological character evolu-
tion analyses of saccate pollen in extant and
extinct seed plants suggest that the modern
saccate pollen morphology could have evolved
independently within extant conifer families,
as well as in other extinct seed plants (Leslie
2008; Doyle 2010).
If members of the Pinaceae and Podocarpa-

ceae—which diverged before the end of the
Paleozoic (Hilton and Bateman 2006; Blomen-
kemper et al. 2018; Leslie et al. 2018)—develop
similar morphological deviations under
unstressed, near-ambient conditions, then mal-
formation expression ismore likely to be shared
among other stem lineages that produce saccate
pollen. Also, if pollen yields of both families
exhibit low morphological variability under
near-ambient conditions and higher variability
under environmental stress, then paleoenviron-
mental stresses are likely to account for
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fossilized pollen malformations irrespective of
their botanical affinities. The purpose of this
study is threefold: (1) determine malformation
type frequency and relative abundances of mal-
formation types (assemblages) produced by
extant Pinaceae and Podocarpaceae genera
grown under near-ambient conditions, (2)
determine whether these baseline malforma-
tion type frequencies and assemblages are
expressed in a phylogenetically independent
manner in modern conifers, and (3) compare
how baseline malformation type frequencies
and assemblages compare with conifers
grown under anomalous environmental stress.
To do this, we conducted a baseline study com-
paring malformation frequencies and assem-
blages of 14 conifer species grown under
near-ambient conditions. We then compared
these baseline malformation frequencies and
assemblages with those of supplementally
UV-B–irradiated Pinus mugo Turra ‘Colum-
naris.’ In addition to these comparisons, we
propose possible developmental origins and
ontogeny of different malformation types
based on previous cytological literature of
modern conifers.

Materials and Methods

Pollen Sample Collection: Baseline Conifers
under Near-ambient Conditions.—Pollen yields
were compared between 14 species represent-
ing 8 genera within Podocarpaceae and 6
within Pinaceae (Table 1). Thirteen of these spe-
cies have bisaccate pollen grains, and one has
trisaccate grains, Dacrycarpus dacrydioides
(Rich.) de Laub.. Among the bisaccate species,
two have poorly developed “vestigial” sacci:
Phyllocladus trichomanoides Don and Lagarostro-
bos franklinii (Hook.) Quinn (Leslie et al. 2015).
For each species, five pollen cones were har-
vested in 2015–2017 from single reproductively
mature tree specimens. These conifers were all
cultivated in lowland (30.8–236m above sea
level) botanical gardens, arboretums, univer-
sity plantings, and residential zones in the con-
tinental United States (Supplementary Table 1).
Pollen cones were collected between 0 and 2m
above the ground during years in which most
trees sampled experienced moderate climatic
conditions during microsporogenesis (for TA
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details, see Supplementary Table 2). Twelve of
14 sampled trees were irrigated routinely
throughout the year via automated sprinklers
or drip-irrigation systems. Cedrus libani Rich.
and Prumnopitys andina (Poepp. ex Endl.) de
Laub. were not provided supplemental water.
While P. andina received sufficient water from
rainfall during microsporogenesis, C. libani
was sampled during a drought year in Berke-
ley, California, USA. Additionally, 13 out of
14 species were cultivated in open settings,
while P. andina grew in the understory of a
tree stand dominated by Pseudotsuga menziesii
(Mirbel) Franco. Conifer specimens selected
for this study had to be mature to produce
pollen cones for sampling, and therefore were
situated outdoors in their historic planting
sites. Given this constraint, tree specimens
invariably experienced variation in back-
ground microclimatic conditions associated
with anthropogenically altered landscapes.
We therefore use the term “near-ambient” to
describe the variable garden, arboretum, and
residential environmental conditions.
Pollen cones were collected using stainless

steel forceps just before or after opening (indi-
cated by cone yellowing, expansion, and elong-
ation). Dependent on the size, each pollen cone
was subsequently placed in a plastic 1.7 ml
microcentrifuge tube or a 50ml centrifuge
tube (C2170, Denville Scientific) containing a
solution of 95% ethanol (C2H6O; CAS no.
64-17-5) to preserve the sample and avoid sam-
ple loss and desiccation-induced grain distor-
tion (Traverse 2007).

UV-B Experiment.—Sixty clonal replicates of
Pinus mugo ‘Columnaris’were established for a
year before initiating the UV-B environmental
chamber experiments (for a more detailed
description, see Benca et al. 2018). All speci-
mens were grown in full sunlight in terra
cotta clay pots with peat-amended inorganic
substrate to encourage mycorrhizal fungal
symbiont establishment for the conifers. The
substrate surface was covered by opaque bio-
degradable horticultural paper to reduce radi-
ation stress on mycorrhizal communities
(Klironomos and Allen 1995).
Thirty P. mugo specimens were subdivided

into five groups of six specimens comprising
two control groups and three elevated UV-B

treatments. The first control group was grown
outdoors under ambient, biologically effective
(BE) UV-B regimes at University of California,
Berkeley—approximately 7.2 kJ m−2d−1

BE

(Benca et al. 2018; UVMRP n.d.). The second
control group was grown in an environmental
chamber without supplemental UV-B.
In March 2014, one outdoor control group

was designated and four chamber subgroups
were moved into environmental chambers
before pollen cone bud formation, though late
enough in the season that changes in photo-
period had primed the plants for pollen pro-
duction. The specimens were acclimatized to
the chambers over a 21-day winter dormancy
simulation of 14°C day and 8°C night tempera-
tures with a 12.5-hr photoperiod. After the
simulated dormancy, each chamber group
was confined to its own respective environ-
mental chamber for dosage control. The cham-
bers were programmed to provide 16°C day
and 10°C night temperatures with a 14-hr
photoperiod to simulate spring conditions,
when pollen cone development andmaturation
occurs in P. mugo. The groups were exposed to
control (no UV-B) and three elevated UV-B
treatments: 54, 75, and 93 kJ m−2d−1

BE, or 7.5×,
10×, and 13× ambient outdoor UV-B flux. Sup-
plemental UV-B radiation was administered
using six high-intensity Spectroline XX-15B
lamps. The UV-B lamps were programmed to
run for 12 hr a day and covered by 0.8-mm-
thick cellulose acetate sheets to filter wave-
lengths in the UV-C spectrum (100–290 nm),
the highest-energy UV wavelengths, which
are fully absorbed in the atmosphere before
reaching Earth’s surface.
Pollen cones were harvested approximately 2

days or fewer before or during cone desiccation/
pollen release, using stainless steel forceps. Each
pollen cone was subsequently placed in a plastic
1.7ml microcentrifuge tube containing a solu-
tion of 95% ethanol. Based on their maturation
timing and distance to the UV-B light source,
96 pollen cones were selected for morphological
analysis (see Benca et al. 2018).
Additionally, 1649 pollen grains were col-

lected from 10 outdoor P. mugo ‘Columnaris’
specimens in the spring of 2013. These grains
sampled from outdoor trees before the experi-
ment were photographed and compared in a
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series of morphometric analyses on the basis of
saccus size, number, and placement, as well as
corpus length and width (Muddiman 2014).
We specifically incorporated the counts of mal-
formed grains with three sacci and the total
malformation frequency data from this mor-
phometric study into our comparisons of
three sacci malformation frequencies within
malformation assemblages.

Pollen Sample Processing.—Centrifuge tubes
containing individual cones were manually
shaken to suspend pollen grains. Disposable
soda-lime glass Pasteur pipettes fitted with 3
ml rubber dropper bulbs (cat. nos. 13-678-6A
and 03-448-26, Fisherbrand) were used to
extract and transfer pollen and ethanol solution
subsamples to empty microcentrifuge tubes.
Transferred samples were topped with 95%
ethanol solution, shaken, and centrifuged at
3800 rpm for 30 s. The same pipette was used
to extract ethanol solution and then fill the
tube to 75% volume with 10% potassium
hydroxide solution (KOH). KOH-containing
tubes were then placed for 6 min into wells of
a 110 W dry block heater (12621-104, VWR
International) set to 131°C. A K-type thermo-
couple sensor probe attached to a liquid crystal
display instant-read digital thermometer
(HYELEC MS6501) was used to read the tem-
perature from the bottom center of the wells.
Tubes were removed from wells every 45 s
while heating, uncapped to release pressure,
shaken, and reinserted into the wells. KOH
maceration served to leave only the exine of
pollen grains intact but transparent (Traverse
2007). After the KOH treatment, tubes were
centrifuged, decanted, and then filled with
95% ethanol solution three times. Following
decanting, two drops of safranin O dye (C20-

H19N4Cl; CAS no. 447-73-6) were added to
the sample, and the remainder of the tube
was topped with 95% ethanol solution. The
tube was then shaken and centrifuged. Most
of the volume (85%–90%) of the dye solution
was decanted, leaving behind a highly concen-
trated dyed pollen sample. One drop of gly-
cerol (C3H8O3; CAS no. 56-81-5) was added
and mixed into the sample using a flat tooth-
pick (Diamond, Jarden).
Sample slides were made by first placing

slides on a slide warmer set to 56°C (XH-2002,

Premiere, C&A Scientific). A glass pipette/
dropper bulb was then used to transfer dyed
pollen samples to the centers of standard
microscope slides. Subsamples were left on
the slide warmer in a fume hood for 5min to
evaporate residual ethanol. Samples were
gently mixed with melted glycerin jelly
(7.63% gelatin, 53.4% glycerin, and 0.76% phe-
nol; ∼1.5-mm3-sized cubes before melting). A
flat toothpick was used to mix the sample
with glycerin jelly and then enclosed by a
22 mm× 30mm× 0.16mm glass coverslip
(12-544-A, Fisherbrand). Mounted slides
remained on the slide warmer (set to 56°C)
for an additional 30min to encourage expan-
sion of the sample medium under the cover
glass. Slides cooled off to off-gas residual
water and ethanol vapor under the fume
hood at ∼22°C for 2 days. Cover glasses were
then sealed by either paraffin embedding or
clear nail polish. Five to eight slides were
prepared for each pollen cone.

Sample Analysis.—In Excel for Mac (v. 16.9),
in silico simulations were used to investigate
the effect of pollen subsample size on accur-
ately recognizing background frequencies of
pollen malformations, that is, the chance of
each sampled pollen grain exhibiting malfor-
mation = 0.02 (see Benca et al. 2018: supple-
mentary fig. S3). These simulations showed
that subsample sizes exceeding 600 pollen
grains do not produce markedly smaller
interquartile ranges in subsample outcome
variability relative to the increase in effort
their analysis requires (Benca et al. 2018: sup-
plementary fig. S3). Therefore, for each of the
conifers growing under near-ambient condi-
tions, 600 pollen grains were morphotyped
from each of the 5 cones sampled, yielding a
comparison of 3000 pollen grains per taxon.
Additionally, for each of the experimental treat-
ments, 8 pollen cones from three trees were
selected, resulting in 14,400 pollen grains per
treatment. As a result, observations were
made on a total of 99,600 individual pollen
grains. Pollen grains were morphotyped using
a Leica DM2500microscope fit with differential
interference contrast (to render contrast) with
200× and 400× Plan Fluor objectives and HC
Plan s 10×/22 oculars (506503, 506144, and
507807, Leica Microsystems).
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In bisaccate taxa, pollen bearing two sacci
were counted as phenotypically normal
(Fig. 1A). Only in the trisaccate speciesD. dacry-
dioides was the presence of three sacci counted
as the normal condition. Therefore, pollen
grains having more or fewer than two sacci
and/or fused sacci were scored as malforma-
tions in all species aside from D. dacrydioides.
For each pollen cone sample, the presence of
three categories of pollen malformations were
recorded, namely saccus malformations and
conjoined and unseparated grains. Each of
these categories was subdivided into different
traits—saccate malformations (Fig. 1B–H): (1)
enlarged saccus, (2) reduced saccus, (3) conflu-
ent sacci, and (4) asymmetrical sacci (any grain
having heterogeneity in saccus size), (5) asac-
cate, (6) unisaccate, (7) trisaccate, and (8) >3
sacci conditions; as well as conjoined and
unseparated grains (Fig. 1I–K,N–P) and dyads
(conjoined and unseparated pooled) (Fig. 1I,
N). Both normal and malformed pollen grains
were tallied using a two-key desktop labora-
tory counter (Clay Adams, Becton, Dickinson).
Additionally, because a single pollen grain can
exhibit multiple abnormalities, the occurrence
of each malformed type was scored independ-
ently to determine frequency of specific defects
within yields. Malformation types were tallied
using a 24-key desktop laboratory counter
(Vary Tally, Veeder-Root). All grains were
morphotyped by one individual (J.P.B.) to min-
imize deviations in protocol.
Although conjoined and unseparated grains

were also counted and photographed, they
were excluded from most comparisons in this
study due to their rare occurrence. Aborted pol-
len, compacted, often shriveled, grains less
than half the size of normal palynomorphs of
a species (Saylor and Smith 1966), were also
excluded from morphological comparisons, as
they lack most diagnostic features that would
be taxonomically assignable in fossil pollen
assemblages.

Imaging.—High-resolution images were
taken using a Leica DM2500 microscope using
differential interference contrast, a Plan Apo
63× oil objective (506187, Leica Microsystems),
and a Nikon Digital Sight DS-Fi1 camera with
live feed into a Nikon DS-L2 control unit
(Nikon). Extended depth-of-field images were

generated using Adobe Photoshop CS6 (Adobe
Systems). All studied pollen cone specimens
(UCMP 390096-390098, 390101, 390102, 390105,
390107-390111, 390114, 390116, 390117, 390119,
390121, 390122, 390124, 390125, 390127-390129,
390131, 390134-390136, 390138, 390139, 390141,
390145, 390147-390149, 390152, 390153, 390156,
390157, 390159, 390161-390163) from UCMP
localities (UCMP PA1420 - 1430, 1441) and asso-
ciatedmicroscope slides (UCMP243552, 243561,
243600, 243606, 243608, 243611, 243617, 243630,
243641, 243657, 243659, 243666, 243668, 243672,
243674, 243677, 243678, 243686, 243690, 243692,
243709, 243720, 243722, 243723, 243727, 243741,
243749, 243760, 243771, 243782, 243792, 243798,
243805, 243814, 243815, 243833, 243837, 243842,
243846, 243847, 243857, 243863, 243875, 243876,
243900, 243910, 243916, 243917, 243924, 243941,
243947, 243963, 243967, 243968, 243973, 243982,
243984, 243993, 243997) are deposited in theUni-
versity of California Museum of Paleontology
and are accessible upon request.

Comparing Malformations and Multivariate
Analyses.—When comparing malformation
suites produced by different trees, we distin-
guished between two different but related
data sets. The first contains malformation type
frequencies, that is, the number of observed
occurrences of specific malformation types in
a pollen subsample of a certain size (Supple-
mentary Fig. 1), while the second describes
the malformation assemblage only, that is, the
relative abundances of malformation types
within the observed set of malformed pollen
of a tree (Supplementary Fig. 1).
All multivariate analyses were carried out

using the statistics software package PAST
3.20 (Hammer et al. 2001). Moreover, to reduce
a disproportionate influence of rare malforma-
tion types in these multivariate analyses,
some types were merged (asymmetrical sacci,
enlarged saccus, reduced saccus, confluent
sacci, asaccate grains, unisaccate grains, trisac-
cate grains, grains having >3 sacci, unseparated
grains, and dyads [conjoined and unseparated
pooled]). Only bisaccate-producing taxa were
included in the multivariate analyses.

Exploring Phylogenetic Patterns.—To facilitate
exploration of potential phylogenetic signals in
the composition of pollen assemblages (i.e., mal-
formation assemblages and malformation type
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frequencies; see Supplementary Fig. 1), we
graphically summarized multivariate between-
sample dissimilarities in a phylogenetic context
(as in Leslie et al. 2012)—that is, the frequency
distribution of dissimilarity values for all pair-
wise between-cone or between-tree compari-
sons, grouped according to their estimated
phylogenetic distance. We used Bray-Curtis dis-
tances (i.e., 1− d, where d is the Bray-Curtis simi-
larity index) as a measure of dissimilarity
between malformation assemblages of all 13
bisaccate pollen–producing trees included in
this study (as represented by the pooled abnor-
malities found in 3000 pollen grains in 5 pollen
cones combinedper tree, resulting in 78 pairwise
assemblage comparisons). Euclidean distances
were used to quantify dissimilarities between
the suites of malformation type frequencies of
all 65 bisaccate pollen cones within this study,
resulting in 10 pairwise comparisons within
each species and 1950 comparisons of cones
between taxa (600 observed pollen grains per
cone). Bray-Curtis and Euclidean distance indi-
ces were chosen for their capability to express
multivariate differences in, respectively, relative
abundance data and absolute frequency data.
Employing multivariate phylogenetic compara-
tive methods (mPCMs) was considered, but
given the caveats and limited applicability of
various existing methods (Adams and Collyer
2018),wedecidedagainst the use of such test sta-
tistics. Moreover, rather than being explorative
tools to detect potential phylogenetic patterns
in multivariate phylogenetically structured
data, available mPCMs primarily serve as statis-
tical tests of significance to establish whether
observed phylogenetic signals or topological
autocorrelations may be coincidental or not. We
do not observe such patterns in our data. For
these reasons,weconcludedthat, for thepurpose
of this study, a better solutionwas to clearlyvisu-
alize abnormality suite (dis)similarities versus
inferred genetic distance.

Malformation Type Frequencies.—Multivari-
ate between-species and within-species vari-
ation in malformation type frequencies, that
is, counts of various malformation types
encountered in 600 pollen grains studied in
each cone, was further explored in two ways:
(1) by calculating 2080 pairwise dissimilarities
(here: Euclidean distance) between all

malformation type frequencies of all 65 investi-
gated pollen cones from bisaccate pollen–pro-
ducing taxa in this study; and (2) by
visualization in a canonical variates analysis
ordination (CVA; aka linear discriminant ana-
lysis). Thus, we examined the differences in
suites of malformation type frequencies
between the 13 bisaccate species, with 5 studied
pollen cones each. The multivariate data—here
the enumerated malformation types in 600
grains for each cone—are ordered and spaced
along axes that are linear combinations of the
frequencies of all malformation types maximiz-
ing species separation in ordination space.

Malformation Assemblages.—For further com-
parisons in malformation assemblage data
between and among baseline specimens
under near-optimal conditions along with
UV-B–irradiated P. mugo ‘Columnaris,’we per-
formed a principal component analysis (PCA).
To reduce sample size problems while calculat-
ing relative malformation type abundance
within the malformed pollen assemblage, espe-
cially in taxa with very small malformation
assemblages, we compared individual trees
here rather than comparing the individual
cones. As a result, we compared abnormalities
within 3000 studied pollen grains representing
5 pollen cones combined per tree, that is, 5
cones × 600 grains. In the P. mugo UV-B experi-
ments, 600 pollen grains per cone were also
studied (Benca et al. 2018), but each tree was
represented by 8, rather than 5, pollen cones.
To improve the comparability between the
experimental and baseline malformation data,
we subsampled the UV-B experimental pollen
data for each tree 56 times, also combining mal-
formation data of 5 cones from theUV-B experi-
ment but including all unique possible
combinations of 5 cones out of the available 8
per tree.

Results

PollenMalformations in Baseline Conifers under
Near-ambient Conditions.—Significant ( p < 0.05)
differences in the total number of malforma-
tions occur between Pinaceae and Podocarpa-
ceae ( p = 0.012), as well as their respective
genera ( p = 1.11 × 10−8) (Fig. 3, Supplementary
Tables 3, 4). Grains with saccus malformations
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represent 0%–2.5% of total yields in genera
within Pinaceae versus 0.2%–10.9% in those of
Podocarpaceae. Pollen yields of 12 of the 13
bisaccate species exhibited less than 3%malfor-
mations (0%–2.5%).
Only two members of the Podocarpaceae

yielded malformation frequencies of more
than 3%: one bisaccate species, Nageia nagi
(Thunb.) Kuntze (5.2%–7.0% in individual
cones, 6.3% total) and the only trisaccate spe-
cies studied, Dacrycarpus dacrydioides (5.2%–
25.5% in individual cones, 10.9% total). When
incorporated into a family-wide comparison,
these two outlier species give Podocarpaceae
a substantially highermalformation percentage
(∼3.0%, n = 711 of 24,000 grains, 8 genera) than
Pinaceae (0.8%, n = 142 of 18,000 grains, 6 gen-
era) (Fig. 3B). In contrast, when N. nagi and

D. dacrydioides are excluded from Podocarpa-
ceae, the total saccus malformation percentage
for the family (1.1%, n = 195 of 18,000 grains,
6 genera) is similar to that of Pinaceae.
Although significant differences in saccus

malformation percentages per individual cone
occur between 12 of the 13 bisaccate genera
( p = 0.24 × 10−3; Supplementary Table 5),
there is no substantial difference between the
total saccus malformation percentages between
these genera (0%–2.5%). Individual cone com-
parisons of these bisaccate genera show one
outlying cone of Lagarostrobos franklinii, which
yielded 6% grains with saccus abnormalities,
as opposed to 0%–3.3% malformations for all
other individual bisaccate cones sampled
(Fig. 3A). Nevertheless, there is a significant dif-
ference between themalformation frequencies in

FIGURE 3. In situ pollenmalformation frequencies in unstressed Podocarpaceae andPinaceae: A, by species (abbreviated to
genus name; Afrocarpus gracilior, Nageia nagi, Podocarpus totara, Dacrycarpus dacrydioides, Phyllocladus trichomanoides, Prum-
nopitys andina, Lagarostrobos franklinii, Manoao colensoi, Picea orientalis, Cathaya argyrophylla, Pinus parviflora, Cedrus libani,
Keteleeria evelyniana,Abies koreana); and B, family.Malformation frequency = 100*(no.malformedgrains/600 grains per pol-
len cone); 5 cones per tree.
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bisaccate genera (excludingN. nagi) and the one
trisaccate lineage compared (D. dacrydioides)
( p = 4.74 × 10−13; Supplementary Table 6).
The distribution of pollen malformations in

the different categories compared varies
between genera. However, there is little dis-
cernible phylogenetic pattern in trait preva-
lence between genera within and between
Pinaceae and Podocarpaceae, both qualita-
tively (Fig. 4) and quantitatively through com-
paring malformation assemblages in terms of
relative abundance of malformation types
(Fig. 5).

Malformation Assemblage versus Phylogeny.—
Comparing within–malformation assemblage
variation between the most distantly related
taxa (between families) yielded an evenly dis-
tributed range of Bray-Curtis distances (0.31–
1.00) (Fig. 6). These between-family Bray-Curtis
distances ranged from among the lowest
assemblage dissimilarities (within the 7th per-
centile) to the maximum observed value. Com-
parison of specimens between sub–family level
groups (with estimated divergence times
between 150 and 200 Ma) showed a similar
spread between the highest and lowest Bray-
Curtis distances of the data set (0.18–1.00; the
former being the lowest dissimilarity in the
data set). Additionally, within–Cedrus group
and within–Prumnopitys group malformation
assemblage comparisons both displayed high
and low dissimilarity values (0.27–0.75 and
0.34–0.83, respectively; or, in terms of percen-
tiles within the total range: 3rd–66th and 11th–
77th, respectively), while all assemblages
within the Pinus group exhibit higher dissimi-
larity values (0.64–0.98; i.e., 52nd–97th percent-
ile). Only the pairwise assemblage
comparison between the most recently diver-
ging taxa in this study (the Podocarpus group:
∼50 Ma), yielded consistently low Bray-Curtis
distance values (0.30–0.42; i.e., 4th–22nd per-
centile). In a regression between malformation
assemblage dissimilarities and the estimated
age of the last common ancestor of each pair,
a very weak positive slope (0.000234) and cor-
relation (r = 0.102) were seen but were not sig-
nificant ( p > 0.37).

Malformation Type Frequencies versus Phyl-
ogeny.—In the comparison of all cones of the
bisaccate taxa, no increase was observed in

dissimilarity between suites of malformation
type frequencies and inferred phylogenetic dis-
tance between the compared taxa (Fig. 7).
Median Euclidean distances between suites of
malformation type frequencies within the
Prumnopitys group were the lowest, with the
median distance within comparisons between
Podocarpaceae and Pinaceae being only
slightly higher, while the medians for within–
Podocarpus group comparisons were highest
(i.e., 6.5 for median Euclidean distances within
the Prumnopitys group, 9.7 in pairwise compar-
isons between Podocarpaceae and Pinaceae, vs.
24.9 within the Podocarpus group). The median
distances in malformation type frequency for
the remaining bins were similar in value (11.2
within the Cedrus group; 12.0 within the Pinus
group; 11.3 between podocarpacean groups;
11.8 between pinacean groups). A significant
but weak negative correlation was observed
in malformation type frequency dissimilarity
versus the estimated age of last common ances-
tor (r =−0.056; p < 0.014; slope: −0.0059).
Median intraspecific dissimilarities in malfor-
mation type frequencies between cones
(within-tree variability) are smaller than those
for interspecific comparisons (5.0 vs. 7.4–24.9).
There are several differences in the suites of

malformation type frequencies between taxa
(Fig. 8). For example, with a mean CVA loading
of 10.9 (ranging from 8.7 to 13.9, while all other
taxa combined have loadings from −2.9 to 5.4),
Nageia nagi dominates the first CVA axis, which
captured 64% of the variance in the total
data set, exhibiting a high incidence of
malformations: 7.8%–10.7% (mean = 8.9%),
with 0%–7.5% (mean = 1.71%) for the other 12
taxa, and more than double that of the second
highest scoring taxon (Cathaya argyrophylla
Chun & Kuang; mean = 4.3%). Also contribut-
ing to its outlier status in the CVA is the
fact that N. nagi displayed a high frequency
of monosaccate grains within its suite of
malformation type frequencies: 3.5%–5.3%
monosaccates (mean = 4.4%), with 0%–3.2%
(mean = 0.5%) for the other 12 taxa. In N. nagi,
ranges in malformation and monosaccate
frequencies lie outside the envelope of values
for all other bisaccate taxa combined. Higher
frequencies of monosaccate abnormalities also
distinguish Keteleeria evelyniana Mast. from
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FIGURE 4. Examples of normal pollen grains in comparison with the range of malformation types observed in each of the
14 conifer species studied. Scales for each species represent 20 μm. For accession and specimen information notation see
Supplementary Table 2. All specimens and specimen slides are housed in the University of California Museum of Paleon-
tology in Berkeley, California, USA.Afrocarpus gracilior (Pilg.) Page: (1) normal, (2) fused sacci, (3) asaccate, (4) trisaccate, (5)
conjoined dyad.Nageia nagi: (6) normal, (7) fused sacci, (8) asaccate, (9) trisaccate. Podocarpus totara: (10) normal, (11) fused
sacci, (12) trisaccate, (13) tetrasaccate, (14) conjoined dyad.Dacrycarpus dacrydioides: (15) normal, (16) fused sacci, (17) asac-
cate, (18) tetrasaccate, (19) conjoined dyad, (20) unseparated triad, (21) conjoined tetrad. Phyllocladus trichomanoides: (22)
normal, (23) asaccate, (24) tetrasaccate, (25) conjoined dyad, (26) conjoined triad, (27) unseparated tetrad. Prumnopitys
andina: (28) normal, (29) fused sacci, (30) asaccate, (31) trisaccate, (32) unseparated dyad, (33) unseparated triad. Lagaros-
trobos franklinii: (34) normal, (35) asaccate, (36) unseparated dyad, (37) unseparated triad.Manoao colensoi (Hook.) Molloy:
(38) normal, (39) fused sacci, (40) asaccate, (41) conjoined dyad. Picea orientalis (L.) Link: (42) normal, (43) conjoined dyad.
Cathaya argyrophylla: (44) normal, (45) fused sacci, (46) asaccate, (47) trisaccate, (48) unseparated dyad. Pinus parviflora Sie-
bold & Zucc.: (49) normal, (50) fused sacci, (51) asaccate. Cedrus libani: (52) normal, (53) fused sacci, (54) unseparated dyad.
Keteleeria evelyniana: (55) normal, (56) fused sacci, (57) trisaccate, (58) unseparated triad. Abies koreana: (59) normal, (60)
fused sacci, (61) tetrasaccate, (62) unseparated triad, (63) unseparated tetrad.
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most of the other taxa, albeit to a lesser degree:
1.8%–3.2% monosaccates (mean = 2.4%). Cath-
aya argyrophylla also deviated frommost species
studied, displaying a higher frequencyof trisac-
cate grains: 0.33%–1.67% trisaccates (mean =
0.97%), with 0%–0.50% (mean = 0.08%) for all
other taxa. Additionally, C. argyrophylla grains
had higher frequencies of asymmetrical sacci
than all taxa but N. nagi: 0.50%–3.5% asymmet-
rical sacci (mean = 1.6%) in C. argyrophylla,
1.0%–3.8% (mean = 2.4%) in N. nagi, and 0%–
1.3% (mean = 0.16%) for the 11 remaining bisac-
cate taxa combined. Phyllocladus trichomanoides
mainly differed frommost by having on average
a higher percentage of asaccate grains in its mal-
formation assemblages: 0.73%, compared with a
mean of 0.34% for all other bisaccate taxa. In the
CVA, taxawithin supergeneric, subfamilygroups
do not cluster relative to their phylogenetic prox-
imity (see color-coded groupings in Fig. 8).

Discussion

Developmental Origins of Pollen Malformations
in Modern Conifers.—Here (and in Appendices
1, 2, Fig. 2, Supplementary Fig. 2), we summar-
ize possible developmental origins of pollen
malformation types observed in this study
that are applicable to the fossil record by draw-
ing upon historical observations in the cyto-
logical literature of extant conifers and seed
plants. In studies to date, the developmental
origins of certain malformation traits have not
explicitly been discussed, given that cytological
studies on conifer microsporogenesis mention-
ing them focus on genotypic rather than pheno-
typic implications of meiotic deviations
(Andersson 1947; Runquist 1968; Bazhina
et al. 2007a,b, 2011; Noskova et al. 2009),
while morphological studies addressing mal-
formations do not evaluate their developmen-
tal origins (Lakhanpal and Nair 1956;
Srivastava 1961; Mehra and Dogra 1965). How-
ever, there are inferences that can be made about

malformation origins based on what is known
about microsporogenesis in saccate conifers and
thenatureof somemorphologicaldeviations.Sac-
cate pollenmalformations in the past and present
invariably originate from deviations in micro-
sporogenesis that occur during the microspore
mother cell and tetrad stages.
Based on previous cytological studies (see

Appendix 1), it appears that irregular spindle
activity and chromosome stickiness during
anaphase and metaphase of meiosis I and II
(Supplementary Fig. 2) may generate pollen
grains of various sizes that are often aneuploid
(have abnormal numbers of chromosomes),
such as giant grains as well as conjoined
dyads, triads, and tetrads (Fig. 2A–E). In con-
joined grains, the dividing walls between
joined palynomorphs are incomplete or miss-
ing altogether. Interestingly, conjoined palyno-
morphs can develop sacci in the same locations
and orientations as normal grains in tetrad
configuration, as illustrated in Figure 2C–E,
suggesting saccus malformations are not neces-
sarily determined by disruptions to meiosis.
The early tetrad stage coincides with peak

tapetal activity (Oliver et al. 2005) and disrup-
tions (see Appendix 2) can inhibit these sporo-
phyte cells from delivering metabolites
essential to pollen grain development and func-
tion to developing microspores (Ahmed et al.
1992). Saccus development initiates early in
the tetrad stage (Ferguson 1904; Wilson 1965)
and ends at the end of the tetrad stage (Dickin-
son and Bell 1970). This means malformations
in saccus shape, size, orientation, or number
must structurally develop while pollen grains
are early in the tetrad stage, before the nexine
layer is deposited (Fig. 2F–L), capturing mor-
phological fingerprints of environmental stress
that are inherently locked into the pollen exine
layer and thereby subject to fossilization.
Unseparated dyads, triads, and tetrads are
composed of grains that are not fused to one
another and appear to have fully formed pollen

FIGURE 5. Malformation assemblages per genus. Extant conifer phylogeny adapted from Leslie et al. (2012). Legend A
indicates the color and shape of pollen icons corresponding with normal saccate condition(s) in each genus. These icons
are situated left of the pie charts. Legend B refers to the colors corresponding to specific malformation categories visually
represented within the pie charts. Gradient in phylogeny color visually signifies that the conifer phylogeny is in large part
generated frommolecular techniques influenced heavily by crowndiversity and that the relationships between these clades
in deeper geologic time is less clear (for further discussion, see Leslie et al. 2018).

POLLEN MALFORMATION AS A STRESS INDICATOR 691

Downloaded From: https://complete.bioone.org/journals/Paleobiology on 18 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



JEFFREY P. BENCA ET AL.692

Downloaded From: https://complete.bioone.org/journals/Paleobiology on 18 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



walls at their contact point(s). These configura-
tions most likely result from deviations in the
late tetrad stage (Fig. 2M–O), possibly in associ-
ation with disruptions to callose deposition or
breakdown between grains. This causes the
outer exine of the proximal contact faces of
pollen to be stuck together in original tetrad
configuration following incomplete break-
down of the callose wall and surface coat.

Modern Baseline Comparison.—Overall, mal-
formations with saccus deviations comprised
0%–6.0% of bisaccate pollen yields per cone
and 0%–2.5% of all bisaccate pollen (when
excluding Nageia). In contrast, saccus devia-
tions represented 5.2%–25.5% of pollen yields
from cones and 10.9% total in the only trisac-
cate species studied, Dacrycarpus dacrydioides.
Pollen malformations comprise less than 3%
of pollen in healthy, unstressed bisaccate
pollen-producing trees; more than 3% in a
bisaccate conifer (Nageia) that likely experienced
an environmental stress, that is, anomalously
cold temperatures during microsporogenesis);
andmore than 3% in a healthy, unstressed trisac-
cate pollen-producing conifer.
Nageia nagi represents the only geographic

outlier to our temperate midlatitudinal sam-
pling on the Pacific Coast of the United States
(Gainesville, Fla., USA; 29°N; Supplementary
Table 1) and displays significantly higher mal-
formation frequency (6.3%) than all other bisac-
cate genera (0%–2.5%). Although this tree was
exposed to higher ambient UV-B regimes than
all other taxa studied (Supplementary Table 2),
its heightened malformation frequency is more
likely a stress response to anomalous below-
freezing temperatures (−3.8°C) experienced
during microsporogenesis (Supplementary
Table 2), as the tree was acclimatized to

heighted background UV-B regimes relative
to higher latitudes, but not subfreezing tem-
peratures. A similar situation has been
observed in malformation-producing Pinus
edulis Engelm. studied by Chira (1967). In add-
ition toN. nagi, Cedrus libani contrasted with all
other taxa sampled in producing its pollen
cones during autumn rather than spring and
did experience a summer drought in Berkeley,
California, without supplemental irrigation
(Supplementary Table 2). Nevertheless, malfor-
mations represented less than 3% of pollen
yields in this specimen. Although many pollen
grains produced by C. libani were aborted, all
aborted grains were bisaccate, and none exhib-
itedmorphological deviations apart from being
undersized and shriveled.
The current study shows that under

near-ambient, present conditions, pollen mal-
formations, although always present, are infre-
quently expressed, and their frequencies do not
show significant variation between most mod-
ern bisaccate conifer lineages that we com-
pared. Looking for a phylogenetic signal in
the comparison of malformation type frequen-
cies between cones of bisaccate taxa, it would
be expected that dissimilarity increases with
greater phylogenetic distance. However, we
observed the contrary—a significant, albeit
weak negative correlation between Euclidean
distance and estimated time of divergence
(Fig. 7). Furthermore, comparisons between
Podocarpaceae and Pinaceae yielded the
second-lowest median Euclidean distance
values. In contrast, comparisons within the
group with the youngest divergence times,
the Podocarpus group, produced a median
Euclidean distance more than twice that of the
runner-up (comparisons between pinacean

FIGURE 6. Comparisons of malformation assemblages versus phylogenetic distance. Bray-Curtis distances were used as a
measure of dissimilarity. A, Distribution of pairwise malformation assemblage dissimilarities plotted in phylogenetic con-
text (as in Leslie et al. 2012). Thickness of the lines at each node represents themedian of all pairwise dissimilarities between
taxa whose lineages diverged in that particular node (dotted lines denote the interquartile range in pairwise dissimilarity
values for nodes connecting more than eight pairs. Abbreviations: ABI, Abies koreana; AFR, Afrocarpus gracilior; CAT, Cath-
aya argyrophylla; CED, Cedrus libani; KET, Keteleeria evelyniana; LAG, Lagarostrobos franklinii; MAN, Manoao colensoi; NAG,
Nageia nagi; PHY, Phyllocladus trichomanoides; PIC, Picea orientalis; PIN, Pinus parviflora; POD, Podocarpus totara; PRU, Prum-
nopitys andina). B, Frequency distribution (box plots of median, interquartile range, and individual data points) of pairwise
comparisons within taxonomic groups. The numbers in the phylogenetic tree in A correspond to the same numbers here.
Within the Podocarpaceae and the Pinaceae, the groups are ordered based on the estimated age of their last common ances-
tor. C, Results of correlation and ordinary least squares (OLS) linear regression analysis of all pairwise dissimilarities as a
function of the estimated age of the last common ancestor of both taxa in each pair (the dark green area indicates 95% con-
fidence envelope for the regression).
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FIGURE 7. Comparisons of malformation type frequencies versus phylogenetic distance. Dissimilarities are expressed as
Euclidean distances. Only bisaccate-pollen-producing species are included. A, distribution of pairwise dissimilarities in
malformation type frequencies plotted in phylogenetic context (as in Leslie et al. 2012). Thickness of the lines at each
node represents the median of all pairwise dissimilarities between taxa whose lineages diverged in that particular node
(dotted lines denote the interquartile range in pairwise dissimilarity values. Abbreviations: ABI, Abies koreana; AFR, Afro-
carpus gracilior; CAT,Cathaya argyrophylla; CED,Cedrus libani; KET,Keteleeria evelyniana; LAG, Lagarostrobos franklinii; MAN,
Manoao colensoi; NAG, Nageia nagi; PHY, Phyllocladus trichomanoides; PIC, Picea orientalis; PIN, Pinus parviflora; POD, Podo-
carpus totara; PRU, Prumnopitys andina). B, Frequency distribution (box plots of median, interquartile range, and individual
data points) of pairwise comparisons within taxonomic groups. The numbers in the phylogenetic tree in A correspond to
the same numbers here. Within the Podocarpaceae and the Pinaceae, the groups are ordered based on the estimated age of
their last common ancestor. C, Results of correlation and ordinary least squares (OLS) linear regression analysis of all pair-
wise dissimilarities as a function of the estimated age of the last common ancestor of both taxa in each pair (the dark green
area indicates 95% confidence envelope for the regression).

JEFFREY P. BENCA ET AL.694

Downloaded From: https://complete.bioone.org/journals/Paleobiology on 18 May 2025
Terms of Use: https://complete.bioone.org/terms-of-use



groups). These two contrasting end-members
(high dissimilarity within the Podocarpus
group and low dissimilarity between Podocar-
paceae and Pinaceae) are driving the observed
negative correlation. The only aspect consist-
ent with our initial expectations for a straight-
forward phylogenetic signal was that
Euclidean distances between suites of malfor-
mation type frequencies within the Prumnop-
itys group are almost consistently low and
displayed the lowest median Euclidean dis-
tance of any bin.

Morphological conservatism of bisaccate
pollen grains under near-ambient growth con-
ditions suggests that upticks in their malforma-
tion frequencies within fossil (Foster and
Afonin 2005), subfossil, and modern assem-
blages (Wilson 1965; Pocknall 1981; Tretyakova
and Noskova 2004; Benca et al. 2018) likely
reflect the influence of an environmental chal-
lenge on microsporogenesis within gymnos-
perms. Previous studies have used a
benchmark of >3% or >4.5% malformed grains
in pollen yields of extant and fossil

FIGURE 8. Canonical variates analysis (CVA) ordination of malformation type frequencies. The first two CVA axes capture
about 82% of the total variance in malformation type frequency data, that is, counts of variousmalformation types encoun-
tered in 600 pollen grains studied in each cone. Only bisaccate pollen–producing taxawere included. Shaded areas indicate
convex hulls enveloping data for all five cones per species. For clarity, vectors clarifying abnormality type loading on the
CVA axes have been translated away from the origin. Abbreviations: Abi, Abies koreana; Afr, Afrocarpus gracilior; Cat, Cath-
aya argyrophylla; Ced, Cedrus libani; Ket, Keteleeria evelyniana; Lag, Lagarostrobos franklinii; Man,Manoao colensoi; Nag,Nageia
nagi; Phy, Phyllocladus trichomanoides; Pic, Picea orientalis; Pin, Pinus parviflora; Pod, Podocarpus totara; Pru, Prumnopitys
andina. NB: this analysis reflects the absolute frequency of malformation types, not the relative abundance of types within
the malformation assemblage.
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gymnosperms to infer stressed growing condi-
tions (respectively, Foster and Afonin 2005;
Lindström and McLoughlin 2007). We also
observed <3% pollen malformations in all but
two individual cone yields of 12 of the 13 bisac-
cate pollen–producing genera studied
(Fig. 3A). Additionally, these baseline conifers
inevitably experienced variable, low-grade,
background stresses associated with anthropo-
genically altered landscapes, such as light pol-
lution, that would not afflict pre-industrial
gymnosperms. Such conditions could account
for the substantially wider range of meiotic
irregularities previously reported in Abies sibir-
ica Ledeb. specimens grown in arboretum set-
tings than in natural ecosystems (Bazhina
et al. 2007a). Modern thresholds for environ-
mental stress based on cultivated trees (and to
some extent, natural ecosystems) could there-
fore be higher than in the deep past. Under
this consideration, our observation confirms
that the lower of the pre-existing benchmarks
(>3%; Foster and Afonin 2005) for dispersed
pollen in palynological records (i.e., time-
averaged assemblages representing a mixed
signal of many pollen-producing individuals
in a region) holds well as a conservative esti-
mate and will not have to be raised.
Some of the contrasts in baseline malforma-

tion expression and lack of a clear phylogenetic
signal we observe between modern bisaccate
genera could result from contrasts in develop-
mental timing between taxa. In particular, vari-
ability in seasonal timing of meiotic stages has
been documented between some members of
Pinaceae. For example, conifers such as Larix
decidua Miller and Pseudotsuga menziesii halt
meiosis at the diplotene stage to undergo win-
ter dormancy, while Tsuga heterophylla (Rafin-
esque) Sargent overwinters in the pachytene
stage (Kurmann 1990). In such cases, pollen
grains of different taxa might be exposed to
contrasting environmental stimuli depending
upon which stages of meiosis are undergone
before and after dormancy. Additionally, the
phase in which meiosis pauses in some taxa
may be more sensitive to abiotic stresses than
in others, potentially leading to some lineages
being more acutely impacted by certain stres-
ses. This variationmight contribute to contrasts
in malformation expression seen among

garden specimens over a single year. For
example, a cold snap in autumn might not be
experienced during the same stage of meiosis
in different conifer species the following spring.
However, it is unlikely that this contrast in sea-
sonal timing would confound detecting
larger-scale environmental perturbations such
as ozone weakening, mercury deposition, or
acid rain over depositional timescales and lar-
ger spatial scales. The ephemeral, infrequent,
and highly local or regional nature of seasonal
perturbations such as cold snaps would not
likely stand out in space- and time-averaged
palynological records.

Pollen Malformation as a Stress Response.—In
this study, we find that increased frequencies
in pollen malformations have the potential to
record historical and modern environmental
stress in gymnosperms, with some exceptions.
Specifically, high morphological plasticity of
one of the few remaining conifer lineages pro-
ducing trisaccate grains (Dacrycarpus dacry-
dioides) indicates that not all saccate pollen
(such as natural trisaccates) are suitable for
environmental stress assessments. Addition-
ally, morphological deviations may be diverse
and variable within pollen yields of modern
conifer populations due to continuous, nonepi-
sodic variation in environmental stress levels
experienced by the tree associated with varia-
tions in elevation. Further study of pollen mal-
formation occurrence across elevation transects
are therefore needed to further evaluate the
utility of pollen malformation as an environ-
mental stress proxy. Nevertheless, the share of
geographically rare high-elevation pollen in
time-averaged palynological samples generally
dominated by basinal, rather than upland
floras would be limited, and unlikely to signifi-
cantly skew the palynological record.
Heightened frequencies of pollen malforma-

tions may also be interpreted as a symptom of
reproductive distress in seed plant populations
but may not always be its source. For example,
Benca et al. (2018) found all UV-B–irradiated
Pinus mugo groups sampled for this study
aborted their ovules before pollination recep-
tivity, experiencing their reproductive bottle-
neck through the premature death of their
megagametophytes. Furthermore, population-
wide sterility in this instance occurred under
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the lowest end-Permian projected UV-B treat-
ment, in which pollen yields still exhibited
less than 3% malformations. This observation
indicates that thresholds for some environmen-
tal stresses to exert deleterious effects on plant
reproductive development can be lower than
those required for generating indicative heigh-
tened malformation frequencies. The onset of
pollen malformation production may therefore
be an indicator of severe environmental
deterioration.
Although certain morphological deviations

in both fossil and modern pollen walls can be
inferred to result directly from certain types of
developmental disruptions, traceable to spe-
cific stages in meiosis I and II (Chira 1967;
Bazhina et al. 2007a,b, 2011; Noskova et al.
2009) (Fig. 2), it can be difficult to infer presence
of a specific environmental stress using higher
frequencies of developmental deviations
alone, as they arise from numerous genotype
by environment interactions (Veilleux and
Lauer 1981). However, it is possible to constrain
the range of plausible stresses by integrating
bisaccate pollen malformation frequencies
with other independent lines of geological evi-
dence, when present. Additional lines of evi-
dence for certain types of past environmental
stress may include changes in palynological,
paleobotanical, and faunal assemblages; paly-
nomorph wall chemistry (Watson et al. 2007;
Lomax et al. 2008; Fraser et al. 2012); and geo-
graphic and temporal proximity to point
sources of environmental perturbation, such
as volcanic eruptions, as well as geochemical
and geophysical data of associated sediments
(Broadley et al. 2018; Lindström et al. 2019;
Chu et al. 2021). Moreover, because this malfor-
mation baseline study has shown that differ-
ences may exist in the composition of
malformation types (see next section), it may
well be possible that a detailed study of the
malformation assemblage composition could
be used as a tool for narrowing what specific
stressor may have caused elevated levels of
bisaccate malformations in palynological
records. We demonstrate that a specific envir-
onmental stressor—here elevated UV-B expos-
ure—significantly skews the expression of
malformation types within pollen assemblages
outside the range of variation that would be

considered normal, and we advocate further
studies into stressor-specific alteration of pollen
malformation assemblages and its potential
paleoenvironmental proxy value.

ComparingMalformations between Baseline and
UV-B-irradiated Conifers.—In environmental
chamber experiments in which reproductively
mature specimens of P. mugo ‘Columnaris’
were exposed to a range of biologically effective
UV-B dosages (0×, 7.5×, 10×, and 13× ambient
UV-B levels), we showed earlier that the fre-
quency of pollen malformations increased
four- to fivefold under the two highest
UV-BBE fluxes when compared with back-
ground frequencies (approximately 2%) for
the two lower UV-B regimes (Benca et al.
2018). Just as in the current study, different
types of malformations had been enumerated
(but have not previously been reported), thus
making a comparison possible between
UV-B–induced malformation assemblages and
the baseline of background assemblages across
the phylogenetic tree of bisaccate pollen produ-
cers. In a PCA of relative abundances of various
malformation types within the malformation
assemblage of each investigated tree (Fig. 9), it
is clear that—within the UV-B experimental
data—there is a directionality toward greater
contribution of three-sacci aberrancies (unnat-
ural trisaccates) and narrowing of malformation
diversity with increasing UV-B stress. By com-
parison, the malformation assemblages in the
unstressed taxa of the current study are much
morediverse.Moreover, the spreadofunstressed
malformation assemblages in ordination space,
that is, the main variation in malformation
assemblage composition, is perpendicular to
(independent of) the type of change induced by
UV-B stress in P. mugo.
Focusing on the aforementioned prevalence

of three-sacci aberrancies in UV-B experiments
relative to all pollen abnormalities (Fig. 10),
with a fraction of 20% in the outdoor control
for P. mugo specimens, three-sacci aberrancies
made up a relatively large portion of all pollen
malformations when compared with most
other unstressed taxa in this study, but similar
to that ofC. libani,Abies koreanaWilson, Podocar-
pus totara Benn. ex Don var. aurea, and Cathaya
argyrophylla. However, in UV-B–stressed P.
mugo specimens, the contribution of three-sacci
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aberrancies increases with UV-B dosage levels
up to around 80%—even more pronounced
than the spike in total malformation frequency.
Although therewas considerable between-cone
variation within each treatment group in the
UV-B experiments with respect to malforma-
tion frequency (see the scatter of small circles
in the upper left half of Fig. 10), the relative con-
tribution of three-sacci abberancies to the mal-
formation assemblage was quite constant

within each treatment (as confirmed by highly
significant regression results in Fig. 10) but
varied between the treatments (as illustrated
by increasing slopes in the regressions
with: low for low UV-B dosages that induced
few malformations; high for high UV-B stress
levels that triggered high malformation fre-
quencies). This means that any additional
malformed pollen grains that were produced
as a result of experimentally induced elevated

FIGURE 9. Principal component analysis (PCA) of malformation assemblages in unstressed conifers and UV-B experi-
ments. Malformation assemblages encountered in 13 taxa in this study are compared to those in Pinus mugo ‘Columnaris’
trees that grew under various UV-B radiation stress regimes (no UV-B and 7.5×, 10×, and 13× ambient outdoor fluxes of
biologically effective UV-B radiation for Berkeley, California, USA, in spring, or respectively, 0, 54, 75, and 93 kJ m−2d−1

BE
UV-B; see Benca et al. 2018). Relative abundances of malformation typeswithin tree-specificmalformation assemblages are
used in this analysis. Each malformation assemblage comprises the encountered malformed grains in 3000 investigated
pollen grains per tree, that is, 600 grains × 5 pollen cones per tree. In the UV-B experiments, 8 pollen cones per P. mugo
‘Columnaris’ tree were investigated. Shown here are the malformation assemblages of all 56 combinations of 5 cones in
a set of 8. The first two PCA axes account for 74% of the variance in the malformation data. Only bisaccate pollen–produ-
cing taxa were included. For clarity, vectors indicating abnormality type loading on the PCA axes have been translated
away from the origin.
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UV-B exposure almost exclusively had three
sacci. This suggests that, in addition tomalforma-
tion frequency, the composition of malformation
assemblages encountered in the palynological
microfossil record may hold information on

ecological stress levels in the terrestrial environ-
ment—and potentially even on the type of
stressor if future studies were to reveal that it
is specifically UV-B stress that causes conifers
to produce bisaccate pollen with three sacci.

FIGURE 10. Frequency of three saccus malformation versus frequency of all pollen malformations in unstressed conifers
and UV-B experiments. The lower right part (subdiagonal) shows mean frequencies. Green filled circles represent the
taxa in this study (frequencies based on 3000 grains per tree). Larger circles indicate Pinus mugo UV-B experimental
data (based on 4800 grains per treatment: 600 grains × 8 pollen cones for each of 3 tree replicates; UV-B treatments
(0, 54, 75, and 93 kJ m−2d−1

BE) are respectively labeled: noUV, 7.5×UV, 10×UV, and 13×UV; see Benca et al. 2018) and pooled
data for multiple outdoor control trees (based on 1649 grains; labeled 1×UV, 2013). The upper left part (supradiagonal) is
similar to the subdiagonal part but mirrored in the diagonal. It shows ordinary least squares (OLS) linear regression of the
per-cone three-sacci malformation frequency as function of the total malformation frequency in the UV-B P. mugo experi-
ments (thick lines; shaded areas indicate 95% confidence envelope for the regression). Each small circle is based on 600
grains from a single cone. For clarity, both axes were square-root-transformed to avoid crowding of the many data points
occurring at lower frequencies.
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Natural Trisaccates andMalformed Bisaccates in
the Present and Past.—Differences in morpho-
logical plasticity in sacci between the studied
bisaccate and trisaccate pollen producing
extant conifers may result from contrast in pol-
len shapes and their tetrad configurations dur-
ing meiosis. Bisaccate pollen grains, such as
those of Pinus, are bilaterally symmetric and
form in decussate tetrads, inwhich the four pol-
len grains are arranged in two pairs oriented in
two different planes (Fig. 11A) (Halbritter et al.
2018). In contrast, the naturally trisaccate pollen
grains ofD. dacrydioides have been documented
as occurring in more than one type of tetrad
configuration, specifically tetrahedral tetrads,
in which the centers of the four grains form a
tetrahedron (Fig. 11B) (Halbritter et al. 2018),
as well as decussate tetrads (Huynh 1968;
Huynh and Sampson 1983). Given that sacci
form during the tetrad stage, it is likely that
the ability of naturally trisaccate pollen such
as D. dacrydioides to form in numerous tetrad
configurations enables greater variation in sac-
cus number, shape, division, and orientation
around the circumference of their radiosym-
metric grains than those of naturally bisaccate
taxa.
Furthermore, changes in saccus arrangement

and symmetry, for example, fusion or asym-
metry in size and/or shape, may have less
influence on buoyancy and flotation against
gravity through micropylar pollination drops
in radiosymmetric naturally trisaccate grains
than in bilaterally symmetric bisaccate grains.
Another possibility is that because the bisaccate
condition is likely to be ancestral to modern
Dacrycarpus (Leslie et al. 2015), the plasticity
of saccus orientation and shape observed may
result from this lineage trending toward a
fixed trisaccate character state. Regardless, the
observation that a modern seed plant lineage
with trisaccate pollen grains displays highly
variable saccus morphology should caution
against use of similar pollen types in the fossil
record for environmental stress assessments.
Although comparative morphometric shape

analyses are needed, saccus arrangement and
proportionality may aid in distinguishing
between naturally occurring trisaccate pollen
and malformed bisaccate pollen grains having
three sacci. In terms of symmetry, sacci in

naturally trisaccate circular pollen grains of
D. dacrydioides have been shown to initiate at
the terminals of a triradiate ridge that some-
times appears during early pollen grain
ontogeny (Fig. 11B) (Huynh and Sampson
1983). Interestingly, in Tsuga canadensis (L.)
Carrière, a member of Pinaceae that also pro-
duces its pollen grains in tetrahedral tetrads,
the pollen grains exhibit the same triradiate
ridge as D. dacrydioides early in ontogeny that
later vanishes and forms a single, lateral ring-
like saccus fringing their circular grains (Kur-
mann 1990). Radially symmetric saccate grains
therefore seem to be generated as a result of
developing in tetrahedral tetrads and generat-
ing marginal sacci around a circular periphery
in both Podocarpaceae and Pinaceae (Fig. 11).
Bisaccate grains, in contrast, exhibit bilateral
symmetry, resulting from the decussate tetrad
arrangement, and establish a dominant single
plane of sacci alignment (Fig. 11). In the case
of bisaccate malformations having three sacci,
any superfluous sacci tend to be smaller than
—and not symmetrically aligned with—the
plane of the dominant pair (Fig. 11). Conse-
quently, sacci in naturally trisaccate grains are
arranged at the terminals of a trilete (almost
Y-shaped) radial axis, while those in aberrant
bisaccate grains having three sacci are arranged
along the terminals of amodified T-shaped axis
with two large sacci and one more or less cen-
trally oriented, smaller saccus that is offset
from the main axis of symmetry (Fig. 11).
Seed plants interpreted to produce naturally

trisaccate pollen grains appear to be rare in the
fossil record and seem to be restricted to coni-
fers with a Podocarpaceae and Araucariaceae
affinity. Trisaccate pollen (e.g., Microcachryi-
dites, Trichotomosulcites [syn.: Trisaccites], and
Podosporites) with a Podocarpaceae affinity are
distinctive elements in Jurassic to Cretaceous
sediments from southern Gondwana (e.g.,
Schrank 2010), and some of the Cenozoic
forms of the latter taxa are thought to represent
the conifer genera Microcachrys and Microstro-
bos (Mildenhall and Byrami 2003). Bisaccate
and trisaccate Callialasporites pollen were also
thought to be associated with Podocarpaceae
but have recently been described from an
Early Cretaceous araucariaceous pollen cone
(Kvaček and Mendes 2020).
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FIGURE 11. Schematic of tetrad configurations and resulting sacci symmetry in naturally bisaccate pollen grains (A), nat-
urally trisaccate pollen grains (B), and a malformed bisaccate pollen grain having three sacci (C).
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Latest Permian trisaccate and/or malformed
pollen have been shown to represent aberrant
forms of bisaccate taxa since Foster and Afonin
(2005) depicted morphological deviations
within the alete taxa Klausipollenites schauber-
geri (Potonie et Klaus) Jansonius and Alisporites
sp., and observed similar forms within the
taeniate taxa Scutasporites, Lunatisporites, Proto-
haploxypinus, and Hamiapollenites (Foster and
Afonin 2005; Fijałkowska-Mader 2020). As a
result, some taxa such as the protosaccate pol-
len Triadispora crassaKlaus, are now interpreted
to have aberrant forms historically described as
different species (Fijałkowska-Mader 2020).
Can Past Polyploidization and Hybridization

Events Account for Pollen Malformation Spikes in
the Fossil Record?—It could be misconceived
that high prevalence of abnormal spores and
pollen in time-averaged fossil assemblages
would indicate widespread hybridization,
polyploid evolution, or assumed polyploid
advantage under environmental stress. Here
we describe the rationale behind these explana-
tions and why they are unlikely to account for
teratology spikes in the fossil record on the
basis of existing biological data.
A significant positive correlation between

pollen grain size and ploidy level has been
documented in angiosperms such as Arabidop-
sis thaliana (L.) Heynhold (Altmann et al.
1994), as well as between spore size traits and
genome size in some leptosporangiate ferns
(Adiantum pedatum complex; Barrington et al.
2020). By this logic, unreduced pollen grains
would be expected to be larger in size than
reduced grains produced by the same plant
specimen. Although this assumption has yet
to be morphometrically tested in modern sac-
cate conifers, oversized (giant and unsepar-
ated) grains produced by conifers have been
noted as being unreduced (specifically having
≥2n gametes) in previous studies (e.g., Chira
1967). Unreduced palynomorphs have also
been observed to occur in higher frequencies
in hybrids than in non-hybrids (Ramsey and
Schemske 1998) and substantially increase in
frequency under some environmental stresses
such as cold shock in several eudicot angios-
perms (Belling 1925). Their development repre-
sents a major route of polyploid evolution in
modern plants (Ramsey and Schemske 1998).

There is also growing interest in the possi-
bility of polyploidizations (whole-genome
duplications) being associated with mass
extinction events. This prospect was raised
by a potential signal of whole-genome dupli-
cations around the Cretaceous/Paleocene
boundary (∼66 Ma) inferred from full-
genome sequences of 38 angiosperm species
(Vanneste et al. 2014). Around another crisis,
the Triassic/Jurassic transition (∼200 Ma),
Kürschner et al. (2013) found increased fre-
quencies of fossilized unseparated dyads,
triads, tetrads, and oversized grains of the
non-saccate pollen Classipolis. These are
hypothesized to represent unreduced (2n)
conifer pollen grains of the extinct conifer
family Cheirolepidiaceae. On this basis, it
has been argued that polyploidy in Cheirole-
pidiaceae around the Triassic/Jurassic transi-
tion may have reduced their extinction risk
and driven their subsequent diversification
(Kürschner et al. 2013). Although numerous
modern polyploid taxa display greater resist-
ance to pests, reduced nutrient stress sensitiv-
ity, lower drought susceptibility, and/or
greater ability to persist under extreme tem-
peratures than their diploid congenitors
(Levin 1983), there are numerous polyploid
species countering this trend, and recently
formed polyploid species have higher extinc-
tion rates than their diploid relatives (Arrigo
and Barker 2012). On this basis, hypotheses
of polyploid advantage in wholly extinct
plant lineages are less convincing.
Although few conifer species today are poly-

ploid (∼1.5%; Khoshoo 1961), Li et al. (2015)
found evidence based on phylogenomic ana-
lyses of transcriptomes from 24 gymnosperms
and 3 outgroups (a lycophyte, a fern, and an
angiosperm), suggesting early whole-genome
duplication events occurred early in the evolu-
tionary history of modern conifers. This study
raised the question of whether early polyploid
conifer lineages may have experienced a select-
ive advantage over their diploid contemporar-
ies during the end-Permian crisis. However,
thewindow of timing for whole-genome dupli-
cation in Pinaceae inferred by Li et al. (2015) is
temporally broad, spanning the Carboniferous
through Triassic Periods (342–200 Ma). More-
over, detection of a polyploid ancestor in
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modern conifers does not imply that the ances-
tral lineage had elevated diversification rates,
as polyploidy can be neutral, or even detrimen-
tal, and still leave behind an ancestral signal
within the lineage (Meyers and Levin 2006;
Scarpino et al. 2014). At this point, there is no
strong evidence demonstrating that polyploidi-
zation events directly caused increased diversi-
fication of plant lineages in the deep past
(Mayrose et al. 2011; Rothfels and Otto 2016).
Additionally, the few studies on modern plants
comparing “success” of polyploids versus
related diploids on an ecological and geo-
graphic basis have failed to identify any advan-
tage for polyploids (Petit and Thompson 1999;
Martin and Husband 2009; Rothfels and Otto
2016). Therefore, further studies testing
hypotheses of polyploid adaptive or exaptive
advantages in plants under anomalous envir-
onmental stresses are needed.
We caution against extrapolating polyploidi-

zation, hybrid proliferation, and assumed poly-
ploid advantage under stress as an explanatory
mechanism behind saccate pollen malforma-
tion spikes during extinction events (e.g.,
Neale et al. 2021) on the basis of two observa-
tions of extant lineages and one from the fossil
record: (1) unreduced, malformed pollen grains
have been found to be either completely sterile
or require specialized conditions to germinate
in vitro relative to normal haploid grains
(Chira 1967), and their presence is associated
with a large fraction of defective grains in pol-
len yields (Bazhina et al. 2007a, 2019); (2) sac-
cate pollen malformations associate with
population-wide sterilization of ovules in
UV-B–irradiated conifers (Benca et al. 2018);
and (3) saccate pollen malformation spikes
occur amid and/or during deforestation events
in the end-Permian crisis (Hochuli et al. 2017;
Mishra et al. 2018). If anything, malformed sac-
cate pollen grains appear to signal reduced
reproductive fitness, that is, lowered capacity
of individuals to pass their genes on to subse-
quent generations, rather than signals of poly-
ploid adaptive advantage, hybrid swarms, or
range expansions.

Environmental Stresses Driving Biotic Crises,
Pollen Malformations, and Other Teratologies.—
Localized and widespread environmental
stresses can strain the terrestrial biosphere

without causing mass mortality of individual
plants and animals. Pollen malformations are
not the remains of deceased plants killed by a
stress, but rather are produced by living plant
specimens experiencing environmental stress.
Such a perspective is important when consider-
ing potential mechanisms leading to biotic
turnover attributed to any specific environmen-
tal stress. For example, elevated UV-B exposure
might be hypothesized as an end-Permian
extinction driver through exerting lethal muta-
genesis, but this stress could also have destabi-
lized terrestrial food webs by disrupting
reproductive cycles of several seed plant
lineages (Benca et al. 2018; Looy et al. 2021).
Furthermore, environmental stresses are not
mutually exclusive with respect to one another,
meaning more than one stress can synchron-
ously exacerbate selective pressures on plant
communities, generating pollen malformations
in the process. For example, Bazhina et al.
(2007a) noted numerous saccate pollen malfor-
mations in drought-stressedmodern conifers in
Siberia that were exposed to industrial air pol-
lution andwere also being attacked secondarily
by pathogens.
Care should also be taken when considering

ascribing any one environmental stress as a pri-
mary driver of multiple mass extinction events.
For example, Lindström et al. (2019) noted a
conspicuous absence of saccate pollen malfor-
mations accompanying end-Triassic fern
spore teratology spikes and suggested a differ-
ent environmental stress could have been at
play during the end-Triassic crisis than during
the end-Permian. Indeed, Phanerozoic mass
extinctions are not monolithic in their patterns
of biodiversity change and occur across differ-
ent continental configurations. It is therefore
reasonable to expect that these dynamic events
in deep time were unfolding under very differ-
ent environmental contexts. Deviations in the
morphology of saccate palynomorphs have
potential for capturing numerous stresses
across several of these biotic crises; however,
they probably result from different develop-
mental deviations than unseparated tetrads of
lycopsid spores of the end-Devonian (Marshall
et al. 2020) and end-Permian crises (Visscher
et al. 2004), as well as fern spore teratologies
of the end-Triassic (Lindström et al. 2019).
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More experimental studies are needed to con-
firm whether environmental stresses apart
from heightened UV-B exposure, such as
heightened mercury deposition, heavy metal
pollution, and acid rain, can also generate
palynological signals consistent with those of
the plant fossil record inmodern, phylogenetic-
ally relevant plant lineages.

Conclusions

This study of saccate pollen malformations
across the extant conifer phylogeny demon-
strates that phenotypically abnormal grains
are produced in variable but low frequencies
in most saccate lineages growing under near-
ambient conditions. Moreover, the assemblage
of malformation types within pollen yields
differs between taxa under near-ambient con-
ditions. Pollen malformation assemblages pro-
duced by experimentally UV-B–irradiated
conifers fall outside the background range of
taxa grown under near-ambient conditions,
becoming increasingly dissimilar in trees
exposed to incrementally higher UV-B fluxes.
This suggests that not only the frequency of
pollen malformations serves as a proxy for
environmental stress, but also the range of mal-
formation types encountered in the fossil
record. The range of pollen malformations
expressed by plant assemblages might there-
fore contain signatures specific to certain
environmental stresses the parent plants
endured. Based on compiled observations
from historical cytological studies of modern
saccate conifer microsporogenesis, we propose
that phenotypic malformations in modern
(and fossil) saccate pollen result from a range
of developmental disruptions. Our baseline
comparison of saccate conifer lineages under
near-ambient conditions indicates pollen mal-
formation frequencies typically do not exceed
3% in unstressed species under modern garden
settings, suggesting the 3% benchmark of Fos-
ter and Afonin (2005) holds as a paleoenviron-
mental stress proxy. This benchmark is
conservative given the population-, spatial-
and time-averaged nature of palynological
samples. Furthermore, our results suggest pol-
len assemblages of bisaccate seed plants can be
used as a paleoenvironmental stress proxy,

while those of naturally trisaccate lineages
cannot.
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Appendix 1. Deviations in Microspore
Mother Cell Stages (Meiosis I, II, and

Cytokinesis)

Runquist (1968) studied pollen development
in three genetically asyndetic (or asynaptic—
having chromosomes that do not pair in mei-
osis) specimens of Pinus sylvestris L. growing
under near-ambient conditions and described
unusual structural characteristics of several
malformation phenotypes. Among them were
a conjoined dyad with two nuclei, no dividing
wall, and encircled by a single saccus; tetrads
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with division walls cleaving straight through
the undivided nuclei of neighboring grains;
pollen tetrads resulting from polymitotic div-
ision; and grains having four sacci. Such mal-
formed grains were rare, and some were
hypothesized to be polyploid. Just prior,
Chira (1967) found pollen yields of Pinus edulis
experiencing a cold snap with many unre-
duced (≥2n) grains also displaying numerous
malformation traits consistent with those of
this study, namely enlarged grains having an
encircling saccus or three or four sacci. Half
the unreduced grains resulted directly from
disruptions to metaphase I and anaphase I,
possibly due to fused or parallel metaphase
II spindles. The other half were caused by dis-
ruptions to anaphase II and metaphase II. In
the latter case, unreduced grains resulted
from an incomplete second meiotic division
via partially damaged metaphase spindles
(Chira 1967).
Similar observations were made in a subse-

quent, detailed cytological study of pollen
sampled from microstrobili damaged by rust
canker (Melampsorella cerastii [Persoon] Schrö-
ter) of drought-stressed Abies sibirica experien-
cing air pollution (Bazhina et al. 2007a) and
trees growing under near-ambient conditions
(Bazhina et al. 2019) in Siberia. The earliest mei-
otic abnormalities observed are chromosome
agglutination and chaotic distribution of biva-
lents during prophase I, documented in Picea
obovata Ledebour by Bazhina et al. (2019) (Sup-
plementary Fig. 2), followed by meiotic abnor-
malities occurring during metaphase I—
chromosomes outside spindle divisions, early
chromosome separation, irregular arrangement
of bivalents, and chromosome agglutination
observed in A. sibirica (Supplementary Fig. 2)
(Bazhina et al. 2007a). During anaphase I,
chromosome bridges, lagging chromosomes,
chromosomes outside spindle divisions, cha-
otic chromosome separation, and elongate
chromosomes were observed (Supplementary
Fig. 2) (Bazhina et al. 2007a). Formation of
three poles during anaphase I have also been
noted in A. sibirica (Bazhina et al, 2007a) as
well as in P. obovata (Supplementary Fig. 2)
(Bazhina et al. 2019). During telophase I
through the dyad stage, abnormally shaped
nuclei have been documented, among them

fused nuclei and micronuclei (Supplementary
Fig. 2) (Bazhina et al. 2007a, 2019).
During metaphase II, second-division

chromosome bridges, chaotic chromosome
arrangement, chromosomes outside spindle
division, early chromosome separation, elon-
gated chromosomes, and chromosome agglu-
tination were observed (Bazhina et al 2007a).
During anaphase II, Bazhina et al. (2007a)
observed separation of chaotic chromosomes,
chromosome bridges, chromosomes outside
spindle divisions, and lagging chromosomes.
Generally, 70% of meiotic abnormalities
observed in A. sibirica resulted from abnormal
chromosome separation, with lagging chromo-
somes and chromosome bridges from ana-
phase I being maintained in the nucleus into
meiosis II (Bazhina et al. 2007a). Pollen yields
in which these meiotic abnormalities were
described hosted a range of phenotypic malfor-
mations, such as unseparated dyads and asac-
cate, unisaccate, and trisaccate grains, and
these yields were found to have reduced viabil-
ity, leading to the conclusion that at least some
of these deviations could result in pollen steril-
ity (Bazhina et al. 2007a).
Noskova et al. (2009) also documented many

malformed grains in P. sylvestris under a shift-
ing climatic regime in Siberia, specifically
prolonging of the warm season later into
autumn. Some of these grains were unreduced
(≥2n), among them trisaccates and conjoined
dyads and tetrads, resulting predominately
from simple and complex chromosome and
chromatid bridges as well as parallel spindle
arrangement in meiosis II. Additionally, Siber-
ian A. sibirica growing under industrial pollu-
tion (Presnukhina and Kalashnik 2003) and
under near-ambient conditions in an arbor-
etum (Bazhina et al. 2007b) have also displayed
a wider spectrum of structural deviations dur-
ing meiosis, including chromosome fragmenta-
tions, chromosome bridges, and ring
chromosomes, as well as chromosome ejection
and agglutination. Bazhina et al. (2011) sug-
gested that chromatin agglutination may have
accounted for heterogeneity in sizes and shapes
of pollen grains observed in studies ofA. sibirica
under changing climate in Siberia.
Unreduced malformed grains such as giant

grains (Fig. 2A,B) or conjoined grains
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(Fig. 2C–E) in modern conifers can therefore
result from a variety of meiotic disruptions,
resulting from what Eriksson (1968) classified
as chromosomal irregularities, such as forms
of “stickiness” (a term coined by Beadle [1933]
to define chromosomes sticking to each other)
as well as irregularities in cell division (Supple-
mentary Fig. 2). Categorizing meiotic irregular-
ities into a discrete hierarchical system is
problematic, becausemanydeviationsdescribed
in previous studies are tightly interconnected
and transitional (Eriksson 1968). For example,
many forms of chromosomal stickiness are
abnormalities in chromosomal arrangement
and are thereby generated by processes leading
to irregular cell division.
Despite the difficulties in categorizing devel-

opmental deviations, it is clear from historic lit-
erature that phenotypic malformations are
associated with disruptions to normal spindle
fiber formation and function during meta-
phase and anaphase of meiosis I and II (Sup-
plementary Fig. 2). Such processes can result
in and/or coincide with various forms of
chromosome stickiness (agglutination) as
well as abnormal chromosomal arrangements
and segregations that result in daughter cells
receiving unequal chromosomal complements
(Supplementary Fig. 2). Agglutination of chro-
mosomes (Supplementary Fig. 2:6) may be
induced by mutations that lead to blockage
of prophase I (Golubovskaya and Sitnikova
1980; Golubovskaya 1985; Bazhina et al.
2019). Loss of genetic material in daughter
cells from chromosome fragments, chromo-
some emissions, and/or lagging chromo-
somes (Supplementary Fig. 2:4,9,26) results
in the formation of gametes with aneuploid
(abnormal) numbers of chromosomes and a
high fraction of defective pollen grains in con-
ifers such as P. obovata (Bazhina et al. 2019).
Such chromosomal abnormalities during ana-
phase I might result from disruptions affecting
genes controlling spindle division and diver-
gence of chromosomes, such as the dv gene
identified in Zea mays L. and mei-4 in Potentilla
anserina (L.) Rydberg, whose functional role is
to damage the achromatic spindle (Golubovs-
kaya 1975a,b, 1985; Golubovskaya and Sitni-
kova 1980; Shamina et al. 1981). When these
genes are partially damaged, individual

and/or groups of chromosomes lag behind
as they diverge (Supplementary Fig. 2:9), caus-
ing uneven distribution between the two
daughter cells or, if the spindle is split, result-
ing in the formation of three poles (rather than
two) during anaphase I and anaphase II (Sup-
plementary Fig. 2:13) (Bazhina et al. 2019). In
some cases, Bazhina et al. (2011) documented
instances of five-pole separation in anaphase II
of A. sibirica. When these genes are completely
damaged, chromosomes become either concen-
trated at the center of the cell or randomly dis-
tributed throughout (Bazhina et al. 2019).
Additionally, chromosomal anaphase bridges
(Supplementary Fig. 2:23) usually result from
dicentric chromosomes, where one centromere
remains within each nucleus, preventing proper
segregation. Dicentric chromosomes can arise
from recombination within regions that are het-
erozygous for certain types of chromosome
arrangements, among them long inversions
and some types of translocations.
Another phenomenon suggested by Chira

(1967) and observed subsequently by Noskova
et al. (2009) in saccate grains is parallel spindle
arrangements in meiosis I and II (Supplemen-
tary Fig. 2:19,25). When the formation of mei-
osis II spindles occurs in a plane parallel to
spindle orientation of meiosis I, each half of
the mother cell receives one copy of the sister
chromatids, but because cytokinesis only
occurs at the end of meiosis, the planes of div-
ision established in meiosis I and II overlap,
resulting in a dyad of diploid microspores,
rather than four haploid microspores cleaved
along two perpendicular planes of division
(Andreuzza and Siddiqi 2008).

Appendix 2. Deviations in the Tetrad Stage
(Meiotic–Microspore Transition)

Cytological experimental studies of numer-
ous angiosperm lineages have identified a
common critical developmental window in
the male reproductive cycle of seed plants
that appears most sensitive to abiotic environ-
mental stresses (De Storme and Geelen 2014).
Kim et al. (2001) found that short intervals of
heat stress on Arabidopsis thaliana affect pollen
development as pollen mother cells complete
meiosis and begin microgametogenesis,
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failing to separate following the tetrad stage.
Rice (Oryza sativa L.) pollen has also been con-
firmed to be developmentally most sensitive
to cold stress during the meiotic tetrad stage
and subsequent transition to the free micro-
spore stage (Satake and Hayase 1970)—more
specifically—the tetrad to uninucleate/uni-
cellular (young microspore) stage (Oliver
et al. 2005). Cowpea (Vigna unguiculata [L.]
Walpers) and tomato (Lycopersicon esculentum

L.) pollen is similarly most sensitive to anom-
alous temperatures around the meiotic–
microspore transition stage (Ahmed et al.
1992). Although stages such as pollen release,
adhesion, and pollen tube formation are
sometimes impacted in angiosperms (Shi-
vanna et al. 1991), it is the early microspore
stage that is possibly most sensitive to abiotic
environmental stresses (De Storme and Gee-
len 2014).
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