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Chapter 5

1 Synthesis

Grassland biomes have reached global ecological dominance since the early
Miocene, over c. 20 Ma (Linder, 1987; White et al., 2000; Edwards et al., 2010;
Stromberg and Staver, 2022). However, substantial knowledge gaps remain related
to the evolutionary history of grasses, and the global expansion of grass-dominated
habitats (Stromberg, 2011; Kirschner and Hoorn, 2020, Jaramillo, 2023). This thesis
addresses both issues in South America by studying modern grass pollen and a series
of ancient grass pollen samples ranging in age from the early Miocene to the
Present, revealing the trajectory of grass pollen morphological changes over time
and examining the drivers that have contributed to their evolution and geographical

expansion.

The research questions are approached from multiple perspectives and include in-
depth investigation of materials spanning from extant to deep-time, employing
microscopy techniques from light microscopy to scanning electron microscopy,
pollen perspective from grain size to surface ornamentation, and conducting
analyses that encompass statistical models and quantitative image analysis. The
thesis answers the research questions proposed in the general introduction (Chapter

1) by setting out:

(i) | perform a comprehensive assessment the robustness of pollen size used in
reconstructing past vegetation and climate.

(i) | investigate the diversity of grass pollen surface ornamentation through
descriptive terminology and computational quantitative analysis, and assess
whether they can provide insights into grass pollen development and their
application to palaeoecology studies.

(iii) | compare the morphospace occupancy of fossil and extant grass pollen using
a novel approach, and to reveal how grass pollen morphospace occupancy
changed, and draw inferences about the mechanisms of grass pollen

evolution since c. 23 Ma.
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2 Key topics of thesis

2.1 Poaceae pollen size insights into reconstructing past vegetation

Previous studies raised the expectation that Poaceae pollen size can be used as a
proxy to reconstruct key (a)biotic variables in the fossil record (Schiiler and Behling,
2011; Jan et al., 2015; Radaeski et al., 2016, 2020). In Chapter 2, | performed a
comprehensive assessment on the robustness of this metric as a proxy within the
Poaceae through extensive sampling across South America. South America was
chosen because there is a wide phylogenetic range of grass species available for
sampling, and taxa spanned a wide range of climate and various ecosystems (i.e.
Kirschner and Hoorn, 2020; Gallaher et al., 2022). | generated pollen size data from
modern specimens using light microscopy (400X magnification) and link these with a
range of abiotic and biotic variables. Then, | evaluated the relationship between grain
size and several key explanatory variables via model selection. Specifically, |
measured pollen grain size data from 2540 Poaceae pollen grains obtained from 127
plant specimens, representing 58 species across nine subfamilies of the grass
phylogeny. Additionally, | collected information on six (a)biotic factors for each
sample, including vegetation type, soil composition, climate conditions,
photosynthetic pathway, and genome size. These factors were further evaluated by
fitting models of phylogenetic generalized least squares (P-GLS) and linear mixed
models (LMM) to assess their relationships. This chapter answered the following

research questions:

2.1.1. Do Poaceae pollen vary in size under light microscopy at different

taxonomic levels?

In the context of pollen measurement, four parameters were measured for each
grain, including pollen diameter (PD), thickness of the exine (TE), annulus diameter

(AD), and thickness of the annulus (TA). The findings revealed a strong positive
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correlation among these four parameters, and therefore one parameter, pollen

diameter, was selected for subsequent analyses in this chapter.

The pollen diameter of grass grains exhibited a broad range, spanning from 18.77 um
to 71.62 um. This grain size variation is evident not only among genera and species
levels, but also among different plant specimens within the same species. When
mapping the traits of pollen diameters onto the grass phylogeny, the phylogenetic
signal was found to be relatively low. This also suggests that the pollen grain size

does not cluster within specific clades and is highly variable across the phylogeny.

2.1.2 Does sample processing and storage time affect pollen size? And if so, how?

In this chapter, | also assessed if pollen size changed during storage in glycerin jelly.
The findings supported the previous proposal that palynological processing methods,
and storage time, can impact pollen size (Christensen, 1946; Andersen, 1960;
Cushing, 1961; Reitsma, 1969; Dickson, 1988; Faegri et al., 1989; Moore et al., 1991).
The results further indicated that pollen grain size increased during the first 3 years
of storage in glycerin jelly, and that size changed more gradually thereafter. To
remove the effect of sample storage time, piecewise regression analysis was applied
to correct pollen size. The "corrected pollen size" was used for subsequent analyses

in this chapter.

| therefore suggest that in future research, researcher should standardize the pollen
preparation to avoid grain size changes caused by different chemical treatments and
measure pollen grains shortly after sample preparation and mounting the grains in

glycerin jelly.

2.1.3 Is grass pollen size related to (a)biotic variables? And is grass pollen size a

promising proxy for fossil records?

The preliminary analysis of boxplots and scatter plots, as well as the phylogenetic

generalized least squares (P-GLS) model and linear mixed models (LMM) were
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applied to test the relationship between pollen size and six (a)biotic variables. My
finding, whether derived from the preliminary analysis or the statistical models,
consistently indicated that there is no significant relationship between pollen grain
size and the explanatory variables considered here (vegetation type, soil
composition, climate conditions, photosynthetic pathway, and genome size).
Although extracting information from grass pollen size has previously been expected
to provide additional palaeoecological or paleoenvironmental information. The
findings of Chapter 2 suggest that pollen size cannot be employed as a robust proxy
in for reconstructing one of the aspects of vegetation and climate tested here. The
discrepancy between these findings and previous studies was likely related to the
extensive sampling and the comprehensive assessment of explanatory variables. For
example, this study extracted samples spanning diverse ecosystems and the grass
phylogeny, evaluating the relevance of six key (a)biotic variables through model
selection. While earlier studies lacked explicit spatial or phylogenetic context and
typically focused on a limited number of explanatory variables—often only one or

two (e.g., Schiiler and Behling, 2011; Jan et al., 2015; Radaeski et al., 2016, 2020).

2.2 Quantification of Poaceae pollen surface ornamentation by computational

image analysis

Scientists have pursued two approaches in classifying grass pollen based on their
surface ornamentation under scanning electron microscopy. One approach involves
developing grass pollen morphotypes that describe the surface ornamentation using
descriptive terminology (e.g., Kéhler and Lange 1979; Mander and Punyasena, 2015),
while another approach quantifies the complexity of these patterns through

computational image analysis (Mander et al. 2013).

In Chapter 3, | constructed a state-of-the-art reference framework for pollen surface
ornamentation patterns. This framework was developed by studying 223 species
(comprising 243 individual plant specimens) from 11 grass subfamilies, partially

drawing from our earlier pollen study on 68 grass specimens from South America,
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and 175 specimens from the global literature (Chaturvedi et al., 1998; Lee et al.,
2004; Lopez-Merino et al., 2015; Mander and Punyasena, 2015; Morgado et al.,
2015; Needham et al., 2015; Dorea et al., 2017, 2018; Guimaraes et al., 2018;
Ruggiero and Bedini, 2018; Noor and Ahmad, 2021; Souza et al., 2021; Ullah et al.,
2021; Visez et al., 2021; Anar et al., 2022; Toledo et al., 2022). | assessed both the
diversity of pollen surface patterns and whether morphotypes identified through
human observation align with quantitative analysis. Additionally, | conducted an
evaluation of the relevance of pollen surface ornamentation along with six key

explanatory variables. This chapter answered the following research questions:

2.2.1 How many grasses pollen morphotypes are there, and will more
morphotypes appear if increasing numbers of specimens and species are
analysed? Does pollen surface ornamentation vary at intraspecific and/or

interspecific levels?

In this chapter, a total of 15 morphotypes were identified through the study of grass
pollen ornamentation from our samples and literature. Among them, nine of these
are characterized for the first time and added as new morphotypes, specifically:
Arthrostylidium-type, Anomochloa-type, Diandrolyra-type, Muhlenbergia-type, Olyra
juruana-type, Olyra bahiensis-type, Poa-type, Streptochaeta-type, and Sucrea-type.
The six known morphotypes reported from previous studies (Kohler and Lange 1979;
Mander and Punyasena, 2015) were also found in our data, including Hordeum-type,

Triticum-type, Avena-type, Setaria-type, Pariana-type, and Stipa-type.

The results showed that there is a very wide variation in grass pollen surface
ornamentation morphotypes. The multi-morphotypes were found not only at the
genus and species levels but also among different specimens within species. When
mapping the morphotypes to the grass phylogenetic tree, the results showed that
the number of morphotypes identified in our study correlates with the number of
species in phylogenetic clades. Relatively limited morphological types were found to

occur in clades with low species richness (Anomochlooideae, Pharodieae,
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Puelidideae), while a high diversity of morphotypes was occurring in species-rich
clades (PACMAD and BOP clades). This indicated that the diversity and variation of

grass pollen morphotypes span across the phylogeny.

2.2.2 Can pollen surface ornamentation be quantified through computational
analysis, and which features can be extracted? Are the morphotypes

supported by quantitative analysis?

The computational analysis of grass pollen surface ornamentation was carried out on
samples from 68 grass specimens from South America. This sub-set of specimens
was selected because the SEM images from these specimens were at a consistent
resolution. For this specific set, based on human eyes observation using descriptive
terminology, | identified a total of 10 pollen morphotypes. From computational
analysis of the pollen SEM images, two features of sculptural elements (size and
density) were extracted from the quantitative analysis based on SEM images. The
results indicated that these 10 morphotypes were well-supported by the size and
density features extracted from the computational analysis. These finding suggests
that scientists should focus on the surface ornamentation of fossil pollen in order to
assess Poaceae surface morphotypes across the geological timescale. The further
study of extant and fossil pollen could elucidate when and where these morphotypes
first appeared in the fossil record, and whether the emergence of a large variety of

pollen morphotypes occurred within the (palaeo)ecology of grasslands.

2.2.3 How are the morphotypes related to (a)biotic variables and distributed

across the grass phylogeny?

| address this research question from two perspectives. Firstly, from the specific set
of grass pollen samples from South America, the quantitative features (size and
density) extracted from computational image analysis. The pollen data, along with six
abiotic features (vegetation type, soil composition, temperature, precipitation,

photosynthetic pathway, and latitude) of each sample from South America, were
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generated to explore which abiotic factors shaped the surface ornamentation
variation of grass pollen. The results implied that there is no relationship between

pollen ornamentation size and/or density with the considered (a)biotic features.

Secondly, from mapping the 15 morphotypes (identified in the South American
samples and global literature) onto the dated grass phylogenetic tree. The four most
common morphotypes, Avena-type, Hordeum-type, Setaria-type, and Triticum-type,
were found in various subfamilies across ancient clades (Anomochlooideae,
Pharodieae, Puelidideae) as well as the PACMAD and BOP clades. These subfamilies
and their clades are distributed across different ecosystems, climates, soils, and
elevations (Gibson, 2009; Blair et al., 2014; Linder et al., 2018). This finding also
confirmed that the morphotypes, which are quantified by size and density features
based on their sculptural elements, are not strongly correlated with the tested

explanatory variables considered here.

2.3 Morphometrics analysis of Poaceae pollen from the early Miocene to the

Present.

Chapter 4 presented a novel approach by studying the micro-ornamentation of a
series of fossil and extant grass pollen taxa in South America. These data provided
valuable insights into pattern of change in tropical and global grass pollen over the
past c. 23 Ma. Specifically, three spatial-temporal grass pollen groups were examined,
including: (i) 199 fossil grains collected from the western Amazon and ranging in age
from early to middle Miocene; (ii) 155 fossil grains extracted from sediments of the
Amazon fan (Brazil) and the Maracaibo Basin (Venezuela) and ranging in age from the
late Miocene to the Pleistocene; and (iii) 803 extant pollen grains from across the

grass phylogeny and various ecosystems.

Forty quantitative features were extracted for each grain using a combination of
scanning electron microscopy and computational image analysis. Morphometric

analysis of these three pollen groups was conducted to understand the change of
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pollen morphospace occupancy through time. The study also discussed the potential
drivers leading to the changes in the exine of grass pollen since c.23 Ma. This chapter

answered the research questions below:

2.3.1 Can the technique of combining high-resolution imaging and computational
analysis be applied to fossil pollen? If so, how can the techniques be

improved?

Drawing insight from the extant pollen study on surface ornamentation (Chapter 3),
size and density features were first extracted through computational analysis from a
series of SEM images of extant and fossil pollen. This chapter adjusted the method
using the concept of subgraph centrality (SC) as developed in Mander et al. (2013)
and Chapter 3. | improved the technique by extracting SC features for both the top
two brightest components (SC2) and the top three brightest components (SC3),
utilizing 40-dimensional vectors (size and density of pollen surface pattern) and 38

features to quantify the complexity of the surface.

2.3.2 Are there differences in the pollen morphometrics between fossil and
extant pollen groups? If so, how did the morphospace occupation of pollen

change through time?

Preliminary scatterplot exploration of two features (size and density), along with the
PCA analysis of 40 features for extant and fossil pollen groups, both revealed that
fossil and extant pollen groups occupied a unique, but partially overlapping
morphospace. The PCA analysis showed that the morphospace occupancy of the
three spatial-temporal groups shifted throughout time. Additionally, the location of
morphospace occupancy played a role in pollen expansion over time, with minimal
variation in the size of morphospace occupancy. The change of pollen can be

characterized by a progression towards less dense ornamentation.

2.3.3 What are the mechanisms underlying grass pollen evolution since c. 23 Ma?
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This chapter initially presented four potential scenarios of pollen morphospace
expansion, along with their corresponding potential drivers. Our study on
morphospecies occupancy was most closely aligned with Scenario 2, which indicated
a shift in the location of morphospace occupation over time. By reviewing
palaeogeography and palaeoclimate from c. 23 Ma and exploring the impact of
chemical processes on pollen wall composition, this chapter suggests that grass
pollen evolution likely resulted from evolutionary processes (evolutionary drift
and/or directional selection) and the immigration (new taxa in and/or old taxa out)

at a continental scale.

3 Concluding remarks and Outlook

This thesis has taken multiple perspectives on the study of grass palynology and

arrived at the following conclusions:

(i) Grass pollen size is highly variable. Size varies not only among genera and
species but also within species. Pollen size shows no correlation with (a)biotic
factors, indicating its limited utility as a generally applicable proxy for
reconstructing past vegetation and climate (Chapter 2).

(ii) Grass pollen exhibits high diverse on surface ornamentation. The
morphotypes identified by descriptive terminology are well-supported by a
combination of SEM images of pollen surface patterns and computational
image analysis. The finding revealed that pollen sculpture is unrelated to
(a)biotic variables but is diverse across the phylogeny (Chapter 3).

(iii) Evolution of the grass pollen morphology was driven by evolutionary
processes and immigration since 23 Ma. The size of morphospace occupancy
from three spatial-temporal groups has remained consistent, but their
location shifted, over time. A gradual, rather than punctuated, evolution of
tropical grasses, is suggested driven by evolutionary processes (evolutionary
drift and/or directional selection), and potentially immigration at the

continental scale (Chapter 4).
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Outlook 1: Cenozoic grass pollen evolution in a global context

The grass family exhibits relatively low diversification rates during the Paleogene,
followed by significant diversification during the Neogene (Palazzesi et al., 2022). A
gradual, but not punctuated, evolution in grass pollen morphology, with a shift in the
location of morphospace occupancy since ¢.23 Ma, and so far has been observed in
fossil data from the South American. When considering grass pollen evolution on a
deep-time and at the global level, it remains to be tested whether this morphological
signal will be replicated in the fossil record of, or earlier than, Neogene sediments

from other parts of the globe.

Outlook 2: the potential of isotope analyses in palaeoecology

In spite of all the data that were generated, this thesis is unable to provide detailed
information regarding past vegetation composition over time. Below, | will provide a
perspective on alternative techniques such as the use of stable isotope analysis to

differentiate between C3 and C4 groups.

Grasses are predominantly categorized into two groups (C3 and C4) based on their
photosynthetic pathway (Edward et al., 2010). Molecular clock analyses suggested
that multiple independent origins of C4 photosynthesis evolved from C3 ancestors
since the Paleocene (Huang et al., 2022). The C3—C4 grass transition has been
regarded as the most dramatic examples of biome assembly (Edwards et al., 2010)
and the evolution of C4 grasses has long been recognized the “key innovation”
promoting elevated rates of grass lineage diversification (Spriggs et al., 2014; Peppe
et al., 2023). Carbon isotope data from multiple substrates suggest that ecologically
important C4 biomass appeared in the region after c. 10 Ma (Feakins et al., 2013;
Uno et al., 2016; Levin et al., 2015; Polissar et al., 2019). However, the latest
evidence demonstrate C4 grasses were abundant and contributed to heterogeneous
habitats ranging from forests to wooded grasslands since the early Miocene (c. 21

and 16 Ma) in eastern Africa (Peppe et al., 2023). This new information raises the
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special interest in understanding when C4 grasses came to dominance, and how the
composition of grasslands (C3 and/or C4 grasses) has changed over time in South

America and globally.

Distinguishing between C3 and C4 grasses is crucial not only for confirming the
timing of C4 grass dominance but also for providing insights into grassland evolution
scenarios from the past to present. However, C3 and C4 grasses cannot be
distinguished morphologically based on pollen characteristics, whether considering
pollen size or pollen surface ornamentation (as discussed in Chapter 2 and Chapter
3). Carbon-isotope composition offers a means to estimate the relative abundance of

these C3/C4 groups in the palaeoecological records (Nelson et al., 2006).

A known technique called SPIRAL (Single Pollen Isotope Ratio Analysis) shows
promise in enhancing C3 and C4 grass reconstructions (Nelson et al., 2008). SPIRAL
involves the application of stable carbon isotopic analysis on individual grains of
grass pollen, by using a spooling-wire microcombustion device connected to an
isotope-ratio mass spectrometer. Utilizing SPIRAL holds significant potential for
accurately reproducing the abundance of C3 and C4 grasses within the landscape,

thus providing further confirmation of the proposed scenarios in this study.

Therefore, | suggest distinguishing C3 and C4 grass vegetation through stable isotope
analysis on individual grass pollen (Nelson et al., 2006, 2008). Such data may provide
a promising research avenue for reconstructing past C3 and/or C4 grasslands over

time.

4 Further applications of advanced palynological techniques

Taxonomic resolution poses a major challenge within palaeopalynology, not only for
Poaceae but also for other families, significantly limiting the ecological and
evolutionary interpretations that can be derived from deep-time fossil pollen data
(Ritchie, 1995; Mander and Punyasena, 2014). This thesis presents a novel approach

for quantifying grass fossil pollen by extracting quantitative features based on the
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concept of subgraph centrality (SC) from high-resolution images of pollen
ornamentation. Expanding the application of the Poaceae method to a broader
perspective, the approach can be applied to the pollen surfaces ornamentation of
other families and some challenging genera (i.e. Quercus (oaks), Muthreich et al.,
2020). This might offer promising avenue to enhance taxonomic identification and

quantify palaeopalynological records.
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