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Abstract

Advancing the plant fossil record across the Permo-Triassic boundary with a focus on phytoliths

by
Renske Kirchholtes
Doctor of Philosophy in Integrative Biology
University of California, Berkeley
Professor Cindy V. Looy, Chair

The end-Permian mass extinction (~252 Ma ago) drastically altered ecosystems worldwide, not just in the
oceans, but also on land. The effects were so profound that it was not until 4-5 million years into the
Triassic that the ecosystem of what was then the eastern part of equatorial Pangea, showed signs of
recovery. The flora responsible for this recovery appears to have invaded European habitats after their
Early Triassic origination elsewhere. Hitherto, no direct evidence exists of where the refugional source
areas of the immigrants could have been located. Here, we suggest that North America could be a
potential source area for European Triassic conifers. This body of work aims to advance the plant fossil
record across the Permo-Triassic boundary in this geographical region.

The first part of chapter one focusses on our current understanding of the potential causes of the end-
Permian biotic crisis. While there may be a singular cause that set off a cascade of events, the intricate
nature of the Earth’s system makes it difficult to identify the specific drivers behind the ecosystem
collapse. It appears that many factors have contributed to some degree to the biotic crisis. The second part
of this chapter is focused on the effects the biotic crisis had on life on land, particularly on plants and the
data that we have available to study these extinction patterns. Analysis of the data that is currently
available through various online databases, suggests that the information is insufficient to adequately
study extinction patterns.

The second chapter is a literature review of the role of silica in plants. Silica is absorbed by plant roots in
the form of monosilicic acid, which originates from the dissolution of crystalline silicate and weathering
of biogenic silicates in the soil. Silica absorption, once thought to be a passive process, has been shown to
be driven by active transport mechanisms. Depending on where the silica is deposited in the plant, the
crystalized shape—the phytolith—may adopt a shape unique to that plant cell or tissue. However, before
it crystalizes, the silica plays an important role in the plant’s defense mechanisms. Once crystalized, the
opaline silica continues to beneficial; it not only reduces biotic and abiotic stress, it also appears to
provide structural benefits.

Chapter three examines the Permian and Triassic phytolith record and its potential to support
(bio)stratigraphic investigations. In Caprock Canyons State Park and Palo Duro State Park in Texas, the
Permian-Triassic boundary is well-preserved and the stratigraphy has been resolved in detail. The
phytolith assemblages recovered from the Permian and Triassic strata appear to have limited potential for



regional biostratigraphy. However, these phytoliths do form the first evidence of plant life at the western
portion of the supercontinent Pangea, a region previously believed to be entirely barren.
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Introduction

Everyone always likes a good “biggest”, “tallest” or “oldest”. It makes objects, features and
characters seem more impressive, more important. The world’s biggest marine mammal, the tallest tree in
the United States, the second deepest lake east of the Mississippi, or the oldest fossil ever found in
Iceland. But really, the oldest fossils in Iceland are of Pliocene age, which compared to ones found in the
rest of the Europe can hardly be considered extremely old. Whenever reading about the end-Permian
biotic crisis, the first paragraph almost always talks about it being the worst extinction event of all time,
or something to that effect. I will not dispute that this event has not had a great effect on life on our
planet, but I will argue for a bit of nuance, because it does depend on your perspective. Not all organisms
are affected equally by extinction events. During the great freeze, the Huronian glaciation that started
some 2400 Mya ago and lasted about 300 Mya, many organisms went extinct. Most likely, almost all of
them. Only a few had a narrow escape. But since these single-celled organisms generally leave a poor
trace in the fossil record, we conveniently forget about it or chose to ignore it because we do not really
care about single-celled organisms until they turn milk into yogurt or give us a belly ache. So to be
precise, the end-Permian biotic crisis, colloquially also known as the Great Dying, the end-Permian
Extinction. the Great Permian Extinction, or the Permian-Triassic extinction event, is the greatest
extinction event of multicellular organisms in the last 530 Mya that we know of. Granted that it is
unlikely that we will find (evidence for) events that exceeded the end-Permian extinction event in
severity, it is best to be as accurate as possible. While it is considered to be the greatest extinction event, it
is not the most studied one. That honor goes to the meteorite mediated exit of the dinosaurs, potentially
because some feel that dinosaurs are more charismatic than trilobites. But again, that’s a matter of
perspective.

Independent of your perspective, it is obvious that the end-Permian biotic crisis had a profound effect on
life on Earth. This, combined with the knowledge that the end-Permian biotic crisis unfolded within a
relative short timeframe, making it obvious that a biotic status quo can be overturned fairly quickly,
makes the events that took place in the end-Permian a very interesting and relevant topic. The present is
the key to the past, but the past may also be the key to the future. While few harbor the illusion that we
even fully comprehend the present, our understanding of the past is worse still. If you like to envision
paleontology like detective work, then comparing it to an Agatha Christie novel with all but a few pages
ripped out, is not much of a stretch. Reconstructing the full (hi-)story, based on a few titbits is most
certainly a challenge and yet that is what paleontology and adjacent scientific fields are about. The
following pages contain my two cents.

v
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CHAPTER 1: The end Permian Biotic
Crisis and 1ts reflection in the fossil record

A very brief introduction to the end-Permian biotic crisis

The end-Permian biotic crisis (~252 million years ago) is the largest known extinction event in
the Paleozoic. It profoundly altered ecosystems worldwide, both on land and in the ocean (McElwain and
Punyasena 2007). In the ocean, 286 of the known invertebrate genera disappear entirely, which translates
to ~96% overall loss of marine species (Shen et al. 2011; Clapham and Payne 2011). On land, the fauna is
hit almost just as hard with 70% of terrestrial vertebrate species and insects 83% of insect genera going
extinct (Erwin 1989; Labandeira 2005; Benson and Upchurch 2013). Plants however, seem to escape a
similar fate. For plants, the Permian-Triassic boundary is marked by a community turn-over rather than a
sudden mass extinction (Silvestro et al. 2015; Niklas 2015; Knoll 1984).

To understand the course of events, we must look at both the causes and effects of this crisis. This
chapter is therefore split in two parts. The first part is focused on a number of causes that have most likely
all contributed to some degree to the extinction event, whilst the second part is focused on the effects it
had on life on land, particularly on plants and the data that we have available to study the patterns. The
conclusion to both these parts will validate the ongoing need for further investigation and why other

avenues deserve exploration in an effort to elucidate patterns previously undetected.



PART 1 :“Murder on the Paleozoic Express”: they all did it?
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Many mechanisms and triggers have been proposed to explain the events
of the end-Permian extinction by just as many groups of researchers.
Understandably, investigators oftentimes seek answers that lie in their
own realm of expertise. Although the causes and mechanisms are
presented here as separate entities, they certainly do not act
independently; feedback and interactions oftentimes impede definitive
discrimination between these various causes (Shen and Bowring 2014).
Douglas Erwin therefore called it Murder on the Orient Express, after the
famous Agatha Christie book in which more than one character had a
hand in the victim’s fate and the murder involved multiple causes (Erwin
1993).

1.1 In search of the ultimate cause of the end-Permian biotic crisis

When evaluating the suggested causes of the end-Permian biotic crisis, it
is important to specifically look for two aspects of time: (1) timing and
(2) duration. In other words, when did it happen and how long did it take
to unfold? When assessing the validity of the causes suggested, whether
it is direct result or circumstantial evidence, it is critical to evaluate these

two aspects of time.

The first written work that alludes to the end-Permian biotic crisis was
that of John Phillips in 1860. He recognized that there was a sharp
decrease in the number of fossils between two time periods that he
dubbed the Paleozoic and the Mesozoic. His discovery however did not
spark much interest in exploring the potential causes of this event. The
pattern in the fossil record was merely observed and recorded as it
presented in the strata. It would take more than a century before a
renewed interest, and the work of Sepkoski on marine invertebrates,
prompted the question as to why the fauna in the end of the Permian was
hit so hard.

Fig 1. Stratigraphy for the Permian-Triassic GSSP at Meishan, China. Based on Burgess et al 2104.



From the outset it was apparent that the cause of the extinction is not cut-and-dry; there is a
plethora of potential culprits. When examining these potential culprits for their contribution to the biotic
crisis, one of the most important criteria is to establish if the pattern of extinction can be explained by the
characteristics of the triggering mechanism. Determining the ultimate cause of the end-Permian extinction
has proven to be difficult, in part because the apparent, and seemingly all-encompassing decline in
biodiversity, particularly in the marine realm. However, the asynchronous timing and the different pattern
of extinction observed in the various realms (terrestrial-marine, flora-fauna) provides important clues as
to what may have caused or contributed to the biotic crisis. The coincidence, in the literal sense of the
word, and interplay makes it challenging if not impossible to distinguish between these—potentially
ultimate—causes.

However, in the past decade the time resolution of the Permian-Triassic boundary has
dramatically improved. The resolution went from roughly millions of years, to a resolution high enough
to observe variation in Milankovitch cycles (e.g. Wu et al. 2013; Burgess et al 2014). This higher
resolution now allows the end-Permian crisis to be tied to the rate and/or severity of the currently ongoing
extinction. This much improved dating of the end-Permian events (e.g. Wu et al. 2013; Burgess et al
2014. See Fig. 1) also demonstrated that the onset of events, based on the duration of the carbonate
carbon isotope excursion, took place rather quickly, spanning between 2,100 and 18,800 years, with the
extinction interval itself bracketed it within 0.061 + 0.048 Mya. Whether the current, human-driven so-
called 6™ Mass Extinction is already underway is the topic of much debate and subject of a lot of research.
However, in 2011 Barnosky et al. and Ceballos et al. (2015) firmly established that the present day rates
of extinction are higher than the regular background extinction rates. Suddenly, the analogy between the
rapid environmental transition observed during the end-Permian Biotic Crisis and current events does not
seem so farfetched at all.

The improved resolution and a closer study of 537 marine species showed that in the marine
realm there were actually pulses to the end-Permian biotic crisis (Song et al. 2012). These two pulses
were approximately 180,000-years apart and affected different taxonomic groups. Song et al concluded
that, because the two pulses showed different extinction selectivity, they may have had different
environmental causes. However, it should be noted that the first pulse already eliminated around 57% of
the species. Even though this process seems to have been selective, taking out most plankton, some
benthic groups, including algae, rugose corals, and fusulinids, it is hard to imagine a game with different

players on the field to unfold in the same manner as what occurred 180,000-years previously.



1.2 Impact theory

Scientists as people are generally not portrayed as particularly trendy in the media, however their
work is most certainly susceptible to the mode de la jour. Four years prior to the publication of
Sepkoski’s diversity curve of marine fauna in the Phanerozoic, the first publication suggesting a meteor
impact as possible cause for the Cretaceous-—Paleogene (K—Pg) mass extinction rolled off the presses
(Alvarez et al 1980). This inevitably led researchers to seek an extraterrestrial explanation for the end
Permian crisis as well (e.g. Becker et al. 2004)

The fact that Permian biotic crisis and the Cretaceous—Paleogene (K—-Pg) extinction event are
different on many levels such as severity, duration, recovery etc., is widely agreed upon. However,
studying the K—Pg boundary does demonstrate what an impact boundary would or could look like; a fast-
acting medium with synchronous global aftereffect. This medium would leave recoverably traces in the
form of stratum containing iridium-rich clay, shocked quarts and/or fullerenes (spherical fullerenes are
colloquially known as “buckyballs”). While not all meteorites contain equally large quantities of iridium,
at least 86% of the ones the hit Earth (chondrites) contain on average around 330 ppb iridium whereas the
Earth’s crust only contains 2 ppb (Ehmann and Baedecker 2015).

The Earth is constantly pelted with meteorites from outer space. Most burn up in the atmosphere -
some make it to the Earth's surface. Meteorites are reduced in size as they are plasmatized in the
atmosphere, and because they are more likely to hit water than not, these meteorites often leave little to no
trace. And it is only if the erosional processes left the visible scar intact, that we can find these impact
craters. Therein lies the crucial point; no crater of the correct age and size has been found. There are
claims of an impact feature in northwestern Australia, the Bedout structure, but uncertainty regarding the
age, the lack of a spherule layer, and the lack of tsunamite has few scientists convinced (Wignall et al.
2004; Kerr 2004; Renne et al. 2004).

Another indicator of an impact by a chondrite or Ca-poor achondrite type meteorite would be an
iridium-rich layer, as found at the K-Pg boundary. Again, as with the impact structure, some claim to
have found just such layer in China, but a different group of researchers found no quantities of iridium
that could not be explained by regular accumulation over time (Dao-Yi et al. 1985). Ever since the impact
theory was coined, people have been looking for iridium-rich layers. From Hungary to China, and from
Australia to Japan, no evidence of K-Pg-like iridium spike has been found (Zajzon et al. 2012). Fullerenes
collected from lower Triassic layer in Gifu, central Japan were analyzed for their iridium content.
However, these fullerenes also contained little to no iridium, in the order of parts per billion, versus parts
per million as found in the K-Pg boundary layer (Yabushita and Kawakami 2007). Another theory that

has been put forward is that perhaps the bolide was too small to leave an observable impact crater and



may not have been the ultimate cause of the extinction, but perhaps an impact at the right location may
have triggered another event: massive volcanism. This will be discussed in the next paragraph.

1.3 Volcanism (UV and CO,)

The Siberian Traps, the most voluminous flood basalt provinces on Earth, are found in the middle
of modern-day northern Russia. The traps cover a vast area, about the combined size of the US states of
Texas, New Mexico, Utah, Nevada and California (~2000,000 km2) and enough volume to cover the
entire state of Texas in a layer of roughly 4 kilometer (Saunders and Reichow 2009). The traps were
probably even more extensive at one point, but due to erosion and burial it is impossible to determine its
exact dimensions. The lava is very thick in places, with the maximum thickness estimated at 6,500m.
High precision “°Ar/*Ar and U/Pb dating put the traps right around 251.7 + 0.4 to 251.1 + 0.3 Ma, which
makes this large igneous province (LIP) of the right age (Kamo et al. 2003). When describing large
igneous provinces, like the Siberian Traps, they are often depicted as slow but steady oozing lava. While
this may be accurate for part of the deposits—they are flood basalts—kimberlite pipes in Kazakhstan are
evidence for the more explosive type of volcano as well (Kravchinsky et al. 2002).

The type of volcano and/or lava is not all that important; more important are the gasses that were
released by the volcanic activity: not only the gases that were spewed out directly by the volcanos, but
also the compounds that were released indirectly as the magma penetrated thick layers of organic- and
halogen-rich Neoproterozoic and Palaeozoic sediments (Polozov et al. 2016). The first process pumps
large quantities of one of the main offenders (CO.) into the atmosphere, the latter frees halogens that
ended up destroying (part of) the Earth’s protective ozone layer. As the time the volcanism commenced,
the atmospheric CO,-levels were already rising, as is evidenced decreased leaf stomatal density and
carbonates found in palaeosols (Mora et al. 1996). The amalgamation of the continents into the
supercontinent of Pangea increased continentality, which reduced the overall amount of precipitation,
which in turn impeded Earth’s slow but highly effective carbonate-silicate geochemical cycle. This, in
combination with subduction related volcanism--which is always associated with high CO; release--along
the northern edge of the supercontinent, caused the global CO; levels to rise to an estimated 2800 ppmv,
compared to 403 ppmv today (September 2017) (“Earth’s CO, Home Page” n.d.). Even at those high
levels, CO, does not have much of a direct on life. For reference, the CO»-level of the air on board the
International Space Station varies somewhere between 3000-7000 ppm (Massa et al. 2016). The indirect
effects of such high CO»-levels include an increased greenhouse effect and ocean acidification, leading to
higher global temperatures and thereby altering the global climate, ocean circulation patterns and sea
level among other things (Goddéris et al. 2014). These processes obviously greatly affect life on the

planet. Jurikova et al (2017) used boron isotopes from brachiopods to assess ocean acidification levels in



the Paleo-Tethys. Different ratios of boron species are incorporated into biogenic calcium carbonate,
which can be used to reconstruct ancient seawater pH. Their results show that ocean acidification appears
to be widespread during the End Permian.

Small quantities of certain halogens like fluorine are essential for human health. However, in the
atmosphere these long-lived molecules are highly efficient at breaking down ozone, which leaves life on
Earth exposed to UV radiation. While UV-A is not entirely harmless as it can also cause skin cancer, it is
UV-B that causes damage at the molecular level. UV-B radiation is readily absorbed by DNA, which can
lead to irreparable modifications of the genome. This disrupts cellular metabolism as gene transcription
and DNA replication are blocked (Jansen et al. 1998). Through this mechanism, UV-B radiation not only
affects the health of living organisms, it also has the ability of influence the next generations, particularly
in plants as their gametes tend to be more exposed to the environment. UV-B radiation results in
malformation of pollen grains, and experimental work by Benca et al. (2018) has demonstrated that early
abortion of ovulate cones in conifers may have greatly influenced the overall reproductive health and

resilience of the vegetation to environmental perturbations.

1.4 Methane clathrate hydrate (incl. sea level and temperature change)
The weaker bonds of lighter isotopes are energetically favorable and are more easily broken than those of
heavier isotopes during biotic and abiotic reactions (Dawson and Brooks 2001). Shifts in ratios between
heavier and lighter isotopes can therefore be indicative of environmental perturbations. When the lighter
12C is released from its biotic reservoir, the 3*3C signal drops. The Siberian Traps in all likelihood did not
release enough light carbon to create the §**Ccarb excursion found in the fossil record. Research has
therefore been focused on other likely sources of relatively light carbon (*2C). Methane clathrate hydrate
form vast reservoirs of this relatively light carbon. They form under high pressure at great depths where
organic material decomposes anaerobically. Because they have a biogenic origin, the composition is light
as biological processes favor 2C over *C. The clathrates will remain stable, as long as the water stays
below a certain threshold temperature. But as the global temperatures were rising towards the end of the
Permian, and these methane hydrates like became unstable, the icy matrix of the clathrate melts, releasing
large quantities of methane into the atmosphere. This also explains the jaggedness of the negative §°C
excursion (Korte and Kozur 2010). Methane being a potent greenhouse gas, creates a positive feedback
loop where the release of the gas, will increase the amount of gas being freed.

The melting of the clathrates can hardly be viewed without taking other changes in the marine
realm into account. With the polar icecaps from the beginning of the period long gone, it seems
counterintuitive to have a eustatic low (Hag and Schutter 2008). However, factors such as continental

aggregation, oceanic area, sedimentation, mantle convection, superplumes, large igneous province



emplacement, and ice volume all greatly influence the global sea level (Muller et al. 2008). Newly formed
oceanic floor at mid-ocean ridges sinks into the Earth's mantle as it cools. If the seafloor spreading is
relatively fast, there is relatively little time for the newly formed floor to sink back into the mantle. If the
spreading is slow and the floor has time to slowly sink into the Earth’s mantle, it causes the whole
oceanic floor to drop because the sinking process drags the whole slab down. This increases the global
ocean basin depth and thus lowering sea-level. The speed of the spreading of the crust is determined by
mantle convection. Evidence for mid-ocean ridges, their position, the speed at which they spread etc. is
based on magnetic anomalies. As the ocean floor is constantly being subducted and almost the entire

ocean floor is 200Mya or younger, the Permian — Triassic ocean floor can only be modeled.
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Fig 2. Amount of years it takes various sources to change sea level. Redrawn from Miller (2005)

Miller et al. (2005) collected data on the various processes that can influence fluctuations in
global sea level and the timescale at which these processes can operate (Fig. 2). E.g. thermal expansion of
water can occur relatively quickly, but it can only account for 6-7 meter sea level rise. The accumulation
and or melting of ice can also happen in 10,000 years or less but can change the sea level by roughly 120
meters. Based on their estimates and considering the rate and magnitude of sea level rise towards the end
of the Permian can best be explained by a change in seafloor spreading, continental collision and the
building of mountains and the subsequent erosion and ensuing sedimentation.

The continental aggregation also meant that underneath the supercontinent heat could build up as
the result of continental insulation. A building plume underneath a plate can lead to isostatic lift, which

results in sea level drop. Continental insulation can also explain the formation of the aforementioned



Siberian Traps as well as the inevitable break-up of the supercontinents in general and Pangea in this

particular case.

1.5 Oceanic anoxia and hypercapnia

Looking at the marine fossil record and specifically at the families that survive the end-Permian biotic
crisis it becomes evident that the crisis was highly selective. Genera and families of organisms did not go
randomly extinct: there is a clear link between the physiology of the organism and its chance surviving
the biotic crisis (Knoll et al. 2007). Organisms categorized by characters such as low metabolic rate,
limited or no circulatory system, and limited respiratory surfaces were hit particularly hard (Knoll et al.
1996). About 81% of the genera that fell into that category disappeared, while the organisms that did not
only suffered about a 38% reduction. This selectivity, combined with other proxies such as §**C signals
from marine carbonates and pedogenic carbonates, and plant stomatal density allows for a better
understanding of the environmental conditions that precipitated the biotic crisis (e.g. Retallack 2001;
Payne et al. 2007).

While whole-ocean anoxia has been disproven, there are clear indicators such as pyrite abundance
and 8C signal suggest local anoxia, hypercapnia (physiological effects of elevated PCO,), acidification,
toxic sulfide and an overall shift towards a more reducing marine environment (Cui and Kump 2014;
Algeo et al. 2010; Knoll et al. 2007).

With the rising global temperatures and increasing CO; levels towards the end of the Permian,
oxygen levels in the ocean dropped and relative carbon dioxide levels rose. Higher water temperatures
also lead to increased stratification and stagnation of global ocean circulation (Kiehl and Shields 2005).
Modeling the combination of a stagnate ocean and warm high latitude surface air temperature shows that
there was a shift in the later Paleozoic atmospheric circulation which led to an increasingly arid interior

whole the coasts experienced seasonality (Tabor and Montafiez 2002).

1.6 Other (under-explored) mechanisms

Another source of methane put was forward by Rothman et al (2014). They suggested that as a result of
the influx of nickel into the oceans from the Siberian Traps, methanogens that were previously limited by
the amount of available nickel, now flourished and developed news pathways that enabled them to
efficiently convert marine organic carbon into methane (Rothman et al. 2014).

In water with a stable thermocline, oxygen levels at the bottom drop as bacteria decompose
organic matter. If there is little to no mixing, sulfate reducing bacteria can produce H.S in these anoxic
waters. H2S, which can build up in stratified waters to be released in one fell swoop into the atmosphere,
has been suggested to decrease the amount of ozone in the stratosphere (Kump et al. 2005) . However,

while Kaiho and Koga (2013) do not disagree the release of the H>S itself, their calculations suggest that



the hydrogen sulfide is oxidized at a relatively high rate which would result in a very limited effect on
stratospheric Oz and therefore would not lead to an increase in UV-radiation levels near the surface
(Kaiho and Koga 2013). Of course elements that cause acid rain, sulfur, and to a lesser extent nitrogen,
are expected to have an effect on the ecosystem as the acid rain leaches the base cations out of the soil
which are therefore lost to the vegetation. While ecosystems can recover from acidification, studies done
on modern ecosystems show that this is a very slow process (Likens et al. 1996). Based on a study by
Black et al. (2013), who modeled global patterns of acid rain as a result of the Siberian Traps, particularly
the northern hemisphere would have experienced acidic precipitation. In that regard, it is important to
remember that most of our knowledge of the fossil record comes from the northern hemisphere. This is
the largely the legacy of the historical collection bias. Many older paleontological studies were carried out
and written up by north-western Europeans. While researchers are working hard to resolve the
discrepancy between the northern and southern hemisphere, the fact remains that the fossils records is
skewed (DiMichele et al. 2008).

1.7 Conclusion: Lethal Synergy

The end-Permian biotic crisis currently cannot be seen nor explained as one single event with one single
cause. Multiple systems failures, that co-occur with the onset of the lava flows and associated gas release
of the Siberian Traps, may well have had a cascading downstream effect that culminated in the massive
biotic crisis. The amalgamation the continents led to a change in ocean circulation which changed the
global climate. While global average temperatures were higher than in the preceding period, the
weathering of silicate rocks was reduced. Orogenesis that exposes unweathered rock slowed and
precipitation needed for the chemical weathering was reduced by increased continentality. Reduced
precipitation also limited terrestrial primary productivity. Carbon dioxide was now not only released by
volcanism, it was also less readily recycled, reused and fixed. Increased CO, levels raised global
temperatures, caused ocean acidification and oceanic anoxia. Anoxia led to the production of hydrogen
sulfide which, together with the halogens released from the salt layers in Siberia, damaged the Earth’s
protective ozone layer, affecting the fitness of flora and fauna in the marine as well as the terrestrial

realm.



PART 2 : To expect the expected — or is the Permian-Triassic (and Jurassic) plant fossil record

likely to hold surprises?

2.1 Factors feeding into the (plant) fossil record

Part 1 of this this chapter not only to sketches the background of all the environmental factors in play
during the end-Permian biotic crisis, but also serve to set the stage for the questions addressed in the next
chapters. Most of the fossil data used in studying the end-Permian crisis is from the marine realm, but
what do we know about what precipitated on land and specifically to the plants on land? While there is an
unavoidable taphanomic overprint where climate zones shifted altering the preservation potential, it
appears that ecosystems previously dominated by sphenopsids and glossopterids are now mainly occupied
by peltasperms, ginkgophytes and cycdophytes (Rees 2002; Looy et al. 2014). Both in Northern China
and in Euramerica groups such as gigantopterids and sphenopsids disappeared or declined in abundance
while others such as ginkgophytes and particularly conifers increased. The apparent absence of (local)
vegetation therefore seems more a results of turn-over rather than a worldwide die-off of vegetation
(Retallack et al. 1996; Rees 2002). With the plant fossil record being relatively sparse as it is, the question
I will address in this part of the chapter is: based on the information available from the largest paleo
database, how bad is the plant fossil record really or, Is the Permian-Triassic plant fossil record likely to

hold surprises?

Irrespective of the ultimate cause of the end-Permian biotic crisis, the effect on life on Earth was profound
as is evidenced by the fossil record. The result of the severe environmental disturbance is particularly
well-recorded in marine sediments, where the fossil records tend to be more continuous, better preserved,
relatively less prone to erosion and probably most important of all; the organisms that preserve well, tend
to do so in great numbers. On land, the fossil record often has a much lower resolution regarding both
time and (preserved) diversity. This is particularly pertinent to the situation in the Permian and the
Triassic, when the world climate shifted from an ice house world to a hot house world. This hotter and
drier environment is much less favorable for the preservation of fossils. That is not to say there are simply
fewer organisms to fossilize per se, but that the chance of an organism living, dying, and then preserving
in a generally hotter and drier world is much slimmer (Looy et al. 2014).

In the Permian, Gondwana and Laurasia merged to form the enormous supercontinent Pangaea.
Where the plates collided, the Central Pangaean Mountain Range formed, creating a physical barrier
between the southern and northern half of Pangaea. The increased continentality of the mega continent

caused a rapid shift in the Permian towards drier conditions with significant drop in annual rainfall: an
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estimated decrease of 800 mm/yr (Watson 1992). This shift took place relatively quickly and had an
enormous impact on the vegetation and its preservation (Looy et al. 2014). Not only altered oceanic
current and decreased precipitation but also an increased evapotranspiration as a result of rising
temperatures, lead to an even greater change in water availability (Barron 1981). With a mountain range
across central equatorial Pangaea and deserts flanking both sides, plants were forced to adapt and/or
migrate. The hot and dry conditions pushed the vegetation towards the poles. These poles, which now
formed so-called refugia, had been covered with icecaps during the Carboniferous, but had melted under
the hot conditions of the Permian (Burgoyne et al. 2005). The biodiversity hotspots are thought to have
shifted away from the equatorial region and sought refuge in more temperate regions. This shift poleward
might have positively influenced the rate of diversification as plants explored new habitats and competed
over limited resources.

Fossils offer information about past biodiversity, species origination and extinction and past
climate. As the current climate is changing rapidly, the search for potential precedents and patterns is
invaluable. Since the discovery of the Rhynie Chert in the early 1900s people have purposefully been
collecting, studying and describing plant fossils in the hopes of expanding the knowledge about plant
evolution and life on earth in general. Even though the plant fossil record around the end-Permian Biotic
Crisis is sparse, it is evident that there was no mass extinction in the floral realm. In fact, none of the plant
groups went extinct. There was a clear shift in the makeup of the vegetation, or turnover, but the overall
diversity was hardly impacted (Knoll 1984; Willis and McElwain 2002). The changing climate spurred
plant lineages to alter their modus operandi or rather their modus vivendi. Having a reproductive cycle be
independent or less dependent on water availability, was advantageous. Seeds plants dominated the world
flora during the Permian: the already in place Cordaitales and pteridosperms further diversified while new
groups of Cycadales, Ginkgoales, Bennettitales and Glossopteridaceae emerged. Most sources seem to
agree that the genus of Cordaitales does go extinct at the end of the Permian, some sources argue that it

persists into the Triassic (Seward 2011).
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Fig. 3. Plant diversity in the Phanerozoic, with five mass extinctions. Redrawn from Niklas et al.(1983)

Regardless of the precise timing of the disappearance the Cordaitales, the fact remains that plants are
much less affected by the end-Permian crisis. This can partially be explained by certain characteristics
that only plant possess, such as simple “dietary requirements” (water, light, CO, and nutrients), resistant
propagules, resilience to mechanical and in some cases chemical and even radiation damage, asexual
reproduction (stolons or runners), and genetic flexibility (hybridizations, polyploidy and selfing)
(Traverse 1988).

Even though most plants families seem to survive the end-Permian Biotic Crisis unscathed, with
the terrestrial plant fossil record being as scant as it is, the question remains: does the fossil record
provide us with enough and reliable enough data to make sound inferences? What are the chances that we
grossly undersampled a time interval? To clarify, | will not be looking at the absolute diversity, but a
relative measure of diversity based on data from the Paleobiology Database, supplemented with data from
two literature searches. This data is not adjusted or corrected for the total rock surface area of a specific

age, which does differ per period/epoch, but only marginally (see Fig. 4).
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Fig 4. Ages and areas of geologic map units exposed in North America for Phanerozoic periods and
epochs (after Wilkinson et al. 2009 and Gilluly 1969).

There is obvious sampling bias in most fossil collections. Reasons for sample bias include (but
are not limited to): predilection for specific charismatic specimens aka “taxonomic favoritism”;
differences in recovery effort; differences in fossilization potential; conditions needed for fossilization are
relatively rare and certainly not randomly spaced; and differential exposure and exploration of fossil-
bearing rocks. The number of species recovered from a locality also depends on the number of individuals
sampled: the more samples you collect, the more species you will find—up to a point, particularly in a
heterogeneous assemblage (high a-diversity). When sufficient samples have been collected and identified,
the recorded diversity should reach an asymptote. Raw species richness is only meaningful when
sampling is intensive enough for the asymptote to be reached; even then, because the fossil record is
hopelessly incomplete, we cannot calculate ‘true’ diversity (Alroy 2003).

Diversity studies have only relatively recently begun to take into account sampling bias in
guantitative ways (Miller 2000; Miller and Foote 1996; Jackson and Johnson 2001), particularly for
studies of fossil plant diversity. The biases are both spatial and temporal. The position of a sample site of
Permian strata and a sample taken from Jurassic rocks at the exact same modern-day location may in fact
represent vastly different paleolatitudes, up to 25 degrees difference as a result of plate tectonics (Rees et

al. 2002). These are important considerations because the massive shift of most continents northwards of
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about 25° during the end-Paleozoic and the early Mesozoic, which also covers the Permian-Triassic
boundary (PTb), now not only means a variable in time, but also in place.

To visualize plant diversity through time and space | analyzed data retrieved from the
Paleobiology Database. | used rarefaction to correct for the effect of sample size on diversity (Krug and
Patzkowsky 2007) and an empirical mathematical formula to approximate the resulting rarefaction curve
and estimate the position of the asymptote thereby estimating the total species diversity. Rarefaction also
corrects for differing area of outcrops per interval, as it correlates with number of localities However, it
does not take into account the number of areas, which in itself affects the diversity counts, because more
area, samples more different habitats (Barnosky et al. 2005).

This study aims to get a handle on whether the current findings—that are in the Paleobiology
Database—are sufficient to make reliable estimates about the relative diversity and whether new findings

will upset the status-quo. This information is based on the data that is currently available and accessible.

2.2 Methods

2.2.1 Data
I have used two data sources. The bulk of the data was retrieved from the Paleobiology Database in July
2017. Additional data was collected in two separate literature studies. One was done by Rodney Owen as
part of his undergraduate research apprenticeship and another by Robin van der Ploeg as part of his
master thesis work. The starting point of both their studies was a file of the original Rees data from 2002,
which at that point was only partially uploaded to the Paleobiology Database. Owen and Van der Ploeg
focused on cleaning the data by correcting erroneous age data, updating and correcting botanical affinities
and—if applicable—adding plant organ information. They focused on finding plant fossil data not yet in
the Paleobiology Database of Permian and Triassic age respectively.

Figure 5 shows the distribution of samples and genera per time bin of the data retrieved from the
Paleobiology Database (in red) and the additional data that was found during the two literature studies.
These studies focused exclusively on Permian and Jurassic material, hence the clear lack of extra data for

the interval of 199 Ma and younger.
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Fig 5. The number of samples and genera compiled from the Paleobiology Database, with leaf data
parsed out, and the extra data that was obtained through two separate literature studies.

The plant data retrieved from the Paleobiology Database included all plant organs and the
composite geographic range between 299 Mya and 145 Mya. The data was cleaned for ortographic errors,
renamed taxa and minor inconsistencies such as switching family suffix with an order suffix and vice
versa. For some of the analysis the data was split up in 20Mya time bins, which roughly corresponds with
5 intervals per period or otherwise corrected for variable epoch length is these periods. Depending on the
type of analysis, splitting up the periods by epoch may lead to a skewed interpretation as some epochs
cover significantly more time than others. For example, the Late Triassic is almost 7 times longer than the
Early Triassic, all other things being equal, which would theoretically lead to an overinflated diversity
estimate that cannot be readily compared to a shorter interval. Additionally, we know all things are not
equal, and we must therefore rely on assembling and analyzing large numbers of locality-specific biotic
inventories such as the data compiled in the Paleobiology Database (Alroy et al. 2001).

The dataset was retrieved from the PBDB contains a large number of non-leaf plant organ data,
including fossil spores and pollen. Fossil plant remains are often found disarticulated; complete
specimens, from root to shoot with reproductive structures are very rare. Plant classification systematics
are based on shared features. As a result it may be possible for two fossils, of two different parts of the
same plant, to have two different and apparently unrelated names. Because it is impossible to establish a
measure for false diversity caused by paleobotanical taxonomy, in some case | limited the analysis to the
use of fossil leaf data only. Figure 6 shows the discrepancy that arises from using all the plant entries in
the database versus only the fossil leaf data. To make the leaf data visually comparable to the combined

data, | had to decrease the y-axis tenfold. While the overall trend seems to hold a noticeable discrepancy
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in the 282-272 bin can be explained by the additional data that was acquired during the two literature
studies.
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Fig 6. Leaf data versus all plant records.

2.2.2 Rarefaction and diversity estimation

Rarefaction is a mathematical approach to determine the relationship between diversity and
sampling intensity in order to predict the expected diversity for smaller sample sizes (Raup 1976). The
rarefaction curve shows whether the diversity has reached the asymptote, given the number of samples
available. Therefore | fitted an analytical approximation through the rarefaction curves to determine the
position of the asymptote. The approximated diversity (f) is determined by the sample size (n), the
asymptotical diversity (d), the range (r) at which the observed diversity equals half the asymptotical
diversity and an empirical parameter (p) controlling the parameter (p) controlling the curvature of the
function.

f(n)=d< (n/r)P >

14+ (n/r)P

The parameters (d, r and p) were fitted using a least squares objective function (O) with R the rarefaction

o Z (f —an-)Z

The results of the fitting procedure were expressed as the residual error (objective function), the

curve and f the analytical approximation.

correlation coefficient between the rarefaction curve and the analytical approximation and the sampled
diversity, being the observed diversity as a fraction of the asymptotical diversity. The rarefaction was

performed using the rarefaction function written by Jacobs which is available through her website (Jacobs
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2008). The rarefaction as well as the curve fitting was done in R (R-3.4.2) and R-studio (RStudio Desktop
1.0.153).

The estimated values of this asymptote parameter were used to study the relative plant diversity
across the globe during the different time intervals. Specifically, | studied the relative diversity through
time, and whether the additional data that became available through the aforementioned literature studies

changes the pattern.

2.3 Results

2.3.1 Data

Table 1 shows the total number of locations, number of individuals and the number of unique individuals
as the raw data was retrieved from the Paleobiology Database and the additional data from the two
literature studies.
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Table 1. Data from Paleobiology Database, plus the additional data from two literature studies.

Total number Total number  Total number of unique
of sites of individuals  occurrences
All Plantae 2932 29,512 567
Leaf fossils only 1695 14,454 97
Percent decrease when using leaf 42% 51% 83%
fossils only

2.3.2 Plate tectonics and sampling bias

Figure 7 illustrates the directional movement the sample sites underwent since deposition of the fossils
based on the present-day coordinates and the paleo latitude and longitudes associated with the sample
sites. If all the samples fell onto the one to one line it would mean that none of the sample sites had
shifted between the deposition of the fossil and the time it was unearthed. However, there is an upward
trend which corresponds with the northerly movement of the continents. Only very few locations have
moved southward, primarily the result of the rotation of Laurasia (Dietz and Holden 1970). The outlier on
the paleolatitude of 0° and modern latitude of -80° is almost certainly caused by missing or erroneous data
entry in the database. We also observe a lacuna in the modern latitude sampling locations between 20°
and -20°, which is the result of relative little landmass at this particular latitude, but also encompasses
most the worlds’ rainforests, which are for practical, historical and/or geopolitical reasons understudied,

undersampled and/or underreported.
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Fig 7. The directional movement the sample sites since deposition.

The high density of sampling locations in the modern latitudes between 20° and 60° is also—at
least partly contributable to bias. Figure 8 shows the relative sample distribution where the total number is
samples is divided by the size of the particular continents. We see that a relative high number of locations
can be found in Europe and Asia, both of which are positioned for respectively 100% and 95% on the
northern hemisphere. This is not only the result of actual sample bias regarding the physical sampling
locations, but also the (original) language in which the report was written up, where and if it was

published in (readily) accessible works and if those were then incorporated in the (various) databases.
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Fig 8. The relative sample distribution where the total number is samples is divided by the size of the

particular continents
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2.3.3 Origination and extinction

Figure 9 shows the total number of plant genera, the number of originations and extinctions and the
survival rate from the beginning of the Permian until the end of the Jurassic based on PBDB data plus the
extra data. Diagram A and C do not include singletons; diagram B and D do. This dampens the signal, but
the peak at 252-242 and trough at 272-262 in diagrams A and B remains clear. The peak at 252-242 of
originations and extinctions signals high turn-over and leads to the dip in the survival rate of the genera. C
and D represent the survival of the different genera based on range-through, looking 3 bins ahead, hence
the obvious drop towards the end the Jurassic where everything seemingly goes extinct, because that is

the data ends not the genera.

—r—r— total number of genera | | . —r—r— total number of genera
origination origination

R extinct @ i . e extinct
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——— survival rate (excluding singletons) ——— survival rate (including singletons)
292302 272282 252262 232242 212-222 192202 172-182 152162 292302 272282 252262 232242 212-222 192:202 172-182 152162

Fig 9. The total number of plant genera, the number of originations and extinctions and the survival rate
from the beginning of the Permian until the end of the Jurassic.

Figure 9 only provides a rough estimate of the diversity based on the number of genera appearing and
disappearing from one time bin to the next. Figure 10 is another way of visualizing the same data, but it
provides a better indication of the longevity of the various genera. For a more comprehensive
interpretation of the data and diversity, | used a method by Alroy (2014) the results of which are in figure
1laand 11b.
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end of Jurassic 6 may either be a true last occurrence, but more like the result of not looking to
Cretaceous 1.
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Table 2. Overview of period and epochs duration as used by Alroy.

Beginning Endin Duration

in Ma Ma in Ma
Jurassic 6 152.1 145.0 7.1
Jurassic 5 166.1 152.1 14.0
Jurassic 4 170.3 166.1 4.2
Jurassic 3 182.7 170.3 12.4
Jurassic 2 190.8 182.7 8.1
Jurassic 1 201.3 190.8 10.5
Triassic 4 227.0 201.3 25.7
Triassic 3 237.0 227.0 10.0
Triassic 2 247.2 237.0 10.2
Triassic 1 251.9 247.2 4.7
Permian 4 259.1 251.9 7.2
Permian 3 273.0 259.1 13.9
Permian 2 290.1 273.0 17.2
Permian 1 298.9 290.1 8.8
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Fig 11. Estimated extinction rates without singletons, corrected for epoch length using different equations

based on Alroy (2014).
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All the lines in figure 11 show a measure of estimated extinction rate. The red line represents the
difference between the origination and extinction rate of boundary crosser, corrected for the bin length.
The green line is the so-called three-timer estimate which reflects boundary crossers, but focuses on a
four-interval moving window as to include two successive time intervals and the genera are therefore
extant at the boundary between them. The blue line uses "gap filler data” (Alroy 2014) which looks 2
bins forwards (ignoring 1 bin forward) and 1 bin back and is therefore better at assessing potential
Lazarus taxa.

While there is some variation between the figure 11A and 11B, the pattern based on all the PBDB
data or just the leaf data from PBDB, is comparable. A noticeable difference is while the leaf data and the
PBDB data seem to hold the same trend, when including the extra data in the analysis, the different data
sets do give a different estimate of the timing of the greatest extinction rate, shifting from Late Permian
for both the PBDB data and the leaf data from PBDB to the Early Triassic with addition of the extra data.
The extra data collected in the two literature studies showed that a portion of the genera previously
deemed to be at the end of their respective ranges in the late Permian, in fact made it past the Permian-
Triassic boundary. This is effect particularly important when considering data that is currently entered
into the Paleobiology Database. While databases are unarguably imperative to collect, reposit and retrieve
information, drawing conclusions solely based information in any particular database without considering

its potential shortcomings, may lead to erroneous conclusions.

2.3.4 Rarefaction analysis

Under ideal rarefaction analysis conditions, the distribution of taxa within the studied area is even, all taxa
are equally common (or rare) and all taxa had the same chance of becoming fossilized. Of course, in the
real world these criteria are never met, which is among the reasons why these numbers cannot be
translated into actual global or y-diversity. One way to combat this inherent “sampling” error is by
limiting the study area and focusing on local diversity or a-diversity as opposed to globally distributed

samples (Rees 2002). However, obtaining an estimate of the global diversity is not the focus of this study.
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Fig 12a. Rarefaction curves per 10MYA bins, from Permian through the end of the Jurassic. All data sets
exclude singletons.
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Figure 12a shows 16 individual diagrams for each 10Ma time bin, from the beginning of the
Permian through the end of the Jurassic. In each diagram the colored lines are the rarefaction curves based
either the leaf fossils from the PBDB (green), all the PBDB data (blue) or the PBDB data plus the extra
literature (red). The rarefaction curves were produced to estimate the maximum global relative diversity
based on the fit through the rarefaction curve and the position of the asymptote. The asymptotes are
reflected by the colored dotted horizontal lines.

Figure 12b shows the same data, but binned per epoch. Particularly when the ages of the
specimens are unclear, either from unresolved ages of the strata or lack of resolution, they will—by
default—end up in the middle of an epoch or period. If the data is then binned, it creates artificial data
richness in the middle bins. This problem is particularly evident when looking at the 282-272 MYA bin in
12a and the Permian 2 bin in 12b. Both these bins contain the middle of the entire Permian period at
around 275 Mya. Because the rarefaction curve and its asymptote in 12a is based on 10 MYA and the one
in 12b on approximately 17.8 Mya, the relative diversity estimate falls from 380 to 290 genera, which is

the result of data inflation around the period’s midpoint.

Table 3. The rarefaction parameters for rarefaction curve with most data and highest asymptotic
diversity (see figure 12b)

diversity range power residual correlation f_diversity f _range
Permianl 244 2059 0.61 0.0262 1.0000 0.42 1.68
Permian2 288 1123 0.70 0.1826 1.0000 0.71 0.26
Permian3 235 911 0.64  0.1980 0.9999 0.74 0.19
Permian4 197 1490 0.61 0.0228 1.0000 0.49 1.10
Triassicl 264 557 0.79 0.0662 1.0000 0.62 0.54
Triassic2 241 600 0.76  0.0270 1.0000 0.65 0.45
Triassic3 177 776 0.65 0.0680 0.9999 0.55 0.75
Triassic4 171 959 0.61 0.0708 0.9999 0.65 0.36
Jurassicl 125 914 0.54 0.1742 0.9995 0.49 1.09
Jurassic2 153 10000 0.36 0.3661 0.9980 0.36 5.15
Jurassic3 95 1385 0.39 0.5482 0.9960 0.55 0.67
Jurassic4 158 5697 0.40 0.1414 0.9996 0.46 1.55
Jurassics 208 7109 0.40 0.3525 0.9993 0.41 2.58
Jurassic6 109 612 0.60 0.0620 0.9998 0.45 1.42
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In table 3 the asymptotic maximum diversity, range, power parameter, error, correlation,
f_diversity and f_range are listed. F_diversity is the observed diversity as fraction of estimated asymptotic
diversity. A value of 0.50 therefore means we expect the “real” diversity to be double that of the diversity
based on the current findings. F_range is the number of samples as fraction of number of samples at
which half of asymptotic diversity is observed. In other words, the further removed from 0 the value of
f_range is, the less robust the asymptotic maximum estimate is and the more the analysis would benefit
from added more samples to the data. The particular low value of 0.19 for f_range in Permian3 means that
new findings are unlikely to upset the current estimates, while e.g. Permianl would need more samples to
reach the f_diversity of 0.50.

The rarefaction curve of all the PBDB data in Jurassic5 seems to fit as well as the curve of e.g.
Jurassic4. However, the sampled diversity in Jurassic5 is only at 41% of the asymptotic diversity, which
combined with the relative high asymptotic diversity, produces a less accurate estimate than most other
intervals. Figure 13 is a visualization of the asymptotic diversity through time with error bars. The error
band (ocher) flaring out both left and right of the boundary event, shows that the analysis would benefit
more from additional data surrounding the extinction event window rather than adding more information

about the Late Permian and Early Triassic.

Calculated asymptotic diversity
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Fig 13. Calculated asymptotic diversity from the beginning of the Permian to the end of the Jurassic, plus
error bars shaded in ocher.

All the modern geographical coordinates associated with the sample sites were converted to
paleocoordinates. These paleocoordinates are plotted on paleogeographical maps in figure 14. It not only
shows the disposition towards the northern hemisphere, but also the unevenness of the distribution of the

samples overall. Gondwana also appears to be grossly understudied, undersampled and/or underreported,
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at least regarding plant fossils. The red dots, which represent the data that was collected for the 2

additional literature studies, do

not significantly contribute to a wider spatial understanding of the

diversity.
302-292 292-282 282-272 272-262,
a - o 2t o jif=] 9 do “ i
D P 0 . D=L 0 o e o = [ Rt
1> DTS - L N el
™ oy = P L
o “-, o .}--5 . o "-0" . Ho = . -
. . L [} R ) i, .

%: a’.-j L4 .~c' . .." %, . ..'f'.... . L %, :'l‘:‘q.‘.. * = - -‘..’ %: R . st e
150 50 0 507 100 150 ||-150 ‘' 0 50 100 159 -150 Fo* 0 45" 00 156 || -150 50, 0 50 100 150
262-252s, 252-242 242-232 232-222

2 Rk 12 ., {2 - 12 . -1
 “dgps - g _ S
an b D os o . .~
o - o) do - '] o 4o s do & s
- l;.‘w (3 LY L
2 Bl T D . Sl i . 418 c
7 L) Pory }O 7 [T Y i i - .
150  «50, 0 50, 100 %0 ||-150 50 "0 50 +100 159 ||-150 50 0 50 180 130 ||-150 50 0 50 %00 150
22%‘-212 . 212-202 | 202-192 192182 o
2 . ¥ * e pions {12 AP 1z s ® . R 1o ¢ ., -,’f L4
1 - R S o . L
[=] ‘, * . B =] : Bil=] B =] .
o 5 o o . o % .
@ e L. - 1= . e 1= -
150 50 0 50 100 150 ||-150 50 0 50 100 150 ||-150 50 0 50 100 150 ||-150 50 0 50 100 150
182172 . 172-162 - 162-152 1% 152-142 .
o . T o [} e T i . veg o L
0 el 0 i Aoy arggE o 7 e s B o e
o - L | P - 4 | ta 15
-l * exfra
3 : 13 . 13 s 18 : » PBDB
150 50 0 50 100 150 | -150 50 0 .50 {00 150 | -150 50 0 50 <foo 150 150 50 0 50 |° leaves

Fig 14. Position of the plant samples, based on converted modern coordinates, plotted on paleomaps.

2.4. Discussion

The compiled data shows a drop in plant genera diversity around the Permian-Triassic boundary.

Considering the small error margins (see Fig 13) in the end Permian through the Triassic data, this seems

a robust pattern. However, the ideal conditions for a rarefaction analysis would be an even distribution of

taxa within the studied area, that all taxa are equally common (or rare) and that all taxa had the same

chance of becoming fossilized and an equal chance of getting correctly identified. Because real world

conditions are not ideal, data can easily get skewed. For example, if for a specific data entry effort on one

specific taxon for one specific time intervals is entered, it will influence the shape and height of the

rarefaction curves. It would make them look as if the maximum diversity has been reached because with

every “new draw”, you draw the same taxon. Which would make it look like a robust, but taxon-poor

reading. One way to avoid this problem is to go up in taxonomic level. A side effect of this may be the

loss of finer patterns, but it does reduce the risk splitting similar taxa in different groups as a result of e.g.

preservation quality and therefore identifiability. All the analyses presented here are based on genera level

identification, resulting in a more homogeneous dataset that is likely to underestimate diversity levels, but

gives more comparable predictions from one epoch to the next.
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Selective data entry may also be the cause of the pattern seen in figure 11, where additional data
extended genera range and thereby putting the peak of plant turnover in the Triassic rather than at the
Permo-Triassic boundary. The Triassic-Jurassic boundary is one of the less studied (faunal) mass
extinctions, not in the least because there is a lack of plant palaeoecological evidence. However, the little
that we do know indicates major palaeoecological disturbance (McElwain and Punyasena 2007). The
effect of this disturbance can be seen in the diversity transition from the Late Triassic to the Early Jurassic
(Fig. 11). The lower diversity levels persisted through the Jurassic, not only on a global scale, but also on

a more regional scale.

2.5. Conclusions

The analysis presented here provides a seemingly robust trend which shows a drop in diversity during the
Permian Triassic transition. While rarefaction can give an unbiased estimate of global and regional plant
diversity, it goes without saying that mathematical data analyses are only as good as the data that goes
into them. While the trend itself may hold, the overall diversity estimates will most likely increase as
other, hitherto un- and under explored fossil beds are discovered and recorded in publically accessible
databases. Additional data will not only to resolve the extinction and turn-over patterns, but particularly to
resolve the lack of spatial resolution. There are entire continents that are underrepresented in the currently
available data. Based on the analyses presented here, it is likely that new data has the potential to upset

the current estimated diversity.
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Chapter 2: Silica 1n plants — main act or

sideshow?
— areview of the role of silica in plants —

Abstract

Silicon (Si) is the second most abundant element in the Earth's crust. As the minerals containing silicon
weather, they can form monosilicic acid. In this form, it can be taken up by the roots of land plants to
either remain in solution or to be deposited in plant tissue as phytoliths. The uptake of monosilicic acid
was initially thought to be entirely passive process. More recently, however, it has become clear that
many plants have developed several pathways to actively absorb silica. Incorporating silicon in plant
tissues has a multitude of benefits ranging from structural support to defenses against a myriad
environmental stresses, herbivory and pathogenic invasion. On a molecular level the role of silicon
remains unclear. It is however evident that plants, particularly under stress conditions, benefit from bio-

available silica.

1. Introduction

Phytoliths, microscopic structures made of silica (SiO;), are commonly studied plant micro-remains.
Phytoliths are small yet robust silica particles produced by many plants. As the dissolved silica
precipitates inside the various tissues, the phytoliths take on the shape of the cell, which can—depending
on the specific plant lineage—be diagnostic acting as indicators of their past presence. In the last decade,
approximately 500 papers and abstracts were published that mention the word phytoliths in the title and
another roughly 6,700 refer to phytoliths in the main text (source: Google Scholar, search term
‘phytolith’, downloaded July 3, 2017). Most of these publications deal with archeological questions,
paleoenvironmental studies or geochemical investigations. As such, the majority of those papers sidesteps
the function of biogenic silica or briefly list the most commonly acknowledged properties. To better
understand the role of phytoliths and silica in plant function and their potential advantages and
disadvantages, this review provides a summary of studies on the importance of silica in plants. This
review discusses the history of phytolith research, the mechanisms of silica uptake by plants and phytolith
formation, the importance of dissolved silica in biochemical pathways and the benefit of phytoliths to
plants. Silica plays a role in the core biochemical cycling of ethylene (C.H.) and it aids plants in the
protection against abiotic stress factors (climate, salinity, radiation) as well as biotic stress factors
(pathogens, herbivores). Reported and suggested benefits of silica and phytoliths are critically reviewed

and further research directions are listed.

36



2. A short history of phytolith research

Phytoliths were first described in living plants by the German Gustav A. Struve in 1835 (Figure 1; Struve,
1835). A decade later, Christian G. Ehrenberg, a biologist who specialized in micro-organisms, published
a more systematic approach in the form of a thesis titled "Passatstaub und Blutregen” (Trade Wind Dust
and Blood Rain; Ehrenberg, 1849). He also analyzed the dust samples collected by Charles Darwin
during his voyages on the Beagle (Darwin 1909). Darwin had noted the copious amounts of dust raining
down onto the ship while sailing to Cape Verde, off the coast of Senegal (Darwin 1909). Prior to
Ehrenberg’s work, it was assumed that trade wind dust consisted of volcanic ash or mineral particles
blown into the atmosphere from deserts (e.g. (Murray and Irvine 1892). However, the specimens that
Darwin collected between 1834 and 1838 and sent to Ehrenberg for examination contained a variety of

infusoria (aquatic microorganisms) and phytoliths (Ehrenberg, 1849).
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Fig 1. A reproduction of one of Stuve’s original drawings of Equisetum from 1835.

In the early 1900s, the fifty years that followed Ehrenberg’s work, most phytolith publications were
focused on morphology and taxonomy. At the turn of the 19" century, Schellenberg in 1904 was the first
to use phytoliths to identify wheat and barley residues on archeological artifacts of aeneolithic age (6000-
5100 B.C.) (Pumpelly 1908). Prior to the using phytoliths as an archeological tool, the benefit of silica to
plant growth was known and described. Publications dating as far back as 1848 mention the benefits of

fertilizing crops with silica-rich materials such as the ashes of burnt left-overs from previous harvest or
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pozzolan, a silica-rich volcanic deposit (Morfit 1848). Especially for silica accumulators (>1% Si dry

weight) like wheat, maize and rice, silica is a critical element.

3. Silica uptake and phytolith production

Before discussing the functions of the silica inclusions in plants, it is important to understand the
mechanism by which the silica is absorbed and where it is deposited. Silicon is the second most abundant
element in of the Earth's crust, mostly bound in silicate minerals (mainly silica (SiO,) (Kump et al. 2010).
Silica dissolves, generally at slow rates, to form monosilicic acid or orthosilicic acid (H4SiOa):

SiOZ(u—quartz) + 2H20<—>H4Si04 (aq)
Though from a structural standpoint it is better to write:
Sioz(a-quartz) + 2H20 Ad SI(OH)4 (aq)

Plants take up water, together with dissolved silica and other minerals, through their roots. The cohesion
of the water, combined with the osmotic pressure, which may or may not be the result of evaporation,
leads to an inward flow of water and the dissolved minerals. The solution passes through the epidermis,
endodermis and vascular tissue before it is pulled in the xylem vessels by tension, and transported to the
other plant organs (Sperry et al. 2003)

plasmodesmata

cell wall > apoplastic pathway \
cytoplasm [ —> symplastic pathway )
vacuole

— = (through cytoplasm) Y,
> (through cellwall) ____/

Fig 2. Water transport in plant cells. Modified after Reece et al. (2014)

Within the plant water flows through apoplastic (a continuum of cell walls), and cell-to-cell pathways (see
Fig 2, after Reece et al.). The cell-to-cell pathways comprise of the symplastic and transcellular paths.
The symplastic path is the continuum of cytoplasm interconnected by plasmodesmata, while the

transcellular path includes the cell walls, cytoplasm, and vacuoles of the cells. Because in practice the
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transcellular and symplastic paths are difficult to separate, they are often combined together as the cell-to-
cell pathway.

Agquaporins are integral membrane proteins that mediate the transport of water and/or small neutral
solutes (Maurel et al. 2008) and part of the transcellular path (Delseny and Kader 2007). They connect all
the cells and allow for selective water transport. Aquaporins can be found in all plant organs, but they are
particularly abundant in the plasma membranes of root tissue and xylem parenchema cells (Otto and
Kaldenhoff 2000). The type of aquaporin determines the size of the pore and charge, which in turn
demines the size of the molecules and charge that are capable of passing though these water channels.
Agquaporins are members of the Nodulin 26-like Intrinsic Proteins (NIPs) which are part of the larger
Major Intrinsic Proteins (MIPs) family (Wallace et al. 2006). MIPs are found in most organisms, but more
commonly so in plants. In plants, the majority of MIPs function as water channels (Johansson et al 2000).
Molecular data indicates an adaptive radiation of the NIPs that are responsible for the transport of silicic
acid amongst other elements, early within land plant lineages (Trembath-Reichert et al. 2015). Trembath-
Reichert et al. organized the NIPs responsible for silica biomineralization with their associated plant
divisions. The way the NIPs fall onto the phylogenetic tree, suggests horizontal gene transfer from

bacteria into early terrestrial plants.

Members of the eusporangiate fern orders Equisetales and Marattiales contain up to 10% silica dry weight
and are prolific phytolith producers (see Figure 3) (Sapei et al. 2007).

Fig. 3. Phytoliths extracted from plants. Examples of eusporangiate ferns Marattiaceae and Psilotaceae
and sister group Equisetum (Knie et al., 2015). All of which are identified as silica accumulators, but the
Si transporter has only been identified in the latter. left to right: Angiopteris evecta, ovate to globular
granulate; Psilotum nudum, vascular element, cylindrical striate; Equisetum telmateia, epidermal
element, long cells with papillae features. Scale bars 10um.
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The silica transporter in the eusporangiate ferns is, however, is still unknown (Trembath-Reichert et al.
2015). This suggests that besides the silica transporting NIPs there must be another pathway to absorb
silicic acid. Leptosporangiate ferns do not accumulate silica at the same rate and have a silica content of
less than 1% of dry matter. The families within this group do produce morphologically diverse phytoliths
(Figure 4).

Fig. 4. Phytoliths extracted from Leptosporangiate ferns. From left to right: Blechnum gibbum, an
epidermal element; Osmunda japonica, stomatal guard elements; Lonchitis hirsuta, a trapeziform
morphotype with irregular pitting. Scale bars 10um.

The type of aquaporins determines the size of the elements passing through; they are essentially the
gatekeeper of purity. The variety and distribution of specific porins also explain why the silica is not
evenly and not randomly deposited throughout the plant. To investigate the internal distribution of silica
inside plants, Ma et al (2004) grew two varieties of rice; a wild rice, which is a natural silica accumulator,
and a low-silicon rice mutant in the same medium. Both varieties showed an equal increase in silicon
concentrations in the root symplastic solution with an increased concentration of silica in the medium.
The crucial difference in the silicon concentration, however, was found in the xylem sap. The
concentration in the wild rice variety was roughly five times higher than that of the mutant. This is
evidence that there is not only selectivity in the epidermis/cortex (SIT1, fig. 5) but also evidence for
active transport from the cortical cells (SIT2, fig. 5) to the plants’ xylem.
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Fig. 5. Diagram of the root structure, showing two sites of silica transporters. Modified after Ma (2004)

Silica accumulation is determined by the rate of silica uptake and the longevity of a plant and its organs.
There are multiple studies published that will attest to the fact that over time plants will sequester more
silica (e.g. Motomura, Hikosaka, and Suzuki 2007; Lewin and Reimann 1969; Blackman 1968; Hodson
and Sangster 1998). Taxa with high accumulation rates will have high amounts of silica in young tissue,
while other taxa will have long-lived leaves that are not rich in phytoliths. Equisetum arvense, which in
most climates only has annual above-ground growth, accumulates more than 10% silica dry weight
(Piperno 2006) and is an example of a high silica accumulation rate. In contrast, 82 conifer species
(Pinales) studied, where the ages of the leaves is well over one year old, have an average silica dry weight
content of 0.8% (Trembath-Reichert et al. 2015). There are also plants that actively exclude silicon like
tomatoes (Takahashi et al. 1990).

3.1. Silica deposition as phytoliths

In most plants the majority of the taxonomically significant shaped silica is deposited in their aerial parts
where evaporation occurs (Hodson et al. 2008). Here the undersaturated solution of silicic acid [Si(OH)4]
or its ionized form, Si(OH)3O" changes to a supersaturated solution as a result of the removal of water.
The silica in the supersaturated solution (~100ppm) will change phase and polymerize in a controlled
fashion and crystallize (Currie and Perry 2007; Jones and Handreck 1967). The crystallization can take
place anywhere where there is xylem or phloem sap; the cell lumen — partially or completely, the cell
walls, intercellular spaces in root or shoot tissue or in an extracellular (e.g. cuticle) layer (Piperno 2006).
Though most silica accumulation takes place in actively transpiring areas, phytoliths are also formed in

xylem, parenchyma and sclerenchyma cells (Honaine, Zucol, and Osterrieth 2009). The cellular
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morphology is the mold for the silica bodies; hence a uniquely shaped space with sufficient silica
deposition may yield morphologically distinct phytoliths. To be useful in answering (paleo-)ecological
and/or (ethno-)botanical questions, the silica has to be deposited in loci that produce phytoliths that are
both sturdy enough to survive in the soil record and morphologically distinctive. Some plants, for
example oaks, produce a very morphologically distinct single-layer honeycomb-like structure in its leaves
that unfortunately does not hold up under pressure and therefore does not preserve in de soil record
(Bremond 2004; Kirchholtes et al 2015).

4. Benefits of dissolved silica and phytoliths

Until the 1960s, silica absorption and phytolith production was believed to be a passive affair - the side
effect of evaporation of water that happened to have dissolved silica in it. It was not until the mid-sixties
that Okuda and Takahashi(Okuda and Takahashi 1965) proved using Oryza sativa (Asian rice) that this
does not hold true in all plants. Their experimental work showed that, in contrast to tomato plants
(Solanum lycopersicum), rice can absorb silica from their growth medium, against the gradient. The silica
concentration in the rice plants was several hundred times higher than their medium, indicating an active
transport mechanism. Silica is critical for optimal growth in rice plants. But even for a non-silica
accumulator like tomato, a little available silica is essential during its reproductive stage (Takahashi and
Miyake 1977). Takahashi and Miyake firmly established that plants actively absorb silica, and showed
plant silica has a multitude of functions and benefits (see Figure 6 for a schematic overview of the various
roles of silica in plant functioning). Silica plays a role in the core biochemical cycling of ethylene and it
aids plants in the protection against abiotic stress factors (climate, salinity, radiation) as well as biotic
stress factors (pathogens, herbivores). The roles of silica and examples of studies describing these
attributes are listed in Table 1. In general, silica benefits plants in two distinct ways: 1) Dissolved silica
plays an important role in a number of biochemical functions, and 2) Phytoliths provide physical rigidity
to plant tissue, improving light interception and gas exchange potential, and making circumstances less
favorable for infections that benefit from constant ambient moisture such as mildew. In specific cases, the
formation of phytoliths benefit the plants chemically by incorporating toxins into the amorphous form.

The rest of this chapter will address these benefits in more detail.
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Table 1. An overview of reported benefits of silica to plants.

Valverde-Garcia, and
Camacho-Ferre 2012;
Takahashi et al. (1990)

Benefit Benefit Reference (i.a.) Mechanism, process
Structural support
Increase Yoshida et al. (1969); More erect stature
photosynthetic Takahashi and Miyake
capability (1977)
Rigidity Toresano-Sanchez, Reducing/regulating ambient

moisture which reduces susceptibility
to infections such as mildew

Relatively “cheap

Raven (1983)

Energetically, it is less costly for a

et al. (2006)

building blocks” plant to incorporate Si than to
synthesize lignin
Reduce Abiotic
Stress
Heavy Metals Hodson and Evans (1995); | co-deposition and adsorption
Neumann and Zur Nieden
(2001)
Heavy Metals Wang, Stass, and Horst Incorporation of heavy metals in the
(2004) silica matrix
Salt Liang et al. (2007); Liang | changes the charge of the root plasma

membrane which results in a decrease
of Na" absorption

Drought, reduced
evaporation

Keutman et al. (2015);
Kaufman et al. (1971);
Sangster (1970)

Sheets of silica in the upper epidermal
cells

Drought, reduced
evaporation

Kaufman et al. (1985);
Yoshida, Ohnishi, and
Kitagishi (1962)

release of water from the silica gel

Drought, reduced
evaporation

Liang et al. (2008)

accumulation of polar monosilicic
acid and/or polymerized silicic acid in
the epidermal cell walls

Drought, Increased
root/shoot biomass

Pei et al. (2010)

More roots to compensate for water
loss

Anti-freeze

Larcher (1991)

Reduced freezing point of sap w/o the
deleterious effects of a salt like Na*

UV-protection

Goto (2003)

Physical and increase anti-oxidant
production

Reduce biotic
stress

Protection against
pathogens

Van Brockhaven (2015);
Yin (2016)

Increased production of anti-oxidants,
stimulated by Si

Physical protection
against herbivory

Massey et al. (2009)

Silica provides a physical barrier

Chemical protection
against herbivory

Moore (1984)

Slower growth rates of insects feeding
on Si-rich plant sap

43




Structural | L .
— ‘—“ Improved light interception

support
’—+ Increased production of antioxidants }

%{ Chemical stress relief H Absorption of toxic metals }
\

Reduction of salt stress |

Reduced evapotranspiration
4,{ Climatic stress relief H Drought relief
Increased root/shootbiomass
) Yy
Role Anti-freeze ‘ Reduced negative

Improved
effects on cellular P

of
. 4.{ ; > ener
silica UV-protection processes or &

status
cellular structure

h 4 Vl
<

Y

Protection against
pathogens

A
—b{ Increased production of antioxidants I T

Protection against
herbivory

\—+ Direct, mostly physical protection }

—% More indirect, chemical protection }

4>< Defense

Fig. 6. A schematic overview of the various ways silica plays a role in plant functioning.

4.1. The role of silica in the ethylene and polyamine pathway

The ancient Egyptians knew that scarring certain fruits promoted ripening. What they did not know was
that this scarring triggered a chemical response that promotes the ripening process (Galil 1968). It was
Neljubow who—roughly 5000 years later—worked out that the gas involved in this process was ethylene
(Neljubow 1902). The list of plant responses to ethylene is long and—by now—well-established
(Bleecker and Kende 2000). Among other things, ethylene stimulates the synthesis of several different
enzymes, it signals and regulates seed germination, the production of Reactive Oxygen Species (‘O2) and
with that the spread of (programmed) cell death and organ senescence (Overmyer et al. 2000; Steffens
and Sauter 2009).

Because ethylene influences many aspects of a plants’ life, it is considered to be one of the most
important biochemical pathways and silica plays a pivotal role in ethylene production (see figure 7). S-
adenosyl-l-methionine (SAM) is the precursor of both ethylene and polyamines (polyvalent cation
compounds; PAs). Their pathways are therefore often considered to be in competition with each other
(Pandey et al. 2000). However, even though PAs and ethylene are based on the same substrate, their
pathways can operate simultaneously and through complex feed-back systems, do not seem to exhaust the
supply of SAM (fig. 7) (Steffens and Sauter 2009; Van de Poel et al. 2013). In fig. 7a simplified pathway
illustrates the production of the volatile signaling hormone ethylene on one side, and the production of

PAs which are essential for abiotic and biotic stress responses, various antiaging and developmental
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processes in plants on the other. The balance between the production of ethylene and PA is critical as an
overproduction of either, or underproduction of one, can lead to irreparable damage of plant tissue. In a
healthy, unstressed plant the ethylene and PA production is stable, though the balance may shift through
the plant’s life and its reproductive stages. Particularly under (drought) stress, PA synthesis is up-
regulated by silicon, ultimately protecting the plants photosynthetic capabilities (Kazemi et al 2012; Yin
et al. 2016).

The production of SAM
decarboxylase is influenced
by silicon: Particularly under
(drought) stress, polyamines
synthesis is up-regulated by
silicon (Yin et al. 2016)

Ethylene plays an important
role in silicon function in
plants; without ethylene,
silicon fails to enhance
pathogenic resistance (Liang
et al. 2015)

|

+
polyamines < siidcovie | SAM ACC H,C=CH, + HCN +CO, +2H,0

0,

SAM, the biosynthetic

precursor of both ethylene
and polyamines The production of ACC

oxidase is influenced by
silicon: more available silicon,
means less ACC oxidase
production and therefore less
ethylene production (Kazemi
et al 2012)

Fig. 7. A simplified overview of the ethylene and polyamines forming pathways from SAM and the

importance of silicon.

Silica is known to bind hydroxyl groups (Fauteux et al. 2005). As such, silica gel could bind -OH very
effectively and thus protect the cell from oxidative damage. Bioavailable silica that is absorbed by the
plant increases antioxidant enzyme activity which has the ability to detoxify the surplus of reactive
oxygen species that are produced under stress (Pei et al. 2010). Silica also reduces membrane damage by
preventing lipid peroxidation, and silica deposits in epidermal cell and the cuticular surface protect the
plant against water loss and improves the overall water balance (see 5.2.2. & 5.2.3. Drought Resistance).
It needs to be noted that the exact role of silica in the various plant pathways is at a molecular level is as
of yet rather unclear. For instance, Liang et al. (2015) discovered that there is feedback between silicon
and ethylene signaling; without ethylene, silicon fails to enhance pathogenic resistance and might even
induce cell death processes in certain plants. This is just an example of how intricately connected and

complex these pathways are.
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4.2. Silica as protector against environmental stress

4.2.1. Drought Resistance: Reduced evaporation

The deposition of biogenic silica in epidermal plant tissue is often invoked as protectant against drought.
Sheets of silica in the upper epidermal cells of the leaves form a physical barrier against evaporation in
addition to the cuticle (Keutman et al. 2015; Kaufman et al. 1971; Sangster 1970). Another form of
drought stress relief that has been suggested is the slow release of water from the silica gel in the plant
(Kaufman et al. 1985). Depending on the amount of silica dissolved in the sap of the plant, it can form a
gel. A shift in the water balance can lead to either resorption of water out of the gel-like solution, or it can
add more water to the gel making it more viscous (Kaufman et al. 1985; Yoshida, Ohnishi, and Kitagishi
1962). Liang and others(2008) have suggested that plants are able to reduce their evapotranspiration rate
because the accumulation of polar monosilicic acid and/or polymerized silicic acid in the epidermal cell
walls. They suggested the hydrogen bonds between water and SiO+H,0 prevent water loss even when the

stomata are open.

4.2.2. Drought Resistance: Increased root/shoot biomass

Multiple studies have investigated improved drought tolerance by increased cavitation resistance of
vessels and/or improved hydraulic conductivity under drought stress. It has been suggested that silica
would reinforce the vessels and keep them open, like a stent, under negative pressure (Coughenour 1985)
however, solid proof for this has not been found yet (Pei et al. 2010; Sonobe et al. 2009). Silica does
alleviate biotic and abiotic stress by improving the plants' hydration status (Pei et al. 2010). This has two
benefits; adequate hydration levels support optimal nutrient delivery and waste product removal, and
additional less cellular dehydration results in less reactive oxygen species are being produced (also see

5.3.1. Pathogen protection).

Much research on how silica alleviates drought stress was focused on evaporation modulation. However,
Yin and colleagues (Yin et al. 2014) found that the improved relative water content—the water content of
a given amount of leaf relative to its fully hydrated or fully turgid state—is regulated literally from the
other end of the plant; the roots. An increased root to shoot biomass, stimulated by silica, would not
directly protect the above-ground plant mass from drought stress necessarily, but instead indirectly
alleviate the water shortage by an improved ability to absorb water from the soil. In contrast to what Yin
and colleagues found earlier in Maize, stomatal conductivity in silica-fertilized Sorghum (Poaceae) was
just as high as in the control plants (Yin et al. 2013). In their previous studies, they determined that it was
not an increased amount of polyamines that was responsible for the higher relative water content. PAs are

associated with stomatal opening and closure in plants (Liu et al. 2000). As the polyamine levels between
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the silicon-treated plants and the control group were similar, Yin et al. concluded that the source of the
improved water balance was not the result of improved stomatal regulation but the effect of the silica on
the roots. Depending on the surface, anatomy and hydraulic conductivity of the roots, water is absorbed as
a result of a combination of the hydrostatic pressure gradient and osmotic gradient. The osmotic potential
of the roots was not increased under the influence of additional silica, but the root/shoot ratio was higher
in the silicon-treated plants (Yin et al. 2013). The higher root mass was linked to higher polyamine levels
and lower aminocyclopropane-1-carboxylic acid (ACC) concentrations in the root tissue, which suggests

that silicon may alter the physical anatomy and thereby the surface area of the roots (Yin et al. 2014).

4.2.3. Silica as anti-freeze

Silica will, like any other solute, lower the water’s freezing point, allowing for super-cooling of these
solutions. As a result, even when the internal temperature of the plant drops below 0°C, the sap in the
cells, xylem and phloem will not freeze, protecting the tissues from the potentially damaging effects of
the growth of ice crystals (Larcher et al. 1991). Other elements can have a similar effect, but some have
particularly deleterious effects (e.g. sodium (Na*)) because they hamper cellular metabolic processes and

alter the plant’s osmotic equilibrium (Flowers et al. 2015).

4.2.4. Silica as sunscreen

Rice plants (Oryza sativa), supplemented with silica, reflect more radiation in the UV-B spectrum (280 -
320 nm) than control plants (Goto et al. 2003). The silica forms a ~2.5 um thin layer underneath the
cuticle and reduces the transmission of the UV-B ration to the underlying tissues (Ma and Yamaji 2006).
The protective role of silica may not be solely mechanically; promoted by the presence of silica, UV-B
radiation may also trigger the synthesis of UV-absorbing compounds such as phenolic acids and

flavonoids which protect the plants against damage (Datnoff, Snyder, and Korndorfer 2001).

4.2.5. Chemical stress — salinity

Salt (NaCl), though essential to a degree, can be extremely detrimental to plant growth. To keep adequate
cell turgor, some taxa synthesize sufficient organic compounds (sugars, organic acids) to draw in enough
water to equalize the concentrations between the interstitial water and the plant itself (Campbell and
Reece 2005). Increasing the osmotic value in their tissues using organic compounds comes at a cost; a
loss of energy that otherwise could have been directed at growth and/or reproduction. Silica mediates
tolerance to high salinity levels in several ways. It inhibits evapotranspiration, it increases root activity,
and changes the charge of the root plasma membrane which results in a decrease of Na* absorption (Y.

Liang et al. 2007, 2006; See also 5.2.2. Drought Resistance: Increased root/shoot biomass).
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4.2.6. Chemical stress — heavy metals

Silica in plants has the ability to moderate and modify the amount of heavy metals that is circulating in
the plant sap. High heavy metal concentrations have direct and indirect deleterious effects on plants. It
affects the plants directly by inhibiting cytoplasmatic enzymes as the metals bind with the enzymes'
sulfhydryl groups which affects the enzymes' structural integrity and function (Van Assche and Clijsters
1990). Under the influence of light, copper also catalyzes a Fenton-type reaction, where free radicals
formed from H,O,, destabilize the thylakoid membrane inside chloroplasts (Pospisil 2009). Because the
light-dependent reactions of photosynthesis taking place directly in the membrane, the integrity of the
membrane is critical to the plants’ ability to fix CO, (Clijsters and Van Assche 1985). Due to their charge,
heavy metals can inhibit electron transport, thereby reducing CO, fixation (Mal¢ovska et al. 2014).
Another direct deleterious effect of (heavy) metal absorption is the accumulation of metal ions also

disturbs cellular ionic homeostasis, which is critical to solute flow and/or signal transfer (Dubyak 2004).

High metal concentrations indirectly affect the plants in at least two ways. The metals bind tightly
at cation exchange sites of soil that otherwise would have been taken up by elements that are beneficial
for the plant (Giller, Witter, and McGrath 1998). For example, Pb?* and Cu?* are more readily adsorbed
than iron, zinc, copper and manganese, because it is energetically more favorable (McBride 1989).
Another indirect effect is the toxic effect of metals to the soil microorganism, which leads to a slower

and/or less effective organic matter turnover (Giller, Witter, and McGrath 1998).

There are several studies that suggest that silica alleviates the stress caused by high levels of
heavy metal (density > 5 g/cm®) concentrations in soils. Some metals, e.g., cobalt, copper, iron,
manganese, molybdenum, nickel and zinc, are essential micro-nutrients for plants and play an important
role in photosynthesis, respiration, and nitrogen assimilation (Shah et al. 2010), while others, such as
cadmium, chromium, lead and mercury, have no role in a plants' functioning (Nagajyoti, Lee, and
Sreekanth 2010). Shi et al. (2005) described how toxic quantities of manganese resulted in increased
amounts of hydrogen peroxide which can lead to oxidative stress in plants. Silica has been shown to
alleviate the stress of these elements by incorporating and/or binding them, a process also called co-
deposition (Hodson and Evans 1995; Neumann and Zur Nieden 2001). By incorporating the metals into
the apoplastic silica matrix, the silica precipitate prevents the metals from interfering with cellular

processes (Wang, Stass, and Horst 2004).
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4.3. Silica as protector against biotic stress

4.3.1. Pathogen protection

Incorporating silica in its tissues increases the plants’ defense against pathological fungi (Van Bockhaven
et al. 2015; Massey, Ennos, and Hartley 2006; Keeping and Kvedaras 2008). For a long time, it was
believed that the incorporated silica protected against pathogens simply because it forms a physical
barrier. The hyphae were assumed to be incapable of penetrating the plant cells successfully and therefore
the fungus would not succeed at infecting the plant. Though this might hold up in some plant groups,
Samuels et al. (1991) demonstrated that this is not an accurate interpretation of the processes in cucumber
plants (Cucumis sativus). In silica fertilization experiments, the leaves showed rapid silicification of leafy
tissue, primarily in the trichome bases, with an increased resistance to powdery mildew infections as a
result. However, after silica supplements were no longer administered, and even though the silicified cells
were still in place, the plants became susceptible again to fungal infection. While the silica incorporated
the epidermal and mesophyll cells plays an important role in preventing infections, the dissolved silica
helps in fighting off infections once they have entered the plant. Once polymerized into phytoliths, silica
fails to induce defense responses (Chérif et al. 1992). This could imply that the defense mechanism is
associated with the process of phytolith production; once the silica is polymerized, thermodynamic
considerations dictate that the silica is unlikely to redissolve (ller 1979). Keeping the silica in solution
may therefore be beneficial to the plants. This could explain why, for example non-silica
accumulators/non-excluders like cucumber plants, still benefit hugely from silicate treatment in nutrient

solutions (Samuels et al. 1991).

The course of an infection of a plant by a pathogen has three stages:1) the infected cells trigger a
primary response, 2) the adjacent cells are signaled by elicitors, and 3) a systemic response signaling all
the tissues of the plant (Hutcheson 1998). It has been suggested that silica plays a role in the primary
response; the production of phytoalexins and other antimicrobial antioxidative substances such as
chitinases, peroxidases and polyphenoloxydases, increases under the influence of silica (Chérif et al.
1994). Whether the silica serves as an activator or a modulator is not quite clear. Some suggest that it aids
in pathogen resistance through an activation of a gene regulation system which stimulates the production
of phenolics and lignin-like materials (Chérif et al. 1992). Others propose that silica helps by preventing
pathogens from hijacking the ethylene pathway which would inhibit ethylene production (Van Bockhaven
et al. 2015). The role of this plant hormone is critical to plant functioning, and includes fruit ripening,
signaling, senescence and abscission as well as stem elongation, promotion of stem thickening and
horizontal growth (Bleecker and Kende, 2000).
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4.3.2. Herbivore defense

Plants have evolved various strategies to protect themselves against herbivory, mechanical defense being
one of them. While these structural defenses discourage herbivory, they also come at a cost. Using silica
instead of carbon-based alternatives, e.g. lignin, is estimated to be between 10 to 20 times more energy
efficient (Raven 1983). It is interesting to note that while epidermal pubescence and prickles are often
silicified, large spines are typically reinforced by lignin instead of silica (Sangster et al. 2001; Piperno
2006; Hanley et al. 2007).

Herbivores come in different shapes and sizes including the larger grazing vertebrates and the
often smaller, invertebrate herbivores. While smaller animals are able to actively select plants with lower
silica content, the larger grazers cannot (Massey et al. 2009). The dental wear in grazers has long been
attributed to the relative high concentration of silica in grasses (e.g. MacFadden 2000; McNaughton et al.
1985). This is counterintuitive because the enamel of mammalian teeth is considerably harder than
phytoliths, 51-211 versus 257-397 on the Vickers Hardness scale (Sanson et al. 2007). The bulk of the
damage in grazers is done by the inorganic soil matrix that is inadvertently consumed while feeding
(Stromberg et al. 2016). Still, microwear by silica cannot be ruled out (Lucas et al. 2013). The density,
hardness, solubility and viscosity of biogenic silica varies considerably with the hydration level (Mann
and Perry 1986), and fracture toughness and scratch angle also play a role. The softer dentin and
cementum, which makes up much of the surface area of teeth once the cusps are breached, i.e., through
most of the life of the animal, can be worn by phytoliths (Erickson 2014). A series of simulations
regarding the wear of mammalian herbivore teeth as a result of mastication showed that tooth morphology

also determines the amount of expected wear (Kaiser et al. 2016)

For smaller sized herbivores, the silica content of plant tissues matters much more. Massey et al.
(2007) measured a 400% increase in foliar silica content in two different grass species in response to
damage by voles or locusts. To demonstrate that the increased silica levels also functions as a defense
mechanism, the researchers fed the affected plant material back to the animals. Both groups favored the
control plants over the feed with higher silica concentrations. The elevated silica concentrations affected

the palatability of the food, and had a deterring effect on both types of herbivores.

How silica protects plants physically from herbivorous insects is more straightforward. To
successfully gain access to the cell contents, an insect first has to break through or break up the cell walls.
Cell walls that are reinforced with silica may prevent an insect from penetrating the cell entirely, or it may
hinder feeding. Silica fortification has also been shown to wear down irreversible mandible damage in
insects (Massey and Hartley 2009).
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While the direct silica protection in herbivory defense stems from providing a physical barrier,
the indirect role is the result of chemical processes. For example, the colonization of stem-boring insects
such as Grass flies (Chloropidae), whose larvae develop inside the vegetative or reproductive parts of
Poales (which include grasses), can be hampered by silica in several ways (Massey et al. 2006). A number
of factors contribute to the reduced intensity of an infestation. Firstly, a silicified surface may turn off the
female fly, as surface texture plays an important role in determining a suitable site for oviposition. Fewer
eggs results in a decreased total pupal mass. Secondly, the larvae that do find their way into the host plant
are limited in their movement as the silicified parts form barriers and thereby limiting the larvae
damaging effect. Thirdly, the larvae that feed on plants with higher silica content tend to grow slower,
leaving them more vulnerable to predators and other compromising factors. And fourthly, with increased
silica encrusted/filled tissue there is simply less edible plant tissue for the larvae to feed on (Moore 1984;
Massey et al. 2006).

4.4, Structural support

Plants can gain structural support by strategically distributing the silica throughout their tissue (
(Takahashi and Miyake 1977). Rice, a natural silica accumulator, is estimated to provide 20 percent of
the world’s dietary energy (FAO 2016). Intensive farming practices along with extensive fertilization use
are needed to keep up with crop demands. Fertilizing rice with nitrogen alone, however, makes the leaves
droopy, which reduces its photosynthetic capabilities (Yoshida et al. 1969). Adding bio-available silica
provides the rice plant with the necessary rigidity which allows it to stand more erect; a trait that is
directly and positively correlated with the dry-matter content of the plant. Improved leaf rigidity
following silica fertilization has been observed in many other agricultural plants, e.g. cucumber and
lettuce (Lactuca sativa) (Toresano-Sanchez et al., 2012; Takahashi et al., 1990). This improved stature,
more robust foliage, may be particularly advantageous to plants when competing for light (Quigley and
Anderson 2014). All this said, even heavy accumulators like rice and wheat, can be grown to maturity
with nutrient solutions without added silicon, particularly in the absence of biotic or abiotic stress
(Epstein 2009). Besides the effect of silica on the structural integrity of the leaves, there is also reduced

lodging, a bending of the plants at the roots or the stems, as a result of climatic stress (Wang et al. 2001)

5. Conclusion
Incorporating silica has a multitude of benefits for plants that leads to improved fitness. Some of these
benefits have been extensively studied and proven, while others have merely been suggested without

much evidence. These benefits range from providing the plants with physical support, to a (passive) toxin
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absorber and chemically, as a catalyst in reactions that enhance plant resistance and/or tolerance to
various biotic (pathogens, herbivores) and abiotic (climate, salinity, radiation) stresses. Silica also plays a
role in the core biochemical cycling of ethylene, a gas that influences many aspects of a plants’ life.
While it is clear that plants, particularly under environmental stress, benefit from available silica, at the
molecular level, the exact role of silica is as of yet unclear. Future research should therefore be aimed at
studying the proposed benefits as, particularly considering anticipated future climate change combined
with human population growth, will put more pressure on the food chain under increasingly deterioration
conditions. Crops that are more resilient to environmental stress will be essential to food security. A
greater understanding of interplay between phytolith production in plant health will aid in the
interpretation of phytoliths as micro-fossils and possibly expand the application of phytoliths as indicators

for environmental conditions or biotic stress factors.
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Chapter 3: First phytoliths in Permian and
Triassic redbeds 1in Texas USA

Abstract
The end-Permian biotic crisis (251.9 Million years ago (Ma) is long known for its profound reorganization

of marine ecosystems. What happened on land, particularly to the vegetation, is less well understood. Here
we focus on the paleo-environmental and vegetation changes of the western and central part of equatorial
Pangea during that time period. We tested if phytolith assemblages can be used to support biostratigraphy
of Permian and Triassic strata. While phytolith-based biostratigraphy has been unsuccessful in this study,
we demonstrated that phytoliths of Permian and Triassic age can serve as evidence of plant life at the
western portion of the supercontinent Pangea, a region previously believed to be barren.

1 Introduction

1.1 A global catastrophe: The end Permian biotic crisis

The end-Permian biotic crisis (251.9 Million years ago (Ma) is long known for its profound reorganization
of marine ecosystems (Erwin 2006; Burgess and Bowring 2015). Of the known invertebrate genera, 286
disappeared entirely, contributing to the ~81% overall loss of marine species (Stanley 2016). On land, the
fauna was hit similarly hard; insects experience the only mass extinction ever recorded and approximately
89% of terrestrial vertebrate genera, but these numbers are based on relatively few localities (Labandeira
and Sepkoski 1993; Benton and Newell 2014). The extinction of marine invertebrate taxa is correlated with
a marked negative shift in 8*C of marine carbonates and terrestrial organic matter, which is indicative of a
major disturbance in carbon cycle (Cui et al. 2017). This suggests that a large amount of carbon was added
to the atmosphere and oceans (e.g., Payne 2004). There is still animated discussion about the ultimate cause
of the crisis, specifically with respect to source and the rate at which the event unfolded, but most of the
evidence seems to be pointing to the effects of the Siberian Trap volcanism (for review, see Payne and
Clapham 2012; Black et al. 2014).

As a result of preservation bias in the geological record in general, the marine fossil record tend to be more
comprehensive than the terrestrial fossil record, which is also the case for the end Permian biotic crisis
(Padian 2018). While the record of terrestrial plant is nowhere near as comprehensive as invertebrate
records, it does appear that the plants seem to have escaped a fate similar to that of the marine invertebrates.
The floral records around the Permian-Triassic boundary are marked by a community turn-over rather than

a sudden mass extinction (Knoll 1984; Schneebeli-Hermann, Hochuli, and Bucher 2017). This means that
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while there is an observable change in community composition going from the Permian to the Triassic, only
very few families disappear completely and are never seen in the fossil record again (McElwain and
Punyasena 2007; Rees 2002; Xiong and Wang 2011). Most families are only gone temporarily from the
record, to return once either the actual plant returns to the locality or the preservation window is in place
again. Shifting continents, an ever changing climate, rising and falling of sea levels, results in an ever
changing landscape and its preservational window may catch, or miss the ecological events accordingly
(Rees 2002; Looy et al. 2014). That is not to say that diversity did not take a hit at the end of the Permian,
because it did; ~50% of all species went extinct. However, it is important to note that taxonomic diversity

does not equal ecosystem health per se (McElwain and Punyasena 2007).

At the end of the latest Permian stage (Changhsingian; 254.14 to 251.902 (Gradstein et al 2005), the dieback
of woody vegetation dramatically affected terrestrial ecosystems (e.g., Visscher et al. 1996; McElwain and
Punyasena 2007). The loss of Cordaitaleans in the northern and Glossopterids in southern humid climatic
zones of the supercontinent Pangaea, resulted in the widespread disappearance of coal forming peat forests
(Veevers 1994; Retallack 1995). In the semi-arid equatorial region, several conifer taxa (members of the
Walchiaceae and Majonicaceae) of the Late Permian Euramerican floral realm became extinct during the
Permian-Triassic transition (Poort et al. 1997). Among the surviving plants were lycopsids and seed ferns,
which played a central role in the survival phase (e.g. (Looy et al. 2001; Grauvogel-Stamm and Ash 2005).
Palynological records from eastern Euramerica indicate that ecosystem recovery to pre-crisis levels of
structure and function did not occur before the transition between the Early and Middle Triassic 4-5 Ma
later (Looy et al. 1999). The conifers, that do not appear in the Late Permian megaflora and palynological
records, seem to be immigrants that invaded eastern Euramerica habitats after surviving or origination
elsewhere (Looy et al. 1999). Hitherto, no direct evidence of where the refugional source areas of the
immigrants have been located. The western and central part of equatorial Pangea (modern day USA) could
be a potential source area for the Euramerican Triassic conifers and other taxa, but there are no
palynological and macrofossil plant records known from that region from mid-Guadalupian to mid-Triassic
age (DiMichele et al. 2008). As a result, little is known about the paleo-environmental and vegetation
changes that occurred over this vast area. A third type of fossil plant remains that have not yet been utilized

to reconstruct vegetation and paleoenvironments during this time interval are phytoliths.

Phytoliths are microscopically small concretions of hydrated silica that are produced by plants (e.g. Chave
1984). Phytoliths production varies among different taxonomic groups; in some groups, like the grasses,
about 10% of the dry weight consists of silica, while others, e.g. the nightshades, accumulate virtually no
silica (e.g., Piperno, 2006; Trembath-Reichert et al., 2015). Phytoliths have been studied and used for
applied research for a long time dating back to around 1830s (e.g. Struve 1835). Most of the applications
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have been for archaeological research, as many of our crops are prolific phytolith producers (e.g. wheat,
rice and maize (Piperno 2006). More recently, phytoliths have been studied for paleobotanical and
paleoecological purposes (e.g. Prasad et al. 2005).

Until now, phytoliths have not been used in pre-Cretaceous studies (Stromberg 2004; Piperno and Sues
2005), and we are venturing in unchartered territory. There are four caveats. First, because most studies
have been focused on angiosperms. Therefore, phytoliths morphotypes indicative for spore plants and
gymnosperms are not well known. Second, according to Trembath-Reichert et al. (2015) several modern
spore plant and gymnosperm lineages do not accumulate silica, such as the leptosporangiate ferns, cycads,
ginkgoes, and several conifer taxa. Third, the further we go back in time, the more difficult it will be to
establish the botanical affinity of certain phytolith morphotypes, which makes reconstructing
paleovegetation difficult. And forth, another complicating factor is that it is not always clear whether
recovered silica bodies are the result of primary biomineralization or secondary diagenetic processes
(Trembath-Reichert et al. 2015). Whether the morphotypes are the result of primary or secondary
deposition, while potentially confusing, is not really a problem because it is still evidence of former (plant)

life, which is the definition of a fossil.

The aim of this study is threefold: (1) Describe phytolith morphotype and their patterns from latest Permian
and earliest Triassic sediments from the Palo Duro Basin, north-central Texas, (2) discuss the potential
botanical affinities of the fossil morphotypes, and the evidence for conifer refugia (3) test the potential of

phytolith assemblages to support biostratigraphy of Permian and Triassic strata.

2 Material and Methods

2.1 Permian and Triassic rock outcrops: Field sites in Texas

In eastern New Mexico and western Texas, the Permian-Triassic transition is recorded within the sediments
of the Ochoan Series. Exposure and preservation of sediment of this age are rare in this region as western
Euramerica landscape was subject to erosion due to regression in the Early Triassic (Lucas and Anderson
1993). The Ochoan series consists of a regressive sequence of shallow marine deposits, going to sediments
rich in evaporites, to terrestrial redbeds (Tabor et al. 2011). The Ochoan Series are preserved in several
basins, including the Palo Duro Basin located in the Texan panhandle. The sediment packages include the
Whitehorse Group (known as the Alibates Formation when found in the subsurface; Table 1) which is
conformably overlain by the Quartemaster Formation. The Whitehorse Group consists of gypsiferous red
sandstones, mudstones, gypsum and dolomites (Gustavson et al. 1982). The beds contain flow ripples and
cross lamination, which are mostly intertidal and supratidal deposits and have been interpreted to have been

deposited in a perimarine setting. The interfingering layers of evaporites and carbonate deposits with
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siliciclastic material are indicative of a warming climate (Nance 1988). While the average temperature
worldwide went up, there were major regional climatic differences. For example, data from the Chinese
peninsula shows the climate was getting wetter or staying equally humid. The strata in Texas on the other
hand show not just a warming climate, but are also indicative of increasingly dry conditions (Tabor and
Poulsen 2008). In the Palo Duro Basin the Quartermaster Formation is represented by a 40-75 m thick
sediment package, with the lower part consisting of intertidal and supratidal calcareous mudstones and
sandstones. The transition to redbed mud- and sandstones is interpreted as fluvial channel deposits (Lehman
et al. 1999; Tabor et al. 2011). The late Triassic Dockum Group unconformably overlies the Quartermaster

Formation

Table 1. An overview of the sediments relevant to this study that surface in Caprock Canyon State Park,
Palo Duro State Park and the Dickens section.

Name of formation/group when Name of formation/group when in Age of formation/group
exposed at surface subsurface
younger
Dockum Chinle Upper Triassic
Quartermaster Dewey Lake Triassic
Whitehorse Alibates Approximately upper 20m is Triassic, £
rest is of Permian age

« PaloDuro
| [ 1 NP « Caprock
I WeaseY +Dickens

Fig 1. Location of the sampling sites as positioned in the state of Texas and Texas itself highlighted in grey

within the lower 48 of the United States of America.

Here we focus on three different sites in the Palo Duro Basin: Palo Duro State Park, Caprock Canyon State

Park, and Dickens (see Fig. 1). These sections are respectively 65 m, 100 m and 40 m thick, and include
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the upper part of the Whitehorse Group, the complete Quartermaster Formation, and the base of the Dockum
Group. Based on lithologic, chemostratigraphic, geochronologic and magnetostratigraphic data, the
sections appear to be continuous without observable hiatuses (Tabor et al. in prep.). Exposure and
preservation of this boundary layer is rare as the western Euramerica landscape was subject to erosion due
to regression in the Early Triassic (Lucas and Anderson 1993).

Tephra or volcanic ash layers are deposited simultaneously over large areas at the same time and can
therefore be used as marker beds. Two tephra (volcanic ash) horizons, approximately 20 meters apart, were
preserved in the lower Quartermaster formation at the Caprock Canyon and Dickens localities. The physical
separation in an undeformed depositional environment, rules out that these two layers are the result of the
weathering of synclines or anticlines, and therefore represent two separate volcanic events. The chemical
comparison by Chang (2008) allows us to correlate the ashes in the lower Quartermaster formation of these
two localities, which are approximately 95 km apart as the crow flies. A single ash is known from the Palo

Duro locality.

The samples of tephra layer were collected at the field sites by Renne and Mitchell (Berkeley
Geochronology Center). The samples were chemically analyzed and U-Pb dated using annealed zircons
(for methods, see Mitchell, 2014). Unfortunately, the isotopically determined ages show overlap (see Fig.
2).
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Fig 2. The radio-isotopically determined ages (and error bars) of ash layers from four sections within the
Whitehorse Group, Texas (dates from Mitchell, 2014). For comparison the start of the extinction interval
from the type section in Meishan, China, is included (by (Burgess et al. 2014). All dates based on U-Pb
dating.

The radioisotopically determined ages of the Palo Duro Basin sections overlap (Fig. 2), and fall within the
range of the extinction horizon (bed 25) of the type section in Meishan, China (Burgess et al. 2014). The
Permian-Triassic boundary (251.9) is defined by the first appearance of the conodont Hindeodus parvus
(Burgess et al. 2014), which is associated with marine deposits. Due to the terrestrial nature of the deposits
studied in Texas, we cannot depend on the occurrence of a marine organism, but we have to rely ash dating
and magnetostratigraphy to approximate the position of the P-Tr boundary. It is also important to note that
end Permian biotic crisis takes place before the actual Permian-Triassic boundary, so depending on the

local sedimentation rates, the exact position of the boundary itself is of secondary importance seeing that
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this study focuses on the end Permian biotic crisis. All but one of the ash layers found at the three Texan
field sites potentially fall within the extinction interval (Fig. 2)

For a more continuous, and therefore precise method, the oxygen and carbon stable isotope records can be
more informative. Negative carbon isotope trends can be indicative of environmental perturbations where
12C that was locked up is freed, thereby shifting the *C : *2C ratio, resulting in a shift towards more negative
813C values. A marked negative shift in 6*3C of marine carbonates (§*Ccars) and terrestrial organic matter
(8%3Cor) is associated with the end Permian biotic crisis (e.g., Burgess et al, 2014). Due to movement and
displacement of carbon-rich sources in the subsurface as the result of synorogenic processes in terrestrial
sediments, or absence of organic carbon in oxidized sediments such as redbeds, it can be challenging to
find an organic carbon source that that is reliably be correlated to the sedimentary layer it is found in (De
Wit et al. 2002). For a §'°C analysis of the Texas sediments in Tabor at al. (in prep), we have used carbon
inclusions in phytoliths and are therefore certain of its floral origin. Following HF (30%)/HCI (40%)
digestion the kerogen of 16 Caprock Canyon State Park samples were analyzed by Neil Tabor (Figure 3,
Tabor et al., in prep.).

90 Kerogen in phytoliths from the Quartermaster Fm.

80
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60 —
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Stratigraphic position (m)

10 |

-29 28 27 -26 -25 -24 -23 22
813C (%oPDB)

Fig 3. Plot showing stratigraphic position versus the 5**C value of organic matter (grey diamonds) among
16 different phytolith-bearing samples collected from the Quartermaster fm. in Caprock Canyons State
Park, TX, U.S.A. Red dashed lines are accurately dated reference points derived from “°Ar/*Ar and U/Pb
analysis of volcanic ash.

The minute quantities of organic matter enclosed in phytoliths preserves chemostratigraphic 5'*C trends

that are expected to occur during the end-Permian crisis. Specifically, the older samples have by values ~-
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24%o, followed by a stratigraphically short (~10 m) double negative isotope shift to values of ~-28%., and
stratigraphically long (~40 m) trend toward less negative values of ~-24%. (Figure 3). Values between 22-
29%o are consistent with those of plant matter. It is possible that these negative shifts record the excursion
associated with the end Permian biotic crisis but given that most ash bed age averages indicate a younger
age, and the standard deviations of these ash dates are relatively large, we cannot be sure they are.

Other chemostratigraphic, geochronologic, and magnetic polarity data indicate that the Permian-Triassic
transition is present in continental strata of the Whitehorse Group in the Palo Duro Basin and that the
Quartermaster Formation in northern Texas, previously considered to be Upper Permian, is entirely Lower
Triassic (Tabor, in prep).

In addition to sedimentology, geochemistry and paleomagnetic analysis, biostratigraphy has the potential
to elucidate hitherto undetected trends which is why | studied the same strata for phytoliths.

2.2 Using phytoliths as biostratigraphic indicators

Biostratigraphy, correlating similar sections in different locations together based on similar fossil finds, is
an important component of stratigraphy. Many of the biostratigraphic techniques depended on having a
particular depositional environment. If the fossils are not deposited or preserved, or if they are subsequently
eroded, deformed and/or unrecognizable, they cannot be successfully used in biostratigraphic studies.
Because most of the Permian and Triassic sediments in the study site consist of well-oxidized redbeds, it is
hardly surprising that microfossils which are commonly used in biostratigraphy, namely pollen and spores,
were not preserved in the sediments. Even if the depositional environment had been favorable, the
preservational environment was not. Microfossils that are rarely used in biostratigraphy, but which are

highly resistant to oxidation, are phytoliths.

2.3 Building a phytolith reference collection
There is a substantial body of work on the application of phytolith research as well as the distribution and

morphology of phytoliths in various plant groups (e.g. Piperno, 1988). However, most of this research is
focused on archeological and agricultural applications and limited to a specific number of plant groups such

as maize, rice and sorghum.

Representatives of clades that evolved in the Paleozoic were processed (Figure 4; Table 2) to obtain
information about the various morphotypes of the phytoliths that might be encountered in the Permian and
Triassic sediments. The morphology of intracellular, intercellular and/or cell lumen form a mold in which,
or against which the silica starts to accumulate and thus ultimately determines the phytolith's shape. The
deposition of the silica is a gradual process and sometimes results in a coating rather than a complete

infilling of a space. The presence of lignin promotes the deposition of silica (Fang and Ma 2006). Some of
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the gymnosperm species examined for this study have lignin contents between 15 to 36% [dry weight] and

therefore present many deposition sites (Campbell and Sederoff 1996).

ancestor to land plants

s

Hepaticophyta (Lunularia)
Bryophyta

Anthocerophyta

Lycophyta (Huperzia, Isoetes, Lycopodiella, Lycopodium, Selaginella)

Psilotophyta (Psilotum)

Pteridophyta (Angiopteris, Blechnum, Cyathea, Dicksonia, Marattia, Microlepia, Osmunda, Pellaea)

Equisetophyta (Equisetum)

—

Cupressaceae (Austrocedrus, Calocedrus, Cryptomeria, Cunninghamia, Cupressus,
Fitzroya, Juniperus, Sciadopitys, Sequoia, Taxus, Tetraclinis, Thuja,
Widdringtonia)

Podocarpaceae (Dacrycarpus, Dacrydium, Phyllocladus, Podocarpus)

Araucariaceae (Agathis, Araucaria, Wollemia)

Pinaceae (Abies, Cathaya, Cephalotaxus, Keteleeria, Larix, Pinus, Pseudolarix,
Pseudotsuga)

Gnetaceae (Ephedra, Gnetum, Welwitschia)

Ginkgoaceae (Ginkgo)

Zamiaceae (Cer tos, Lepid ia, Macrozamia,

Zamia)

ia, Dioon, Encep

Cycadaceae (Cycas, Micocycas, Stangeria)

—— Anthophyta (aka angiosperms)

Fig. 4. A cladogram of all land plant lineages and in brackets and italicized the names of the genera

sampled for this study. Cladogram based on Crisp and Cook (2011) and Ran et al. (2010). For the list of

species and their higher order taxonomic affinity see Appendix AA.

Table 2. Overview of the different taxonomic groups that | have sampled (see Fig AB) and the earliest

evidence of plants that belong to their family of higher order taxonomic group (Taxonomy based on

Taylor et al., 2009).

Taxonomic group Earliest fossil finding Reference
Pteridophyta Early Carboniferous Metzgar et al. (2008)
Equisetophyta Devonian Wellman, Osterloff, and Mohiuddin (2003)
Cupressaceae Middle Triassic Yang, Ran, and Wang (2012)
Podocarpaceae Early Triassic Brodribb and Hill (2004)
Araucariaceae Late Permian Kunzmann (2007)
Pinaceae Late Jurassic LePage (2003)
Gnetaceae Early Cretaceous Rydin et al. (2006)
Ginkgoaceae Permian Zhou (2009)
Zamiaceae Middle Triassic Klavins et al. (2005)
Cycadaceae Late Permian Wang, He, and Shao (2011)
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2.3.1 Extraction of phytoliths from modern plant material
Various protocols to extract phytoliths from modern plants were used over the course of this project. The

protocols are all adapted from Piperno (2006), Pearsall (2000) and Blinnikov (1999). To oxidize the organic
component of the samples, some samples were treated with hydrogen peroxide (H202) while others (most)
received a nitric acid (HNOs) treatment. The nitric acid was preferred over the hydrogen peroxide because
the latter has the tendency to foam and bubble. While this can mostly be prevented from being problematic
by adding the hydrogen peroxide slowly, the relatively violent reaction (compared to the nitric acid) can
compromise the integrity of to the sample and sample matrix. If one is looking for a more in-situ, phytoliths
in the plant tissue matrix, we find that nitric acid plus a little potassium chloride (KCIOs) to work best. Most
of the samples were prepared using pressurized vessels; approximately two dozen were digested at ambient

pressure.

All the plant material was collected at the UC Botanical garden. After collection, the plant samples were
washed dried at 70°C for at least 48hrs to prevent any mold from growing on the plant tissue. Between 0.2
and 0.5 gram, depending in the nature of the material was weighed in and added to a test tube.

For the hydrogen peroxide treatment, the samples were placed in a hot water bath at 70°C and H,O, was
added until there was no longer a detectable reaction. After the organic material was digested, the samples

were washed twice with deionized water.

The unpressurized nitric acid treatment also involved a hot water bath, and a visual inspection based on the
color of the liquid in the test tube (changing from clear to yellow) and absence of undigested material
signaled the completion of the process. A pinch of KCIOstogether with nitric acid forms Schultze's solution,
which speeds up the digestion process. After the organic material was digested, the samples were washed

twice using deionized water.

For the pressurized digestion a combination of 2mL of hydrogen peroxide and 3mL of nitric acid was used
in Teflon vessels. The liquids were added to the plant material in small increments; especially the hydrogen
peroxide has the tendency to produce bubbles, which—if unchecked—can lead to a loss of sample material.
The vessels were sealed and loaded in a Mars 6 industrial microwave and heated to 180°C for 60 minutes.
After cooling down the contents were transferred to regular test tubes for 3 rinses with deionized water.

The test tubes were spun at 3000 RPM for 3 minutes and the supernatant carefully decanted.

The remaining pellets were permanently mounted using either Permount or Eukitt. These media have
similar refractive indexes but Eukitt tend to maintain a lower viscosity, which makes it easier to use because
the medium tends to distribute itself more readily, thinly and evenly on the slide. Eukitt is also specifically

marketed as non-yellowing over time, a process that we have not witnessed with either mounting medium.
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2.4 Collecting rock samples
The rock sampling was done over the course of multiple field seasons from 2010 to 2014. Figure 5 shows

the stratigraphic columns of the three different sites and the various sampling intervals per site (labeled A
through G). Under the assumption that the two ash layers in the lower Quartermaster formation at Dickens
and Caprock Canyon are correlated, some of the samples in the different sections overlap in age. As can be
seen in Figure 5 the sampling strategy was devised such that there would a spatial and temporal overlap
between the different sites.
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Fig 5. Generalized stratigraphic columns of the field sites at Dickens, Caprock Canyon State Park and
Palo Duro State Park, Palo Duro Basin, Texas, combined with their magnetostratigraphic signal, ash
layers and sampling interval. Ash dates from Mitchell (2014).

Under ideal circumstances there would be little to no spatial heterogeneity, which would permit us to
correlate the spatially removed sites. While the sediments in these outcrops are predominantly depositional
coastal and fluvial deposits, based on modern analogous landscapes, it would hardly be surprising that, even
though some of these sites are spatially no more than 2km apart from one another, the original landscape

was quite heterogeneous. A more detailed description of the three sections can be found below.
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Dickens

The Dickens outcrop (33° 37.504' N, 100° 48.970"' W) is a road cut along U.S. Route 82 consists of 20m
Quartermaster formation, with limited access to any of the underlying Whitehorse. The Quartermaster is
unconformably overlain by the Late Triassic Dockum formation. There are two ash layers present in the
Quartermaster fm., both of which were sampled and dated by Mitchell (2014). The lower ash is dated at
251.75 +£0.43 Ma and the upper ash at 251.54 + 0.16 Ma and this can be correlated to the upper ash layer
found in the Quartermaster formation at Caprock Canyon. Sediment samples were collected close to the
upper ash layer, which potentially corresponds with the sample set B from the Caprock Canyon locality
(labeled B in figure 5). This overlap is expected around the ~26m above the base of the Quartermaster mark.
The Caprock Canyon site and the Dickens site are approximately 95km from each other; the comparison of

the two sites has the potential to provide insight in the spatial heterogeneity of the landscape.

All the Dickens samples are labeled as follows: State — Location - Distance from base[m] — Sampling detail.
For example: TX - D —25.55 - 0.45 BUA means the sample is from Texas, at the Dickens site, 25.55 meters
from the Whitehorse contact, and Below Upper Ash (for examples, see table 3). Some carry the label AUA,
which stands for Above Upper Ash.

Caprock Canyon

In Caprock Canyon we sampled five different transects. First there is the Quartermaster North Prong section
(NPQM:; 34°26'50.65"N, 101° 5'3.07"W) which consists of samples 1 through 51.6, where the number is
the height in meters as measured in the field the base of the Quartermaster/Whitehorse contact. Because the
best location to sample the lower section of this outcrop did not go up as high as desired, another nearby
location that did give access to the younger layers of the Quartermaster formation was samples. As a result,
the samples 52.5 through 76.3 carry the South Prong Quartermaster (SPQM; 34° 26.318' N, 101° 5.611' W)

earmark. These two sites are about 2km from each other.

The lower Quartermaster ash is exposed at the Honey Flat Campground (34°25'43.59"N, 101° 3'11.16"W),
the North Prong Campground, and on the eastern side of the park along Road 29 that skirts the eastern
boundary of the state park.

The F section (labeled F in Fig. 5) is also located in Caprock Canyon State Park, just off Road 29 down an
arroyo at approximately 34°26'1.77"N, 101° 1'6.88"W). This section exposed 17 meter of the Whitehorse
formation, and the base of the section is used as reference point (with the base set at zero). An ash layer at
9 meter from the base of the section was dated at 253.0 + 0.7 Ma (Renne in NSF project proposal, 2008).

However, it is unclear who did this analysis, what method they used and therefore how reliable and accurate

70



this date is. Based on the stratigraphic position, this layer appears to be the same as the one found at Palo
Duro state park as they are approximately at the same distance from the base of the Whitehorse formation.
The ash layer at Palo Duro was dated at 251.88 + 0.17 M which falls well in the range of the dates that
Burgess et al (2014) published for the age of the Permian-Triassic boundary layer. The sample range from
7.5 meter to 14.5 meters from the base of the Whitehorse formation.

Table 3. Example of the codes used for the phytolith sample labels in this study.

Example transect label Explanation of labeling

32.9 NPQM 32.9 meter from Whitehorse contact, North Prong QuarterMaster

TX-CCH-70cm_BLQMA Texas, Caprock Canyon Honeyflat, 70cm Below Lower QuarterMaster
Ash, taken at the Honey Flat Campground

TX-CCC-15cm_ALQMA Texas, Caprock Canyon Campground, 15cm Above Lower
QuarterMaster Ash, taken at the North Prong Campground

TX-CC29-50cm_ALQMA Texas, Caprock Canyon Road 29, 50cm Above Lower QuarterMaster
Ash, taken at Road 29

TX-CC-11.0 AWh - arroyo Texas, Caprock Canyon Campground, 11m Above Whitehorse, take in

the arroyo just west of Road 29.

Palo Duro

At Palo Duro State Park, which lies approximately 70 km north/northwest of Caprock Canyon State Park,
the aforementioned ash layer can be found at the base of an arroyo (34° 57.072' N, 101° 39.801' W). Here,
a series of samples were taken in close proximity of the ash layer. The labeling of the samples is based on

height above the base of the section and range from 2 to 10.1 meters above the base.

Based on the most current ash dates from Mitchell (2014) it is likely that only the sediments that were
sampled at the arroyo along Road 29 in Caprock Canyon State Park (section F) and the samples that were
taken at Palo Duro State Park (section G) represent Permian age samples. The other sections sampled at

Caprock Canyon (sections B-E) and Dickens (section A) are almost certainly Triassic.

Tabor et al (in prep.) have determined that all of the Quartermaster formation is Lower Triassic (Induan).
Even the top 15-20 meters of the Whitehouse Group is also Triassic, which the Permian-Triassic transition

at around 9 meters from the base of the Whitehorse.

All the Palo Duro samples are labeled as follows: State — Location - Distance from base[m] detail. For
example: TX - PD - 9.15 AWh means the sample is from Texas, taken at the Palo Duro site and—in this

case—was taken at 9.15 meter Above the base of the Whitehorse.
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2.4.1 Extracting phytoliths from rocks
The method used to extract the phytoliths from rocks is loosely based on Piperno’s soil extraction protocol

as described in her book (Piperno 2006). All the rock samples are first cleaned with a metal brush and water
and then dried overnight at 65°C. Some of the samples disintegrated when manual pressure was applied.
For the ones with more structural integrity, they are crushed using a mortar and pestle and, in some cases,
if needed, transferred to a mechanical crusher which reduces the material to about half a mm in size.
Approximately 10g of the dried and crushed sample is placed in a 50 ml centrifuge test tube to which 5%
deflocculant solution is added. The samples are placed in a shaker for 12 hours. To remove the clay, the
samples are centrifuged with demineralized water for 2 minutes at 3000 rpm twice. Depending on the clay
content of the samples this step may need to be repeated until the supernatant is clear after centrifuging.

The samples are transferred to 400ml beakers to which 10ml of HCI (30%) is added. To speed up this
process the beakers are placed on a hotplate. After this step, nitric acid (HNOs) and a little potassium
chlorate KCIOs is added to remove organic material. In some of the samples H.O. was used for the removal
of organic material, which yielded comparable results. In that case ~15 ml of H2O: is added, 5 mL at a time
because a strong reaction can cause the beakers to overflow. H.O. is added until reaction ceases. The
beakers are filled with demineralized water and the suspension is allowed to settle for at least 24 hours.
After decantation the samples are transferred to 50 ml test tubes and centrifuged twice with demineralized

water to remove excess acid.

For the heavy liquid flotation step, a sodium polytungstate solution with a specific gravity of 2.40 was
prepared. This is deliberately a little more dense than is common in phytolith extractions, to make sure that
even if phytoliths have lost some water from their matrix which would lead to an had increased density,
they would still float to the top of the sodium polytungstate solution. Approximately 15 ml of the heavy
liquid solution is added to the samples in the 50 ml test tubes. After the samples are vortexed, they are
centrifuged for 5 minutes at 3000 rpm. The supernatant is decanted into another 50 ml tube and diluted with
demineralized water. This will cause the phytoliths to sink to the bottom of the test tube. In some samples,
the sediment does not collect well at the bottom of the test tube, and decantation disturbs the sample. In
these cases, another 10 to 15 ml of heavy liquid is added to the original test tube, which is vortexed again,

centrifuged and decanted into the same test tube that holds the diluted supernatant.

The diluted supernatant and remaining phytoliths are centrifuged twice for 10 minutes at 3000 rpm. The
phytoliths can now be mounted onto slides. Sedimentation trays are filled with demineralized water,
covering the cover slips. The suspension is then evenly distributed over the cover slips and allowed to settle

for two hours. After two hours the water is drained and a drop of mounting medium is added onto each
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cover slip. The first set of samples was mounted using Naphrax, which needs to be cured at 140°C for ~90
minutes. The other mounting media used, Permount and Eukitt, do not require any additional curing step.

2.5 Counting phytoliths
All the slides were counted using a Leica DM2500 microscope equipped with differential interference

contrast (DIC). DIC helps to highlight relief in the specimens which increases contrast and aids in the
identification of the particles. All the photos were taken with a Leica MC170 and a Nikon DS-Vil Digital

Camera. Every slide was counted in its entirety and every phytolith was recorded.

2.6 Testing the potential of phytolith assemblages to support biostratigraphy of
Permian and Triassic strata

Recovered phytolith abundances in samples are a function of phytolith production, transport, preservation,
sample size, preparation and identification (Piperno 2006). Different plants species can produce different
morphotypes and different combinations of more than one morphotype (multiplicity). The robustness of
these different phytoliths can vary due to their chemical make-up (the degree of polymerization), the
physical make-up of the phytoliths (e.g. long and thin versus short and stout) or a combination of both,
resulting in an assemblage that does not directly reflect plant composition. Preservation can also vary in
time, so phytolith abundances not necessarily reflect total plant abundances. However, the temporal
variation of phytolith preservation is assumed to apply to all forms and species. This means that the total
number of phytoliths in the assemblage may go down, but the proportion of each morphotype is assumed
to remain the same. Therefore, changes in relative abundance can be studied to reconstruct changes in plant

communities and also cross-correlate samples if absolute dating of the geological material is not feasible.

To evaluate the ability of phytolith compositions to be used as a stratigraphic tool, phytolith proportional
occurrence from six profiles were compared using a heuristic dissimilarity metric that is described in detail
below. The approach was tested by comparing (aggregated) samples from sections A, C, D and E to
aggregated samples from section B. The samples had to be aggregated because the phytolith content was

too low to draw any reliable conclusions. This obviously came at the cost of loss of temporal detail.

Since section B encompasses the time periods that the samples from sections A, C, D and E represent, it is
a good test to verify if the similarity between phytolith assemblages can be used as a tool to correlate
samples in space. The approach was also tested on samples from sections F and G, both straddling the
Permian-Triassic transition. Samples from sections F and G were aggregated into a Permian and a Triassic
sample for F and G. Then the similarity between the four aggregate samples was calculated aiming to verify

that the samples from the same time period were indeed most similar.
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2.6.1 Data aggregation
The proportions of phytoliths counted in one sample are subject to statistical uncertainty (Strémberg 2009).

The confidence interval around a proportion of (for example) 30% is narrower if the proportion was based
on 300 phytoliths out of 1000 total phytoliths, than when it is based on 3 phytoliths out of 10. The
confidence interval, also known as the normal approximation interval, of the proportion can be calculated
as follows:

[Eqal]

Where P is the calculated proportion, z is the 95-percentile of a standard normal distribution (z=1.96), and
n is the total number of phytoliths. Figure 6 shows the confidence intervals (thin lines) around calculated
proportions (bold lines) of 20% (orange), 50% (green) and 90% (blue), for a total number of identified
phytoliths ranging from 5 to 50.
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Fig 6. The confidence intervals (thin lines) around calculated proportions (bold lines) of 20% (orange),
50% (green) and 90% (blue), for a total number of identified phytoliths ranging from 5 to 50.

The confidence interval of a calculated proportion of 20% narrows to 10%-30% only after more than 50
phytoliths have been identified (solid box). If only 20 phytoliths have been identified, four of which are of
a certain type (20%), the confidence interval around the true proportion ranges from 2% to 38% (dashed
box).
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Given this statistical uncertainty, it is not feasible to correlate samples across locations based on proportions
calculated from samples with few identifiable phytoliths. To resolve this, phytolith morphotypes and
samples were aggregated to achieve a larger number of counts and more reliable calculated proportions.

To gain sufficient counts to calculate proportions with narrower confidence intervals, neighboring samples
in profile B were aggregated together to obtain aggregate samples with 45 or more phytolith detections
(Table 4). One sample (collected 10.9 m above the White Horse Formation) containing 55 phytoliths was
not aggregated. This reduced the number of 37 samples to 8 aggregated samples. The aggregate samples
span depth intervals from 0.9 to 16.5 meters. While this greatly reduces the spatial and temporal resolution,
it is — in absence of much higher phytolith counts — the only available approach to compare compositions

across sampling locations.
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Table 4. Phytolith morphotypes extracted from three latest Permian to Early Triassic sections from the
Palo Duro Basin, Texas. Eight phytolith morphotype categories were distinguished.

Morphological descriptor Description Examples

1 Orbicular omamented This category is a combination of all the rounded Plate la-f.
morphotypes, with surface ornamentation. The

ornamentation appears to be dependent on preservation

quality. In less preserved specimen the distinction between

e.g. castelate and echinate is impossible to make.

2| Carbon core orbicular A clearly distinguishable morphotype; round with a dark Plate 1g-j.
round center.
3 Carbon core square A clearly distinguishable morphotype; parallelepipedal to Plate 1k-n.

trapezoidal with rectangular dark depression, with the
depression sometimes showing striations.

4 Circular bordered pits A clearly distinguishable morphotype; a vessel element with ~ Plate 2a-f;
(uniseriate) a single row of circular bordered pits. 3a-d, 4a-e.
5 Clavate Drop or club-like shaped morphotype; some with a clear Plate 5a-p.

crest over the length, in others not clear. Both types were
lumped into one.

6 | Cuneiform Saddle shaped; the flatter ones (2D) are lumped with the Plate 5g-h.
more filled out ones (3D).
7 Perforated strands All these are longer than they are wide. Perforations very Plate 4-fg.

from small to large, and regular to irregular. In some, the
transition from one type to another was observed,
demonstrating that a distinction between the types may not
be warranted.

8 Reniform A clearly distinguishable morphotype; kidney-shaped (3D).  Plate 6e-h.

Every slide was counted in its entirety and every phytolith was recorded. However, for the numerical
analysis the groups were used, because incredibly rare morphotypes, while potentially botanically

informative, can as of yet not be used in numerical and stratigraphical analysis.

2.6.2 Dissimilarity metric
A heuristic metric, similar to the root mean squared error, was used to evaluate similarity of phytolith

compositions across samples. For each of the eight morphotype categories, the relative abundance
(proportion) within the aggregated samples was calculated as ? = i/n with i the number of phytoliths of a
certain morphotype and n the total number of identified phytoliths in the aggregated sample. The similarity
between aggregated samples was based on the sum of squared differences between the proportions of the
two samples:

% (Pip- ﬁi,A)Z
Zies(Pu=pia). [Eq 2]

Dissimilarity Metric =

76



With 2i,A and?i,B the proportion of phytolith morphotype i in sample A and B. The metric resembles the

root mean squared error. Since the metric represents the error, lower numbers indicate higher similarity.

3 Results

3.1 Phytoliths from rocks
Photo plates 1 through 10 show a selection of the phytoliths from rock samples. For collection and

processing details, refer to section 2.4 Collecting rock samples and 2.4.1 Extracting phytoliths from rock
of this chapter.

Plate 1. Phytoliths extracted from rock. Sample ID in brackets. a: Orbicular 2D (NPQM 7.4); b: Orbicular 2D (CCC15CM); c: Globular
(TX-CC-14.5AWh); d - f: Globular echinate (d: 45.9 NPQM; e: PDOAWHC; f: 25.0 NPQM); g —j : Carbon core round: globular with
echinate ornamentation, with dark, carbon-rich occlusion in the center (g: 15.8 NPQM; h: TX-D25_4-060BUA,; i: 51.0 SPQM; j:

PD69AWHB); k — n : Carbon core rectangular: parallelepipedal to trapezoidal with rectangular dark depression (k: 7.4m NPQM; | —m:
CCC15CM; n: TX-CC-14.5AWh. Scale bar 10um.
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Plate 2. Phytoliths extracted from rock. Sample ID in brackets. a - f: araucariod pitting (a: 60.4 SPQM; b: 22.1 NPQM; c: 53.3 SPQM; d:
60.4 SPQM; e: 70.4 SPQM; f: CC80AWhB). Scale bar 10um.

Plate 3. Phytoliths extracted from rock. Sample ID in brackets. a - d: araucariod pitting (a: NPQM 15.8-C; b: PD915A; c: D 25.4 0.6 BU;
d: NPQM 22.1-D). Scale bar 10um.

78



S vt  »

e
N

.
et | Nt . Wy

Plate 4. Phytoliths extracted from rock. Sample ID in brackets. a - e: uniseriate circular bordered pitting (a: NPQM 32.9; b: CCC70CM; c:
45.9m NPQM; d: 36.2 NPQM; e: 6.0 NPQM); f—g: Perforated strands (f: CC980AWh; g: SPQM 69.7). Scale bar 10um.

Plate 5. Phytoliths extracted from rock. Sample ID in brackets. a - f: Clavate. a, b and d show a crest along the long axis (a: 1.1 NPQM; b:
NPQM 15.3-B; ¢c: NPQM 50.4m B; d: TX-CC-29-100BLQMA; e: 47.7 NPQM; f: PD65AWHBY); g — h: cuneiform (g: NPQM 39.7-B; h: ash).

Scale bar 10um.
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Plate 6. Phytoliths extracted from rock. Sample ID in brackets. a — d: hair base (a: 22.1 NPQM; b: TX - D—25.1-0.90 BUA; c: 15.8
NPQM; d: 6.0m NPQM); e — h: reniform (e: NPQM 26.0m-A; f: 14.9 NPQM; g: TX-CC-29-100BLQM; h: 15.8 NPQM). Scale bar 10um.

Plate 7. Phytoliths extracted from rock. Sample ID in brackets. a: scutiform (TX-CCH-70cm-BLQMA_D); b —e: parallelepipedal bulliform
(b: PD70AWHB; c: CCH15ALQ; d: NPQM 15.3-D; e: TX-CCH-70cm-BLQMA_D); f— j: Vesticular infilling (f — i: 6.0 NPQM; j: 14.9
NPQM) . Scale bar 10um.
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Plate 8. Phytoliths extracted from rock. Sample ID in brackets. a - d: Cuneiform (2D) with nib (a: 7.4 NPQM; b: 47.7 NPQM; ¢ —d: TX-
CCH-70cm-BLQMA_D); e — g: Rectangular (2D) with undulated margin (e: D2555045; f: D266060A; g: CCH70CMB). Scale bar 10um.

0.\

Plate 9. Phytoliths extracted from rock. Sample ID in brackets. a - g: Indeterminate (a: 155CMAQMA; b: 33.5 NPQM; c: 39.7 NPQM-B; d:
25.0 NPQM-C, e: 135AWHA,; f: 26.0 NPQM-A; g: CC-11-Awh). Scale bar 10xm.
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Plate 10. Phytoliths extracted from rock. Sample ID in brackets. a - g: Indeterminate (a: 25.0 NPQM; b: TX-CCH-70cm-BLQMA,; c: TX-
D25_4-060BUA; d: CCH70CMB, e: 52.2 SPQM; f: CCC110BQ; g: CCC15CM; h: 19.6 NPQM). Scale bar 10um.

3.2 Phytolith reference collection
Photo plates 11 through 38 show phytoliths representatives of clades that evolved in the Paleozoic (see

Appendix 1). For collection and processing details, refer to section 2.3 Building a phytolith reference

collection of this chapter.

3.3 Numerical analysis of phytolith assemblages
In this section we explore the similarity or dissimilarity between different sample profiles taken at different

locations, to test whether sections of a similar age (based on the ages of the various dated ash layers) show

any similar patterns. 3.3.1 Location of sample A in section B

The assemblage composition for the eight aggregate samples from section B with the aggregate sample
from section A are graphically presented (Fig. 7). Dickens' aggregate sample A, from 26 meter above the
Whitehorse-Quartermaster contact, contained 27 phytoliths. The aggregate samples from Caprock Canyon's
section B, with average heights ranging from 5-67 meters above the Whitehorse-Quartermaster contact,
contained between 45 and 59 phytoliths. If the vegetation, taphonomic regimes and depositional
environment was similar in the same sample, one would expect similar assemblages in aggregated sample
A and sample B which originates from around 23 meters above the Whitehorse-Quartermaster contact. The
sediments from both locations are sampled close to the second Quartermaster ash, which are thought to
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represent the same event. Dickens' sample A most common phytolith morphotypes are Perforated Strands
(group 7, 30%), Orbicular Carbon Cores (groups 2, 26%) and Circular bordered pits (group 4, 18%). The
only sample from the Caprock Canyon section B with the same three phytolith morphotype groups as most
common contributors, is the sample from ~23m above the Whitehorse-Quartermaster contact. In section B
the samples from 11m, 53m and 67m are dominated by the Perforated Strands morphotype (group 7, >2/3
of the assemblages). Unlike any of the other samples, sample from 15m in section B lacks Perforated
Strands phytoliths, the sample from 67m in section has a large proportion of Orbicular carbon core
phytoliths (group 2, 18%), and the samples from 15m and 43 m in section B have large proportions of
Cuneiform phytoliths (> 25%).

Proportional Phytolith Composition
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Fig 7. Proportional occurrence of eight phytolith morphotype groups in Dickens' aggregate sample A and
eight aggregated samples from Caprock Canyon's section B, Palo Duro Basin, Texas. The phytolith
morphotype groups comprise: 1) Orbicular ornamented, 2) Carbon core orbicular, 3) Carbon core square,
4) Circular bordered pits (uniseriate), 5) Clavate, 6) Cuneiform, 7) Perforated strands and 8) Reniform.
Indicated in the left margin are the average sample heights (m) above the Whitehorse-Quartermaster
contact.
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Table 4. Squared differences between in the proportional occurrences of each of the eight morphotype
groups between Dickens' aggregate sample A from the Dickens' section, and aggregated samples from
Caprock Canyon's section B, Palo Duro Basin, Texas. The phytolith morphotype groups comprise: 1)
Orbicular ornamented, 2) Carbon core orbicular, 3) Carbon core square, 4) Circular bordered pits
(uniseriate), 5) Clavate, 6) Cuneiform, 7) Perforated strands and 8) Reniform. Indicated in the left margin
are the average sample heights (m) above the Whitehorse-Quartermaster contact. Lower numbers
represent better similarity.

Dissimilarity
Profile B Morphotype Metric

i (o] m <t wn (e} ~ [oe]
o o o o o o o o
> > > > > > > >
2 2 2 2 2 o 2 2
Aggregated Location G} G) G G} G) G} G} G)

67 0.00 0.04 0.03 0.03 0.01 0.01 0.17 0.00 19%

53 0.00 0.06 0.00 0.02 0.00 0.00 0.14 0.00 17%

43 0.01 0.04 0.00 0.02 0.00 0.03 0.01 0.00 12%

33 0.01 0.00 0.00 0.03 0.01 0.00 0.02 0.01 10%

23 0.00 0.03 0.00 0.00 0.00 0.00 0.02 0.00 8%

15 0.00 0.00 0.00 0.03 0.03 0.05 0.09 0.02 17%

11 0.01 0.03 0.00 0.03 0.00 0.00 0.17 0.01 18%

5 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.01 10%

In order to compare Dickens Sample A and the aggregated Caprock Canyon samples from section B a
dissimilarity test (see Equation 2) was carried out (Table 4). This dissimilarity metric combines the
dissimilarities of each of the eight phytolith assemblages into a single number, with lower values indicating
higher similarity. When compared to Dickens' sample A, the section B samples from 11m, 53m and 67m
height have a large squared difference (0.14-0.17) in the proportional occurrence of Perforated strands
(group 7 phytoliths). The absence of this morphotype in the sample from 15m results in a squared difference
of 0.09, when compared to sample A. The dissimilarity metric of 8% confirms that the assemblages sampled
close to the highest ash in the Dickens (sample A) and Caprock Canyon (sample 23m section B) are indeed
the most similar. When compared to sample A, section B samples from 5, 33, and 43 meters show a slightly
higher dissimilarity metric (10-12%). Sample A was retrieved 25 to 27 meters above the Whitehorse-
Quartermaster contact. Based on the distance between this contact and the highest ash layer is the Dickens'
and Caprock Canyon section sample A partially overlaps the depth range of the aggregate sample from
profile B (19.6 — 25.6 m above the contact). The dissimilarity evaluation thus correctly identified the

appropriate location of the aggregated sample within these two sections.

3.3.2 Location of samples C, Dand E in B
Non-aggregated samples from Caprock Canyon sections C, D and E were collected below (BLQMA) and

above (ALQMA) the Lower Quartermaster Ash layer, which outcrops 6 meters above the Whitehorse-
Quartermaster contact (Fig. 8). Just like Dickens' sample A, the phytolith assemblages from these samples

were compared to the aggregate samples of section B. The samples from sections C, D and E contained
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between 17 and 37 identifiable phytoliths each. The most dominant phytolith morphotype in all but one
samples is Carbon core square morphotype (group 3, 39-89%), in the other sample (section C 5.3 m) it is
co-dominant with the Clavate morphotype (group 5, 28%).

The overwhelming abundance of the Carbon core square morphotype in the C, D and E samples, which is
present only in very small proportions in section, are a cause for high dissimilarity metric scores between
the two cores (Table 5). Overall, the average dissimilarity metrics are much higher (18-35%) than those
found in the comparison between samples from sections A and B (8-19%). The lowest metrics correspond
to the aggregated sample from 5m in profile B for two of the nine samples in C, D or E, correctly identifying
the location. The seven other samples are more similar to other samples in section B. In this case, the
similarity evaluation did not correctly identify the corresponding level of the samples within the section.

Proportional Phytolith Composition

0% 10% 20% 30% A0% 50% B0% T0% B0% S0% 100%

EGroupl MGroup2 MGroup3 M Groupd M Group5 W Groupt M Group?7 B GroupB

Fig 8. Proportional occurrence of eight phytolith morphotype groups in a total of nine samples from
sections C, D and E, Caprock Canyon, Palo Duro Basin, Texas. The phytolith morphotype groups
comprise: 1) Orbicular ornamented, 2) Carbon core orbicular, 3) Carbon core square, 4) Circular
bordered pits (uniseriate), 5) Clavate, 6) Cuneiform, 7) Perforated strands and 8) Reniform. Indicated in
the left margin are the average sample heights (m) above the Whitehorse-Quartermaster contact.
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Table 5: Dissimilarity Metric for non-aggregated phytolith samples from sections C, D and E, compared
to aggregated samples from section B, Caprock Canyon, Palo Duro Basin, Texas. The lowest
dissimilarity values are in bold. Shading of column headings indicate relative position below (darker) or
above (lighter) Lower Quartermaster Ash layer. Location is in meters above the Whitehorse-
Quartermaster contact.

Profile C C C D D D E E E
Profile Location above WHF (m) 4.8 5.3 6.15 4.9 5.3 6.15 5 5.6 6.5
B 67 34% 28% 31% 28% 24% 28% 25% 32% 35%
B 53 37% 27% 33% 29% 24% 29% 26% 34% 37%
B 43 34% 23% 29% 25% 20% 24% 23% 31% 35%
B 33 35% 23% 30% 23% 19% 22% 24% 32% 35%
B 23 35% 22% 29% 25% 20% 24% 23% 31% 35%
B 15 35% 18% 27% 24% 19% 20% 26% 32% 36%
B 11 38% 29% 34% 30% 26% 30% 28% 36% 39%
B 5 35% 21% 30% 21% 17% 20% 24% 32% 35%
Lowest dissimilarity metric 34% 18% 27% 21% 17% 20% 23% 31% 35%
Location of lowest dissimilarity in profile B (m) 43 15 15 5 5 15 43 23 43

3.3.3 The position of the Lower Quartermaster Ash layer in profiles C, D and E
Sections C, D and E all straddle the Lower Quartermaster Ash (LQMA) layer, with two samples collected

below and one sample above the ash layer at very similar distances in all three profiles. The average
similarity of the samples collected below the LQMA was calculated and compared to the similarity across
the LQMA, both within the same profile, across profiles, and overall (Table 6). The two samples collected
below the LQMA are on average less similar (17%, within the same section) than the samples across the
LQMA within the same section (8%). Comparing across profiles, below the LQMA samples appear more
similar (15%) than across the LQMA (22%). Overall, the similarity of the samples collected below the
LQMA (16%) is very close to the similarity of samples collected across the LQMA (15%). The similarity

evaluation thus did not reveal a coherent change in phytolith composition across the LOMA.

Table 6. Dissimilarity Metric for aggregated phytolith samples from sections C, D and E, Caprock Canyon,
Palo Duro Basin, Texas. Compared are samples below and across the Lower Quartermaster Ash within

the same section, across sections and all sections.

profile
Dissimilarity Metric within across all
LOMA below 17% 15% 16%
position across 8% 22% 15%
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3.3.4 Phytolith compositions across the Permian-Triassic transition
Based on the ash dates, profiles F and G both straddle the Permian-Triassic Boundary at approximately 9

meters above the Whitehorse-Quartermaster contact at Caprock Canyon and Palo Duro. Because of the
limited number of identified phytoliths, all samples from each of these sections were combined (Figure 9;
Table 7). The samples collected at 9m were excluded from this analysis because this test focuses on
distinguishing only two categories, Permian and Triassic. The assemblages of the four aggregated samples
contained between 21 and 64 identified phytoliths. These aggregate samples represent a vertical distance
varying from 0.5 m to 3.5 meters. The presumed Permian aggregate samples overlap the same location
range, while the presumed Triassic samples of profile F were collected entirely from above the Triassic
samples in profile G.

Profile F and G samples

16
14 :
12 .
10 ’ :
f| i
6
4
2
0
F G

W Permian Triassic e« sample location

Fig 9. Caprock Canyon section F, and Palo Duru section G, Palo Duro Basin, Texas, with all the sample
locations indicated, combined in two aggregated samples each which exclusively contain samples from
above or below the presumed boundary.
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Tabel 7. Caprock Canyon section F, and Palo Duru section G, Palo Duro Basin, Texas, with their
respective number of samples included, their physical position in the field in meters from above or below
the presumed boundary, and the total number of phytoliths in each aggregate sample.

Profile  Period | Samples Location (m) Phytoliths
bottom top range Total
F Triassic 4 11 14.5 3.5 64
G Triassic 4 9.15 10.1 0.95 21

The composition of the phytolith assemblage of the presumed Triassic aggregate sample of section F is
distinctly different from the other three samples in sections F and G (Fig. 10). It contains a larger proportion
of the “carbon core square” morphotype (group 3, 42%) and a small proportion of “reniform” phytoliths
(group 8, 9%), but “perforated strands” phytoliths are almost absent. The other three samples contain on
average 31 (£13) % to 44 (£15) % of “perforated strands” phytoliths and varying proportions of the other
morphotypes, but the reniform

Proportional Phytolith Composition
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Fig 10. Proportional occurrence of eight phytolith morphotype groups in four aggregated samples Caprock
Canyon section F, and Palo Duro section G, Palo Duro Basin, Texas. The phytolith morphotype groups
comprise: 1) Orbicular ornamented, 2) Carbon core orbicular, 3) Carbon core square, 4) Circular
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bordered pits (uniseriate), 5) Clavate, 6) Cuneiform, 7) Perforated strands and 8) Reniform. Indicated in
the left margin are the presumed period ages these samples represent.

The dissimilarity metric comparing Triassic and Permian samples from sections F and G confirms the
differences that were noted visually from the proportional phytolith composition (Fig. 10). Table 8 shows
that the Permian sample from Caprock Canyon section F is quite similar to the Permian and Triassic samples
from Palo Duro section G (with a dissimilarity metric of 10% for both). The Triassic sample from section
F is less similar to the Permian sample from G (16%). As visually noted, the dissimilarity between the
Triassic sample in F and the Triassic sample in G is the largest (22%) of all comparisons.

Tabel 8. Dissimilarity Metric for two aggregated samples of Caprock Canyon section F, and two
aggregated samples from Palo Duro section G, Palo Duro Basin, Texas. Indicated in the left margin are
the presumed period ages these samples represent.

Profile F F

Period Triassic | Permian

G Triassic 22% 10%

G Permian 16% 10%

The similarity evaluation did show a coherent change in phytolith composition across the Permian-

Triassic transition.

4 Discussion
The end-Permian biotic crisis caused floral turnovers and the gradual extinction of several dominant

arborescent plant groups from the tropics to the polar regions. In the more temperate northern and southern
floral realms, Angara and Gondwana, the plant groups that become dominant in the subsequent survival
and recovery intervals include plant lineages that originated in equatorial Euramerica. One of the plant
groups that migrates into Gondwana is the seed fern Dicroidium, which was during Permian times only
known from deposits in Jordan (Kerp et al. 2006). Another plant group that becomes more widespread are
the Voltzian conifers (voltzian Voltziales, sensu Escapa et al. 2010), the only conifer lineage that survived

the crisis, and becomes a major component of both the Angaran and Gondwanan floras.

After a gap in their micro- and macrofossil record of 4-5 million years the Voltzian conifers are also return
to the equatoral Euramercian realm. They are considered to be immigrants that survived in refugia outside
the eastern part of Euramerica (Looy et al., 1999). These areas could have been located in northern Africa

and Arabia, where during the Late Permian floras with both Euramerican and Gondwanan elements existed
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(e.g., EI-Khayal and Wagner 1985). Western Euramerica has also been mentioned as a region for potential
refugia, but unfortunately conditions for preservation in this area were very low from the mid-Guadalupian
to mid-Triassic on, and there are no pollen or macrofossils known from this interval (DiMichele et al. 2008).
The aim of this study was 1) to extract and describe phytoliths and their distribution patterns from latest
Permian and early-middle Triassic sediments from the Palo Duro Basin north-central Texas, 2) discuss the
potential botanical affinities of the fossil morphotypes, and the evidence for conifer refugia, and (3) test the

potential of phytolith assemblages to support biostratigraphy of Permian and Triassic strata.

71 of the 74 samples processed latest Permian to Triassic age samples from the Dickens, Caprock Canyon
and Palo Duro sites proved to be productive. A total of thirty-three morphotypes were identified (Plates 1-
10) and the samples were quantitatively analyzed. Because the phytolith yield per sample was relatively
low, the phytolith morphotypes were combined into 8 morphotype groups (Table 4), and the less productive

samples were combined into aggregated samples.

The most notable phytoliths have imprints of circular boarded pits which are characteristic features of the
coniferous wood macrofossil petrifactions found in the same section (compare Plate 2C-D and appendix
2).

Botanical affinities. It has proven to be most challenging to associate the botanical affinities with the fossil
morphotypes. The preservation of the material and potentially the extraction procedures do not lend
themselves to an optimal phytolith recovery and identification. The most intriguing morphotype
encountered are phytoliths that were deposited in coniferophyte tracheids: 1) Araucarioid pitting, 2)
Uniseriate circular bordered pitting, and 3) Vesticular infillings. The Araucarioid pitting types are
heptaseriate, alternate bordered pits (Plate 3a-d) are similar to those found in conifers with araucarioid
wood. While they have superficially similar pitting patterns as those seen in e.g., Betula and Cedar, both
of which are commonly used in the paper industry, but the apertures in Betula are slitted and those in Cedar
show an opposite pattern. This morphotype was exceedingly rare and was observed only 8 times in total,
twice in what is assumed to be Permian strata and 6 times in sediments of Triassic age. Narrowing down
its botanical affinity would be very informative with regard to its geographical spread and its response to
the end Permian biotic crisis. A wood fragment found in the Early Triassic sediments in Caprock Canyon
State Park (GPS coordinates known by the author) was studied by Marion Bamford and is potentially related
to Agathis and Araucaria, both of which have uniseriate vascular rays (Marion Bamford, pers. comm.)
These uniseriate circular bordered pits are relatively common phytolith morphotype in the Permian and

Triassic samples. For a comparison between the fossil wood and the fossil phytolith see Appendix 2.
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The vesticular infillings morphotype is one of the few morphotypes that are comparable to "siliceous
spherules™ described from tracheid of silicified Cordaitalean wood from the Pennsylvanian, Oklahoma
(Wilson and Clark 1960). The authors believed that the 10-70 micron concentrically layered spherules
formed around organic nuclei during the petrification process. The specimens observed in the Texan
samples have concentric layers as well, but do not show evidence of nuclei. They are similar to morphotypes
observed by Stromberg (pers. comm.). Another less taxon-specific morphotype are the infillings of cells
that form the base of epidermal hairs. These circular to oval cells are common in Paleozoic conifers and
seed ferns (e.g., Clement-Westerhof 1984; Kerp 1990).

Biostratigraphy. We also tested the potential of phytolith assemblages to support biostratigraphy of Permian
and Triassic strata. The phytolith composition in a sample from a distant profile (A, C, D, or E) was most
similar to the phytolith composition at the correct depth range within a longer profile (B) in only one (A)
of the four examples. We did not demonstrate that phytolith composition can consistently identify the

correct depth range.

None of the samples collected above and below a geological feature (i.e. the Lower Quartermaster Ash
layer show the greatest similarity with samples collected from the same position with respect to the
geological strata in a distant profile. We did not demonstrate that phytolith composition can identify the
correct position (above or below) a geological boundary.

The phytolith yield of the rock samples may be correlated with the types of sediment that make up the
various strata as well as with the various depositional environments with which these strata are associated.
The Whitehorse Group goes from perimarine gypsiferous sandstones, mudstones, gypsum and dolomites
to the intertidal and supratidal calcareous mudstones and sandstones which are interpreted to be fluvial
channel deposits of the Quartermaster Formation. Besides different taphonomical regimes for the range of
environments the Whitehorse to Quartermaster represent, it is also likely the near shore plant communities

and those fringing the river channels are different in composition.

Data aggregation. Our current approach aggregates samples to a total of approximately 50 identified
phytoliths. As a result, the depth representation varies from a single point sample to a range of 16 meters.
Alternatively, a fixed depth range can be aggregated and a weighted average could be applied to achieve
consistency. Total phytolith abundance is discarded in our approach. Abundance could be incorporated as
an additional metric to quantify similarity. Phytolith yield may be the product of production rate and volume
by the vegetation, sedimentation and preservation or—more likely—a combination of both (e.g. Mulholland
and Rapp 1992). Increasing the yield of certain samples would require processing a greater volume of rock

sample. For some of the more sparse samples, it would mean having to process 50 times as much material.
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The uncertainty around the proportion of each morphotype could be incorporated into the dissimilarity
metric. Smaller proportions have a smaller confidence interval (e.g. 8% for a proportion of 10% with n=50)
than larger proportions (e.g. 14% for a proportion of 50% with n=50). Because the aggregated samples had
similar sizes (approximately 50 identified phytoliths), the uncertainty around each calculated proportion is

in the same order of magnitude.

While phytolith-based biostratigraphy has been unsuccessful in this study, we demonstrated that phytoliths
of Permian and Triassic age can serve as evidence of plant life at the western portion of the supercontinent
Pangea, a region previously believed to be barren.

Conclusion. This study showed that diverse phytolith assemblages can be isolated from sediments of late
Permian and Triassic age, that more research needs to be done to establish the botanical affinity of the
recovered phytoliths, and shows that phytolith assemblages have some potential use for biostratigraphy of
regional Permian and Triassic strata. The presence of phytoliths with circular bordered pits throughout the
sections suggests that woody vegetation was present along the coastal margin of Panthalassa on western
Pangea before, during, and after the Permian mass extinction. A layer with petrified wood fragments with
a similar pitting higher up in the Caprock Canyon section, known to represent conifers (Marion Bamford,
pers. comm.), is additional proof that these plants were present in the region (see Appendix 2). These finds,
both phytoliths and wood, are the first evidence for late Permian - Early Triassic plant life in the continental
US. Assuming that the probable PTB transition in the Quartermaster fm proves to be stratigraphically
conformable, then these results imply that—contrary to what has been generally suggested—the tropical
Panthalassa margin of Pangea was not barren, but preserved woodland ecological elements throughout the

troublesome time period crossing the Permian-Triassic transition.
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APPENDIX 1

Plate 11. Phytoliths extracted from extant plants. Morphological description in brackets. a - b: Huperzia phlegmari (a and b: silicified
stomata; ¢ - f: Isoetes sp. (c and e: polyhedral bulliform; d and f: polyhedral epidermal). Scale bar is 10pm.

Plate 12. Phytoliths extracted from extant plants. Morphological description in brackets. a - e: Palhinhaea cernua (a and b: Elongated with
centrally raised parallelepipedal feature; ¢ and d: elongate crenate on both sides, e: vascular tissue) Scale bar is 10um unless noted otherwise.
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Plate 13. Phytoliths extracted from extant plants. Morphological description in brackets. a: Lycopodium venustulum (a: Irregular body with
lacunose depressions); b - d: Selaginella pallescens (b: vascular tissue; ¢ and d: irregular body with verrucate nodes) e - g: Selaginella plana
(e: tracheid; f and g: elongate smooth rod with edges along the body). Scale bar is 10pum.

Plate 14. Phytoliths extracted from extant plants. Morphological description in brackets. a: Selaginella plana (a: lobular epidermal cell); b -
e: Selaginella willdenowii (b: silicified stomata; c: lobular epidermal cell; d: silicified subsidiary cells; e: polyhedral elongate). Scale bar is
10pm.
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Plate 15. Phytoliths extracted from extant plants. Morphological description in brackets. a: Selaginella plana; b, ¢, d and e: Selaginella
willdenowii (a: tracheid; b and c: lobular epidermal cells; d: polyhedral epidermal; e: lobular epidermal cells). Scale bar is 10um.

-

Plate 16. Phytoliths extracted from extant plants. Morphological description in brackets. a - ¢: Psilotum nudum (a — c: cubical to elongate
bulliform); d - f: Psilotum X intermedium (a: elongate echinate single side; e and f: tracheid). Scale bar is 10um.
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Plate 17. Phytoliths extracted from extant plants. Morphological description in brackets. a - d: Angiopteris evecta (a — d: globular irregular
with granulate surface); e - I: Blechnum gibbum (e: cuneiform bulliform cell; f — i: lobular epidermal cell, with h showing silicified stomata;
j — I: elongated trapeziform). Scale bar a —j: 10um, k and I: 100pm.

Plate 18. Phytoliths extracted from extant plants. Morphological description in brackets. a — g: Cyathea cooperi (a: hair segmented; b:
vascular tissue; d: polylobate irregular with lacunose surface; e: tracheid; f and g: oblong with circular depression, depression has smooth
raised edge); h — j: Cyathea poeppigii (h: irregular polylobate with psilate surface; i —j: flat, irregular with complete or incomplete castelate
ornamentation along the raised edge). Scale bar 10um.
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Plate 19. Phytoliths extracted from extant plants. Morphological description in brackets. a — n: Dicksonia Antarctica (a: Elongated lobular
epidermal cell; b: triangular keeled; c: lobular epidermal cell, potentially a silicified subsidiary cell; d, g: silicified stomata and subsidiary
cells; e: oval with one short side folded; f and j: oblong with circular depression, depression has smooth raised edge; h: cuneiform; i: hair
segmented; k - m: concave circular disc with raised psilate edges; n: elongate with small granulate surface and irregular edges ). Scale bar is

10pm.

Plate 20. Phytoliths extracted from extant plants. Morphological description in brackets. a - d: Marattia sp. (a - c: circular to oval with often
dark, central depression ); e — i: Microlepia platyphylla (e: silicified stomata; f: lobular epidermal cell; g and h: subsidiary cells; i: elongate
irregular with small granular surface texture); j and k: Osmunda regalis (j: lobular epidermal cell ; k: silicified stomata and lobular
epidermal cell); I and m: Osmunda japonica (l: silicified stomata; m: lobular epidermal cell). Scale bar 10um.
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Plate 21. Phytoliths extracted from extant plants. Morphological description in brackets. a — e: Pellaea rotundifolia (a: flat smooth orbicular;
b: lobular epidermal cell; ¢ and e: perforated platelet; d: silicified stomata); f — h: Equisetum myriochaetum (f and h: tuberculate node on
epidermal cells; g: silicified stomata); i and j: Equisetum telmateia (i and j: tuberculate node on epidermal cells, j includes stomata). Scale

bar 10pm.

Plate 22. Phytoliths extracted from extant plants. Morphological description in brackets. a: Austrocedrus chilensis (a: plate with even
striations); b: Calocedrus decurrens (b: elongated irregular epidermal cells); ¢ - e: Calocedrus formosana (vascular tissue); f — k:
Cryptomeria japonica (f and i: irregular flat with small granular surface texture; g: unclear; h: scutiform with blunt point; j and k: irregular
flat with small irregular tuberculate protrusions); | — n: Cunninghamia konishii (I: demi globular with central circular depression; m; long
cell, elongated with echinate ornamentation along edge; n: irregular elongate with small irregular tuberculate protrusions). Scale bar 10um.
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Plate 23. Phytoliths extracted from extant plants. Morphological description in brackets. a — d: Cunninghamia konishii (a: longate with keel
down the long axis and small irregular tuberculate protrusions; b: irregular flat with small granular surface texture; c: cuneiform; d: vascular
tissue); e: Cupressus abramsiana (e: vascular tissue); f: Cupressus lusitanica (f: vascular tissue); g — j: Juniper virginiana (g: scutiform; h

and i: cuneiform; j: smooth cylindrical cell). Scale is 10pm.

Plate 24. Phytoliths extracted from extant plants. Morphological description in brackets. a and b: Sciadopitys verticillate (a and b: vascular
tissue); ¢ — e: Sequoia sempervirens (c: bulliform ; d: tracheid; e: vascular tissue); f - h: Taxus brevifolia (f — h: tracheid); i — j: Tetraclinis
articulate (i: keeled cuneiform; j: smooth cylindrical cell). Scale is 10um.
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Plate 25. Phytoliths extracted from extant plants. Morphological description in brackets. a — ¢: Thuja plicata (a: cuneiform; irregular flat
with small granular surface texture; c: vascular tissue); d: Widdringtonia schwarzii (cellulose); e: Dacrycarpus dacrydioides (vascular
tissue); f: Dacrydium cupressinum (smooth cylindrical cell); g - k: Phyllocladus trichomanoides (g and h: elongate with evenly distributed
pilate processes; i: bulliform; j: tracheid; k: facetate tabular with irregular flat with small granular surface texture). Scale bar 10pum.

Plate 26. Phytoliths extracted from extant plants. Morphological description in brackets. a - f: Podocarpus latifolius (a and f: elongate with
evenly distributed pilate processes; b, d and e: tracheid; c: elongate with small granulate surface and irregular edges); g - i: Podocarpus
nivalis (g and h: irregular elongate with irregularly distributed pilate processes; i: flat, irregular with complete or incomplete crenate

ornamentation along the raised edge. Scale bar 10um.
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Plate 27. Phytoliths extracted from extant plants. Morphological description in brackets. a - i: Agathis australis (a: scutiform; b: irregular flat
body with pilate processes; c: irregular trapeziform with regular scrobiculate surface; d: silicified stomata e — h: vascular) j - k: Agathis
robusta (i: subsidiary cell; j —k: vascular). Scale bar 10um.

Plate 28. Phytoliths extracted from extant plants. Morphological description in brackets. a — b: Araucaria Araucana (vascular tissue); ¢ — i:
Araucaria cunninghamii (c, g — i: vascular tissue; d — f: flat orbicular with lacunose surface); j — m: Wollemia nobilis (j: tabular with small
granular surface texture; k: cuneiform; I: saddle shape; m: tracheid). Scale bar 10um.
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Plate 29. Phytoliths extracted from extant plants. Morphological description in brackets. a — d: Abies forrestii (a and b: irregular elongate to
oval with central irregular depression; c: tabular with small granular surface texture; d:perforated platelet); e — g: Cephalotaxus harringtonii
(e — g: tracheid, with g showing tuberculate nodes); h — m: Keteleeria evelyniana (h: irregular flat to oblong with small irregular tuberculate
protrusions; i, j — k: psilate tabular to psilate ovate with j showing echinate ornamentation and k showing discontinuous striations; m:
tracheid). Scale bar 10um.

Plate 30. Phytoliths extracted from extant plants. Morphological description in brackets. a — d: Abies forrestii (a: Irregular body with
discontinuous striate ornamentation; b — d: tracheid); e — o: Pinus morrisonicola (e and f: perforated platelets with echinate interlocking
ornamentation; g: elongate facetate; h — | and n: Parallepipedal bulliform with k and | showing irregular pitting; m: elongate echinate; o:
vascular tissue). Scale bar 10um.
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Plate 31. Phytoliths extracted from extant plants. Morphological description in brackets. a — b: Pseudolarix amabilis (vascular tissue); c:
Ephedra californica (vascular tissue); d: Ephedra chilensis (cuneiform?); e - j: Gnetum ula (e and j: Irregular body with continuous striate
ornamentation; f— i: vascular tissue). Scale bar 10um.

Plate 32. Phytoliths extracted from extant plants. Morphological description in brackets. a — e: Welwitschia mirabilis (a: Elongate with pilate
processes; b and e: perforated platelets with interlocking crenate ornamentation; ¢ and d: elongate with single echinate margin). Scale bar
10pm.
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Plate 33. Phytoliths extracted from extant plants. Morphological description in brackets. a — f: Ginkgo biloba (a: flat rectangular to square
with sinuate interlocking margin; b: perforated platelet; ¢ — f: vascular tissue with ¢ showing araucariod pitting). Scale bar 10um.

Plate 34. Phytoliths extracted from extant plants. Morphological description in brackets. a — ¢: Ceratozamia zaragozae (a — c: elongated
tracheid, with ¢ showing evenly spaced circular processes); d —g: Dioon tomasellii (d and g: tracheid with g showing evenly spaced circular
processes; e and f: same phytolith focused in a different plane. Elongate with irregular raised border along the long axis, with striation along

the short axis of the element). Scale bar 10um.
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Plate 35. Phytoliths extracted from extant plants. Morphological description in brackets. a — g: Encephalartos trispinosus (a — e: flat
orbicular with lacunose surface; f and g: vascular tissue); h —i: Lepidozamia peroffskyana (h and i: vascular tissue). Scale bar 10um.

Plate 36. Phytoliths extracted from extant plants. Morphological description in brackets. a — c: Macrozamia secunda (a and b: vascular
tissue; c: psilate tabular with echinate ornamentation and discontinuous striations; d — e: Zamia integrifolia (d and e: vascular tissue); f:
Cycas pectinata (elongate flat psilate); g — i: Microcycas calocoma (g: elongate with regular echinate ornamentation; h and i: tracheid with i
showing evenly spaced circular processes). Scale bar 10um.
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Plate 37. Phytoliths extracted from extant plants. Morphological description in brackets. a — e: Stangeria eriopus (a — c: Elongate with small
granular surface texture; d and e: tracheid). Scale bar 10um.

Plate 38. Phytoliths extracted from extant plants. Morphological description in brackets. a - k: Cathaya argyrophyll (a—d, h and I: tabular to
parallelepipedal body with a faceted surface; e and f: polyhedral epidermal; g: cylindrical with slight sinuations; i and m: vascular tissue; j:
perforated platelet; k: lobular epidermal cell with lacunose surface); Scale bar is 10pum.
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Appendix 2. a: SEM of petrified wood fragments known to represent conifers, found in Early Triassic sediments in Caprock Canyon State Park
(Marion Bamford, pers. comm.); b (insert): uniseriate circular bordered pit phytolith extracted from rock sample of Early Triassic age from
Caprock Canyon State Park. Scale bars: 50pum
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