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Abstract 

 
Studies investigating biodiversity through time using fossils involve quantifying patterns of 

taxonomic diversity and morphological diversity (disparity). For animals, the comparative history 

of taxonomic and morphological diversity through the Phanerozoic is well established, and these 

two diversity measures are often decoupled. However, there are comparatively few studies on 

the patterns of plant morphological disparity. 

 

To address this, the disparity of extant and extinct fern and lycopod (pteridophyte) spores has 

been investigated. Spores have been used as they are found in high abundance temporally and 

globally and are well-preserved in the fossil record. One hundred and fifty extant spores from 42 

families were collected from herbarium sheets at the Royal Botanic Gardens, Kew and scored for 

discrete characters. An illustrated atlas detailing this spore morphology was constructed. The 

extant spores were used as a present-day baseline for Triassic and earliest Jurassic fossil spore 

data, and to determine any functional or ecological purpose to spore morphology.  

 

Despite enormous variation in surface ornamentation, no direct ecological or functional purpose 

for morphology in extant pteridophyte spores was found. Results indicate that the morphospace 

occupied by spores has decreased from the Early Triassic, and that living pteridophyte spores 

represent a limited subset of the morphologies encountered in the Triassic–Jurassic fossil record. 

Pairwise Hamming distances were measured between 67 fossil spores. This showed that diversity 

and disparity are decoupled during two episodes in the Triassic, coinciding with the Early Triassic 

recovery from the Permian-Triassic mass extinction event and the Carnian Pluvial Episode. 

Additionally, similar levels of morphological disparity are reported for Early Triassic and extant 

spores. This finding supports a conceptual model of morphological evolution in which a clade’s 

recent morphological disparity is comparable to its early disparity and reflects similar patterns 

that have been found across animal macroevolution. 
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1. Introduction  

This thesis examines the patterns of the morphological evolution of spores through time with a 

focused study of the morphological diversity (disparity) of spores throughout the Triassic to the 

earliest Jurassic interval, which is then compared to the disparity displayed by spores today. The 

functional purpose of spore morphology is also explored. 

 

1.1. Impact of COVID-19 restrictions on data collection and laboratory work 

Restrictions caused by COVID-19 impacted the design of the thesis and the ability to conduct 

research, resulting in delay and considerable modification of methods. A significant component of 

the thesis was dependent on the extraction and imaging of spores in a laboratory and could not 

be replicated in remote working conditions, therefore, sample processing was suspended until 

restrictions were relaxed. Furthermore, fact-to-face interaction with supervisors at the 

microscope was not possible. Consequently, discussions regarding morphological interpretations 

were restricted to viewing images online, and microscopic techniques that allow for greater 

interpretation of spore morphology, such as edge, and L- O analysis (see Section 2.3.1), could not 

be fully implemented into these discussions. Additionally, due to museum closures and social-

distancing measures, a significant component of Chapter Five of this thesis was substantially 

modified. Initial research methods required the use of museum fossil spore collections to 

measure morphological characters by the author. Following COVID-19 restrictions, this was 

altered to allow for solely desk-based data collection. For this, the morphology of fossil spores 

was scored based on type descriptions from Jansonious and Hills genera file of fossil spores and 

pollen database, compiled on the University of Calgary’s online digital collections 

(https://digitalcollections.ucalgary.ca/asset-

management/2R340807EMIQ?FR_=1&W=1920&H=969). 

 

1.2. Macroevolution of form: diversity and disparity  

The earliest approaches to quantifying biodiversity have used taxonomic richness to measure 

diversity (e.g., Sepkoski, 1981; Raup and Sepkoski, 1982). Diversity curves showing changes in the 

number of taxa through geological time indicate that biodiversity is characterised by an overall 

increase in taxonomic diversity, from a relatively low-diversity world and the World's earliest 
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forms of life to the speciose and diverse array of taxa seen today (e.g., Sepkoski, 1981; Valentine, 

Tiffney and Sepkoski, 1991; Benton, 1995; Alroy et al., 2008) (Fig.1.).  

 

 

Figure 1.1: Diversity curve of extant and extinct marine invertebrate families throughout the Phanerozoic. 
The big five mass extinctions are indicated and are identifiable by abrupt drops in the diversity curve. Figure 
amended from Sepkoski, (1981). 

 

These diversity curves show patterns of diversification and extinction, patterns in which the 

diversification of successive groups coincides with a decline in taxa of the previously dominant 

group (Fig. 1.1). Typically, diversity curves of animal data illustrate the five big mass extinctions in 

the Phanerozoic: Late Ordovician (O), the Late Devonian (D), Late Permian (P), Late Triassic (Tr) 

and end Cretaceous (K) (e.g., Benton and Emerson, 2007; Raup and Sepkoski, 1982) (Fig. 1.1). 

They also show that many radiations in marine invertebrates occurred before the Late Cretaceous 

(Sepkoski, 1981, 2002; Alroy et al., 2008), whereas the diversity of terrestrial tetrapod groups 

remained low for the late Palaeozoic and much of the Mesozoic; however, they rapidly increased 

after the end Cretaceous extinction event (Benton, 1995).  

Moreover, there are also compilations of taxa through time that show how plant life has 

expanded on Earth, from the very first primitive plants to the flowering plants (angiosperms) that 

live in a wide range of ecological niches, from the poles to the tropics on Earth today (Fig 1.2). The 

plant record shows increasing total species diversity through geological time (Niklas, Tiffney and 

Knoll, 1983; Niklas and Tiffney, 1994) and reflects similar patterns seen in animals diversification 
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that show successive groups coinciding with a decline in taxa of the previously dominant group 

(Willis and McElwain, 2002). However, the patterns observed in overall plant diversity (Fig. 1.2) 

show a more gradual increase with fewer plateaus than in animal data, and the still expanding 

diversity observed in the angiosperms suggests that this group is still filling its ecospace, whereas 

marine invertebrates filled much of theirs early on (Valentine, Tiffney and Sepkoski, 1991; Benton, 

2007). Origination peaks of plants do not match those seen in the animal record, which is 

correlated with the aftermath of mass extinction events (Benton, 1995).  Only one of the five 

known mass extinctions that have affected the global diversity of animals on Earth are recorded 

to have caused mass extinction on a global scale in vascular plants (Cascales-Miñana and Cleal, 

2014; Cascales-Miñana et al., 2018; Nowak, Schneebeli-Hermann and Kustatscher, 2019). 

Although the degree to which plants have been affected by global mass extinction events is 

unresolved, the end Permian extinction is particularly noted as having had a devastating effect on 

terrestrial plant ecosystems (McElwain and Punyasena, 2007),  and mass extinction events 

highlight that the macroevolutionary patterns of plants differ to that of marine and terrestrial 

animals (Willis and McElwain, 2002).  

 

 

Figure 1.2 :Diversity curve of terrestrial plant species (Taken from Niklas, Tiffney and Knoll, 1983). 
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In summary, four major plant groups have successfully dominated the terrestrial flora: early 

vascular plants (a), pteridophytes (b), gymnosperms (c) and angiosperms (d) (Fig.1.2). Following 

the initial colonisation on land of early vascular plants during the Silurian (S; group a in Fig. 1.3), 

pteridophytes and gymnosperms originated during the Late Devonian (D) and Carboniferous (C). 

Groups including the lycopods and ferns diversified throughout the Permian (P) to the Cretaceous 

(K), and gymnosperms diversified throughout the Triassic (TR) and Jurassic (J) periods. The final 

major radiation in plant life history was that of angiosperms in the Cretaceous (Willis and 

McElwain, 2002). 

However, taxonomic diversity is only one method of recording changes in biodiversity through 

time. Morphological diversity (from herein termed disparity) is the variance of morphological 

form across a subset of taxa (Hopkins and Gerber, 2017), and this can be used as an alternative 

measurement to assess how the Earth's biological diversity has changed through time (Wills, 

Briggs and Fortey, 1994; Fortey, Briggs and Wills, 1996).  

Previous research has demonstrated that taxonomic diversity and morphological disparity are 

fundamentally decoupled (Foote, 1991, 1993; Foote et al., 1992; Fortey, Briggs and Wills, 1996), 

and typically, the early evolutionary history of a clade is characterised by low taxonomic diversity 

but high levels of disparity (Wills, Briggs and Fortey, 1994; Hughes, Gerber and Wills, 2013). 

Decoupling in these two measures of diversity is also pronounced during periods of biotic 

turnover such as extinction events. As an illustration of these patterns, Figure 1.3 shows data on 

the diversity and disparity of crinoids. This shows taxonomic diversity is low and disparity is high 

at the origin of the clade, and that during the Permian-Triassic extinction event diversity rapidly 

decreases but disparity remains relatively high (Foote, 1999). 
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Figure 1.3: The data of Foote (1999) reporting a decoupling between diversity and disparity during the early 
evolutionary history of crinoids and during the Permian-Triassic mass extinction event (from Oyston et al., 
2016). 

 

Studies such as that of Foote (1991, 1999, 2002) and others (e.g., Briggs, Fortey and Wills, 1992; 

Wills, Briggs and Fortey, 1994) have led to the development of three conceptual models for the 

evolution of morphology (Fig. 1.4). Traditionally, a pattern of gradually increasing morphological 

disparity coupled with increasing taxonomic diversity as time progresses was considered the 

appropriate model for diversity throughout time (see Oyston et al., 2016). Although other studies 

have highlighted the decoupling of diversity and disparity (e.g., crinoids, Fig. 1.3; Foote 1999) and 

suggested that this model may have limited applicability, at least to animals. Gould's inverted 

model (1989) implies that there is an initial burst of morphological disparity at the origin of a 

clade. At this point, taxa reach peak disparity, while taxonomic diversity is relatively low. This is 

then followed by a rapid decline and disparity stasis throughout the remaining evolutionary 

history of that clade. Gould’s model was based on comparisons of the enormous morphological 

variety of Cambrian arthropods from the Burgess Shale compared to that of the Recent, where 

disparity is comparatively much lower despite greater species richness. Finally, a third model 

suggests that disparity may reach high levels early in a clades history and that these levels are 

largely maintained overall through time. This model is based on empirical studies of marine 

invertebrates (e.g., Briggs, Fortey and Wills, 1992; Foote et al., 1992; Wills, Briggs and Fortey, 
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1994; Fortey, Briggs and Wills, 1996). It is this model that has found most general support (e.g., 

Roy and Foote, 1997; Foote, 1999; Bambach, 2006; Hopkins, 2013; Hughes, Gerber and Wills, 

2013) and may reflect the true dynamics of morphological evolution through time. 

 

 

Figure 1.4: Three conceptual models outlining the patterns of morphological disparity through time (from 
Oyston et al., 2016). 

 

Despite increasing research in evolution, there is still a relatively low number of studies 

concerning the evolution of plants in comparison to animal data. Of the limited data that 

currently do exist, the majority is focused on angiosperms (e.g., Lupia, 1999; Chartier et al., 2014, 

2017; Peng et al., 2019), with only a few that focus solely on spore-producing plants (e.g., Yu et 

al., 2014), and none have been found by the author that investigates the morphological disparity 

of spores. However, the data that is available for plants also suggest decoupling of diversity and 

disparity. Lupia's (1999) exploration of angiosperm pollen morphology throughout the Cretaceous 

demonstrated that angiosperms diversified dramatically early in their history during the Late 

Cretaceous (Figure 1.5B), whereas disparity increased at a much slower rate (Figure 1.5A). This 

study also found further decoupling during the Cretaceous-Paleogene mass extinction event, 

when taxonomic diversity decreased, and morphological disparity remained constant (Fig. 1.5B).  
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Figure 1.5: Data on the taxonomic diversity (B) and morphological disparity (A) of angiosperm pollen during 
the Cretaceous (Taken from Lupia, 1999). 

 

The gradual increase in diversity of plants relative to animals (Oyston et al., 2016), the higher 

levels of convergence seen in plant morphology (Boyce and Knoll, 2002; Hemsley, Lewis and 

Griffiths, 2004; Christenhusz and Chase, 2014; Kriebel, Khabbazian and Sytsma, 2017), coupled 

with the finding that vascular plants are affected very differently by the environmental changes 

associated with mass extinction events compared to animals (Cascales-Miñana and Cleal, 2012, 

2014; Cleal and Cascales-Miñana, 2014; Cascales-Miñana et al., 2016, 2018), highlights the 

fundamental differences in the dynamics of clade evolution and biodiversity between vascular 

plants and animals (Traverse, 1988). This suggests that plants may exhibit different patterns in 

disparity through time. Nonetheless, there is insufficient evidence available to state with 

confidence which of these three models best fit plant evolution (Oyston et al., 2016). Tracking 

morphological disparity of plants through time may enable a greater understanding of the 
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processes that influence differences in the range of form, critical for understanding the 

construction of plant biodiversity (Erwin, 2007). 

 

1.3. The ecology of form: what does morphological variation mean? 

Morphology varies strikingly across taxa, and morphological differences are thought to evolve for 

a variety of reasons (Vidal-García et al., 2014). For example, morphology can reflect functional 

demands (Miles and Ricklefs, 1984), and ecological competition can impose selection pressures, 

resulting in the evolution of specific traits, leading to speciation and adaptive radiations (Schluter, 

1996). The evolution of specialised traits can facilitate resource partitioning, enabling the 

coexistence of ecologically similar species by reducing interspecific competition (Schoener, 1974). 

Divergence in resource-exploiting traits was famously noted in Darwin’s finches, where 

differences in beak size and shape between species reflect different feeding strategies ( Grant 

1986; Grant and Grant, 2006). Evidence for niche partitioning can also be inferred from the fossil 

record. For example, it has been suggested that the high levels of disparity in the craniodental 

anatomy of adult Camarasaurus and Diplodocus sauropods may reflect this process (Mallon and 

Anderson, 2014). Evidence of dental microwear (Fiorillo, 1998) and cranial biomechanics (finite-

element analysis) (Button, Rayfield and Barrett, 2014) indicates that Camarasaurus had a greater 

bite force and oral processing than Diplodocus, and therefore ate harder food items. In contrast, 

Diplodocus exhibited branch-stripping behaviour, and this ecological differentiation reflected in 

their morphology may have enabled the two groups to coexist and share resources (Christiansen, 

2000). However, although ecological competition can increase morphological diversity, it can also 

restrict it. Articulate brachiopods have been shown to only able to increase their morphological 

disparity following the end Permian mass extinction event due to the removal of structured 

ecological guilds (Ciampaglio, 2004).  

Among plants, there is significant disparity in leaf morphology across groups, with morphology 

relating to the function of a variety of processes. Large leaves are important for light capture in 

shady environments (Poorter, 2009) and retaining water (Wang et al., 2019). By contrast, smaller 

leaves are advantageous in hot environments with low water availability (Mcdonald et al., 2003; 

Meier and Leuschner, 2008; Cramer, Hawkins and Verboom, 2009) as they can dissipate heat 

more efficiently, thereby avoid overheating (Niinemets and Kul, 1994). Smaller leaves in dry areas 

also have greater vein density allowing for more effective water transportation through the leaf 

(Scoffoni et al., 2011). Leaves that have long acuminate tips (drip-tips) are common in tropical rain 

forests and assist in the removal of water that may accumulate on the leaf (Lightbody, 1985; 

Malhado et al., 2012).  
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However, morphology is not always a direct consequence of function, or if it is, it can be difficult 

to precisely link individual morphological features to exact functions. The pollen grains and spores 

of land plants are an example of such a case. For instance, while there is evidence for spectacular 

morphological variety, even in a single family, such as the Acanthaceae (Fig. 1.6), no single reason 

has been identified for the functional significance of this morphological variation among taxa 

(e.g., Barnes and Blackmore, 1986; Punt, 1986; Chaloner, 2013). 

 

 

Figure 1.6: Diversity of form in pollen grains from the plant family Acathaeceae (from Scotland, 1992). 

 

The surface ornamentation of pollen grains is an example of a morphological feature where 

variation has been linked to a function, and there is increasing evidence that surface 

ornamentation in many pollen grains may be linked to pollination strategies. In particular, strong 

ornamentation with complex patterns formed by features such as echinae, baculae, clavae (see 

Punt et al., 2007 and Table 4.1) may facilitate dispersal by an animal pollinator, but a lack of 

ornamentation (e.g., psilate, Punt et al., 2007) is generally a trait connected to wind-dispersal 

(Wodehouse 1935; Salgado-Labouriau, Nilsson and Rinaldi, 1993; Chaloner, 2013) (Fig. 1.7). 

Evidence indicates that among spore-producing plants, some morphological traits such as size and 

shape may also facilitate wind-dispersal and dissemination (Carlquist, 1966; Ferguson, 2006).  
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Figure 1.7: Pollen grains and their main pollinators. Zoophilous pollen grains typically have more complex 
surface ornamentation. Wind pollinated pollen grains typically have smooth ornamentation or hollow sacci 
allowing for buoyancy (Figure taken from da Luz (2020)). 

 

Similarly, there is some evidence to suggest that pollen and spore shape may have a function in 

the context of dispersal and deposition. For example, non-spherical shapes usually fall slower 

than spherical ones of the same density and volume (McCartney, 1994), and large spore size may 

also represent a means by which a plant could limit dispersal distance, which may prevent 

dispersal to unfavourable surrounding areas (Barrington, Paris and Ranker, 1986; Barrington, Patel 

and Southgate, 2020). Conversely, small size and non-spherical shape could represent adaptations 

to long-distance dispersal, and the high occurrence of pteridophytes in oceanic islands (Tryon, 

1970; Smith, 1972; Kreft et al., 2010; De Groot et al., 2012; Hennequin et al., 2014; Meza Torres et 

al., 2015) indicate that long-distance spore dispersal must have occurred at some point in their 

evolutionary history.  

In addition to functional demands, developmental and biophysical constraints may also affect 

morphology by restricting some aspects of body plan organisation as clades evolve. For example, 

pleiotropy is a process in which a single gene affects multiple traits and may be one of many 

intrinsic factors making morphology more difficult to modify over time, limiting a clades 

morphological evolution (Martin et al., 2005; Goswami and Polly, 2010; Paaby and Rockman, 

2013). Pleiotropy may result in morphology becoming increasingly less labile through evolutionary 

time. An example of a lack of variation caused by pleiotropic constraint is the nearly ubiquitous 

seven cervical vertebrae of mammals. Changes in Hox gene expression, which leads to changes in 
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the number of cervical vertebrae, are associated with highly deleterious pleiotropic effects (Galis, 

1999). Consequently, manatees and sloths are the only known living mammals with abnormal 

cervical vertebrae numbers due to low metabolic and activity rates reducing the selection for 

stabilisation (Varela-Lasheras et al., 2011). It is not clear which aspects of pollen and spore 

morphology are under genetic control, however, while it is possible that such developmental 

constraints influence pollen morphology, it may also be that biophysical constraints related to 

how sporopollenin is produced and distributed are more important. As an example, certain 

morphological features—particularly the surface ornamentation—may simply arise by self-

assembly processes that reflect convergence on a minimum free-energy state (Hemsley et al., 

1994). Similarly, recent biophysical modelling has shown that surface ornamentation patterns 

may form through the phase separation of a polysaccharide layer that is mechanically linked to a 

cell membrane during pollen wall development (Radja et al., 2019). Regardless of whether 

developmental or biophysical constraints are operating, these processes highlight the possibility 

that the morphological characteristics of pollen and spores may not necessarily reflect any 

specific function. 

However, the functional morphology of spores has been less explored in the literature compared 

to angiosperm pollen (e.g., Batten, 1986; Crane, 1986) and, in particular, despite the enormous 

diversity in the architecture of fern spores (e.g. Tryon and Lugardon, 1991 and Chapter Three), 

relatively little is known about the adaptive and ecological significance of their varying 

morphological characteristics (Page, 2002).  

 

1.4. Ferns and other spore-producing plants: evolution, morphology, and 

importance 

The gap in knowledge of the history of morphological disparity in ferns and other spore-producing 

plants is partly due to high levels of convergent evolution in vascular plants (Christenhusz and 

Chase, 2014). This convergent evolution is a consequence of uniform life strategy (plants are all 

sessile photosynthetic organisms) (Boyce and Knoll, 2002) that creates difficulties when scoring 

discrete characters to establish a morphospace, but also because of a historical focus on animal 

taxa (see Chartier et al., 2014; Oyston et al., 2015). Additionally, taphonomic biases associated 

with all fossil material (Briggs, 2010; Sansom, Gabbott and Purnell, 2013; Sansom, 2014) hinder 

accurate morphological reconstructions, and for plants, this is particularly acute because fossil 

plants are highly fragmented, which makes whole-plant reconstructions difficult. This means that 

even if all components of a plant undergo exceptional preservation, unless all organs are found in 

situ with the parent plant, then an accurate reconstruction of the whole plant is not possible 
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(Locatelli, 2014). Therefore, studies investigating the morphological disparity of plants through 

time typically do so with a focus on specific structures such as pollen and spores (e.g., Lupia, 

1999).  

The focus of this thesis is on the spores of ferns and lycophytes. Spores are ideal plant organs to 

investigate because although they do not constitute a whole plant, they represent a complete 

reproductive unit from the gametophyte generation (see Section 1.5.). Additionally, spores have a 

largely continuous fossil record due to their high preservation potential (Fraser et al., 2012; 

Mackenzie et al., 2015; Jardine et al., 2021) and high abundance globally and temporally (Kenrick 

and Crane, 1997; Kenrick et al., 2012), which makes them an ideal group with which to examine 

the macroevolution of form in plants. They also provide a counterpart to patterns of disparity 

over time based on angiosperm pollen (e.g., Lupia,1999) and can therefore provide a different 

perspective in order to achieve a more comprehensive understanding of the evolutionary history 

of vascular land plants. The current knowledge of the history of morphological disparity among 

ferns is shown in Figure 1.8. 

 

Figure 1.8: Data on the diversity and disparity of extant leptosporangiate ferns using morphological and 
molecular information from Pryer et al., (1995). A) Taxonomic diversity (red open circles). Morphological 
disparity (black circles). B) Changes in morphospace occupation through each time interval. (Figure taken 
from Oyston et al., 2016).  
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The disparity data in this figure were derived from the morphological characters of living fern 

sporophytes that were employed in a phylogenetic reconstruction of ferns (Pryer et al., 1995; 

Oyston et al., 2016). These data indicate that the morphological disparity reached in the early 

phase of this interval (the Triassic) is close to the maximum that is ultimately achieved. 

Additionally, taxonomic diversity is very low in the early part of the Triassic, but as diversity 

increases through the Jurassic, Cretaceous and Cenozoic, disparity remains largely constant. This 

thesis is focused on the two end-members of the time series shown in Figure 1.8: the Triassic and 

modern-day. The Triassic represents a period of severe climatic changes and biotic recovery 

following the end Permian mass extinction event, and the end of the Triassic is associated with 

the Triassic-Jurassic extinction event (Lucas and Tanner, 2015; Kustatscher et al., 2018; Miller and 

Baranyi, 2019; Capriolo et al., 2020; Dal Corso et al., 2020). As such, it represents a time where 

the macroevolutionary dynamics of spore-producing plants can be explored in relation to extreme 

climatic and environmental changes with biotic upheaval. This time interval is represented by only 

two datapoints in the data of Oyston et al., (2016); increasing the amount of data during this 

interval will allow disparity during the post-Permian radiation of ferns to be reconstructed at a 

higher temporal resolution.   

 

1.5. Plant life cycles 

Spores are the raw material of this thesis; this section, therefore, considers what spores are, how 

they function in the life cycle of plants, and how they compare to pollen grains. In general, plant 

life cycles are characterised by a sequence of reproduction known as an alternation of 

generations (Jarzen and Nichols 1996). This sequence typically alternates between a sporophyte 

generation carrying a double set of chromosomes (diploid; 2n) and a gametophyte generation 

carrying a single set of chromosomes (haploid; n).  

 

1.5.1. Life cycle of homosporous plants 

Extant homosporous plants include taxa from the non-vascular bryophytes, mosses, liverworts, 

and hornworts. In these groups the haploid (n) gametophyte phase is dominant. The diploid (2n) 

sporophyte phase is reduced and dependent on its gametophyte, which it remains attached to for 

photosynthesis (Fig. 1.9). 
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Figure 1.9: Schematic life cycle of a non-vascular homosporous plant. The diploid (2n) sporophyte is 
reduced and remains attached to the dominant haploid (n) gametophyte phase.  

 

Extant vascular homosporous plants include some ferns, lycophytes and horsetails. In these 

groups the sporophyte and gametophyte phases are also separate, however, the diploid 

sporophyte is the dominant phase, and the haploid gametophyte is reduced in size (Fig. 1.10).  

 

Figure 1.10: Schematic life cycle of a homosporous fern. The diploid (2n) sporophyte is the dominant phase, 
the haploid (n) gametophyte is reduced and separate from the sporophyte. 
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The generalised life cycle of a homosporous plant is as follows. Haploid spores are released from a 

diploid sporophyte and upon germination grow into haploid gametophytes. The gametophyte 

bears an antheridium which produces male haploid gametes by mitosis and an archegonium 

which produces female haploid gametes by mitosis. In the presence of water, motile male 

gametes swim to the archegonium and fuse with the female gamete. This fertilisation results in 

the production of a diploid zygote from which a new diploid, sporophyte grows. Once mature, the 

sporophyte undergoes meiotic division, and haploid spores are produced.  

 

1.5.2. Life cycle of heterosporous plants 

Extant heterosporous plants include vascular embryophytes (tracheophytes) such as the aquatic 

fern Marsilea and the lycopod Selaginella. The sporophyte and gametophyte are independent of 

each other, and the sporophyte is the dominant phase (Fig 1.11).   

 

Figure 1.11: Schematic life cycle of a heterosporous lycopod. The diploid (2n) sporophyte is the dominant 
phase, the haploid (n) gametophyte is reduced. 

 

The generalised life cycle of a heterosporous plant is as follows. The diploid sporophyte bears a 

microsporophyll with a microsporangium and a megasporophyll with a megasporangium. Meiosis 

occurs within the microsporangium to produce haploid microspores. These germinate, producing 

male microgametophytes. Meiotic division within the megasporangium produces haploid 
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megaspores. These germinate to produce a female megagametophyte with an archegonium. The 

antheridium of the microgametophyte produces a male haploid gamete by mitosis, and the 

archegonium of the megagametophyte produces a female haploid gamete by mitosis. In the 

presence of water, motile male gametes swim to the archegonium and fuse with the female 

gamete to produce a diploid embryo which germinates to a diploid sporophyte. 

 

1.5.3. Life cycle of gymnosperms 

Gymnosperms are seed-producing plants that include extant conifers, cycads, ginkos and 

gnetophytes. In these groups the sporophyte phase is dominant (Fig. 1.12). In most gymnosperms, 

the male and female cones are produced from the same sporophyte, but in others (e.g., Ginkgo), 

they are produced by different sporophytes. 

 

Figure 1.12: Schematic life cycle of gymnosperms (conifer). The diploid (2n) sporophyte is the dominant 
phase, the haploid (n) gametophyte is reduced. 

 

The generalised life cycle of a gymnosperm is as follows. The diploid sporophyte bears a male 

cone with a microsporangium (pollen sac) and a female cone (ovulate cone) with a 

megasporangium. Meiotic division in the microsporangium produces haploid microspores. These 

consist of a microgametophyte within a microspore exine coating. The microgametophyte 

consists of two prothallial cells, a generative cell with two sperm. Some groups (e.g., conifers and 

gnetophytes) also have a vegetive tube cell to direct the growth of a pollen tube. The 
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megasporangium remains attached to the sporophyte as an ovule. Meiotic division in the 

megasporangium produces a haploid megagametophyte with an egg cell. Haploid pollen grains 

are dispersed and alight near the opening of the megasporangium. It is then transported through 

an opening in the integument of the ovule to the megagametophyte.  

In some groups (e.g., conifers and gnetophytes) siphonogamous fertilisation occurs (Poort, 

Visscher and Dilchert, 1996), in which a pollen tube takes non-mobile fertilising sperm 

spermatozoids into the vicinity of the egg. In other groups (e.g., cycads and Ginkgo), zoidogamous 

fertilisation occurs (Poort, Visscher and Dilchert, 1996). During this type of fertilisation, a pollen 

tube develops and absorbs nutrients from the tissues of the megasporangium. After several 

months of growth, the pollen tube closest to the pollen grain enlarges and bursts. This releases 

motile spermatozoids that swim to the egg. Once the egg is fertilised by fusion of the male and 

female gametes, a diploid embryo is produced. This is contained in a seed, a coating formed in the 

ovule integument. Once the seed is germinated it produces a diploid sporophyte.  

 

1.5.4. Life cycle of angiosperms  

Angiosperms (flowering plants) are seed producing plants. In these groups the sporophyte phase 

is dominate (Fig. 1.13).  

 

Figure 1.13: Simple schematic life cycle of angiosperms. The diploid (2n) sporophyte is the dominant phase, 
the haploid (n) gametophyte is reduced. 
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The generalised life cycle of a gymnosperm is as follows. The diploid sporophyte bears a flower 

with a microsporangium (anthers) and megasporangium (ovule in ovary). Meiotic division in the 

microsporangium produces haploid microspores (pollen grains). These comprise a haploid 

microgametophyte contained within an exine coating. Each pollen grain contains three nuclei. 

One is the pollen tube nucleus and the other two are non-motile sperm nuclei. Meiotic division in 

the megasporangium produces four haploid megaspores, three of which disintegrate, and the 

remaining megaspores undergoes reduction division where it divides three times to form an 

embryo sac with eight nuclei. One of the nuclei is the egg, and two of these nuclei are the polar 

nuclei. 

The haploid pollen grains are dispersed by wind or animal vectors upon reaching maturity and 

alight on the stigma where they germinate and produce a pollen tube that grows down the style 

to the ovule. A sperm nucleus fuses with the egg, and this produces a diploid embryo. The other 

sperm nucleus fuses with the two polar nuclei and produces a triploid (3n) primary endosperm 

nucleus, which provides nutrition for the embryo. Once the seed germinates, it produces a diploid 

sporophyte.  

 

1.6. Overarching aim and structure of the thesis 

The overarching aim of this thesis is to reconstruct the morphological evolution of spores through 

evolutionary time.  

The specific aims are: 

1) To produce an atlas of the underrepresented lycopod and fern spores to facilitate the 

identification of extant and fossil spores. It will also provide morphological information, which will 

be applied to analyses in Chapters Four and Five. 

2) Determine whether the morphology of extant spores has any functional purpose. Assess to 

what degree spore morphology relates to phylogeny in extant pteridophytes.  

3) Determine which conceptual model of morphological evolution best fits spores (Fig. 1.4).  

The structure of the thesis is outlined below:  

 

Chapter 1: Introduction  

Chapter One introduces the background and aims of the thesis. The known patterns of 

morphological evolution in plants and animals, and the known and potential purposes for the 
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variety in morphological form observed in organisms are discussed. Plant life cycles are also 

introduced.  

 

Chapter 2: Methods and materials 

Chapter Two provides details regarding data collection from the herbarium at Kew Botanical 

Gardens and laboratory methods for extracting the spores, which were subsequently used for 

analyses in the following Chapters Three and Four. It also describes microscopy techniques used 

to observe and describe spore morphology and discusses the limitations of these techniques. 

Finally, this chapter explains the type of morphological characters that have been used and how 

they have been discretised.  

 

Chapter 3: An atlas of modern spores 

Chapter Three presents an atlas of 424 images with descriptions of 156 species of extant lycopod 

and fern (pteridophyte) spores that have been collected, extracted, imaged, and described by the 

author. The purpose of the atlas is to facilitate the identification of extant spores and provide a 

modern analogue of pteridophyte spores that can be applied to the palynological fossil record. It 

also provides the raw data of morphological descriptions that will be used in analyses in Chapters 

Four and Five.  

 

Chapter 4: The functional significance of spore morphology 

Chapter Four explores the adaptive and ecological significance of extant spore morphology. 

Extant spores that have been described in Chapter Three have been discretely scored for 

morphology. From these scores, morphospace occupation has been investigated in order to 

determine whether certain taxa group according to phylogeny, gross reproductive biology or 

ecology. The morphospace has also been used to explore which morphological characteristics 

have the most influence on the morphospace patterns observed. 

 

Chapter 5: The morphological evolution of fern spores throughout the Triassic 

Chapter Five quantifies the morphological evolution of spores through the Triassic to the earliest 

Jurassic. Climatic and environmental changes from within this period will also be considered so 

that changes in morphological disparity and morphospace occupation can be correlated to 

external variabilities. Additionally, the morphospace occupation of spores from this time interval 

are compared to extant spores in order to investigate conceptual models of morphological 

evolution and determine which of these models is a best fit for spores.  
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Chapter 6: Conclusions and future work  

Chapter Six provides an overview of the main findings of this thesis. The limitations of this thesis 

and future work are also considered.  
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2. Materials and methods  

This chapter details the materials and methods used throughout this thesis. Methods described 

here relating to Chapter Three of this thesis involve the collection, extraction, mounting, 

observation, and description of pteridophyte spores. Methods used in Chapter Four, cover the 

conversion of morphological descriptions of spores produced in Chapter Three into discrete 

characters. Methods regarding the collection of fossil spore data for Chapter Five are also briefly 

introduced. All material used in collecting data such as herbarium collection information, 

herbarium sheets, and description cards, are provided in Appendix A, B and C. Raw character 

scores assigned to extant material is provided in Appendix D and E. Raw character scores assigned 

to fossil material is provided in Appendix F and G. Character scores for analyses including both 

extant and fossil material is provided in Appendix H and I. Materials and methods specific to 

chapters will be found in the Methods sections of their respective chapters. 

 

2.1. Collection of herbarium spores 

Spores from 125 species (Tables 2.1, 2.2 and 2.3), spanning the phyletic range of ferns across 

Polypodiopsida and 31 species of Lycopodiopsida (according to PPG 1, 2016) (Fig. 2.1), were 

collected by the author from mature, un-dehisced sporangia from the herbarium at Royal Botanic 

Gardens, Kew, UK between May 2017 and February 2020.  

Spores from all three families of Lycopodiopsida were sampled, including 31 species (1338 total) 

belonging to 15 genera (18 total), and spores from 39 families (48 total) of the Polypodiopsida 

were sampled, including 125 species (10,578 total) from 95 genera (319 total).  

The sampling strategy aimed to include as many representatives as possible from all groups at the 

family level of extant ferns and lycophytes. Rhachidosoraceae, Desmophlebiaceae, 

Lonchitidaceae, Woodsiaceae, Culcitaceae, Oleandraceae, Tectariaceae, Cystodiaceae and 

Salvinaceae the only families not sampled from the Polypodiopsida Class as they represent an 

under collected group at Kew Gardens herbarium, and therefore have been excluded. 
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Table 2.1: List of taxa from Class Lycopodiopsida included in analysis.   
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Table 2.2: List of taxa from Class Polypodiopsida included in analysis. Non leptosporangiate ferns. 
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Table 2.3: List of taxa from Class Polypodiopsida included in analysis. Leptosporangiate ferns. 
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Table 2.3: Continued. 
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Table 2.3: Continued. 
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Figure 2.1: Phylogeny illustrating relationships among lycophytes and fern families based on morphological 
and molecular data. Species from 39 families in the Polypodiopsida and three families in the Lycopodiopsida 
were included in the study. Lycopodiopsida (blue), eusporangiate ferns (yellow), leptosporangiate ferns 
(green). Figure redrawn from PPG1 (2016). 
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The PPG1 (2016) classification has been applied here as it represents the most current 

classification of ferns and lycophytes at the time of writing. Using a community-based approach, a 

global consortium of 94 authors utilising molecular and morphological data, it is, to date, the most 

comprehensive classification for fern and lycophytes.  

During sampling for this study, effort was made to ensure that the spores collected originated 

from specimens that: (1) bear sufficient material not to be rendered useless for future study; (2) 

contain mature, un-dehisced spores; (3) contain relevant, detailed documentation with reliable 

taxonomic identification; and (4) that suitable loose material from capsules were prioritised for 

collection over sporangia that were still attached to the herbarium sheet, avoiding the need to 

remove portions from mounted specimens. Samples were not collected from: (1) type specimens; 

(2) historically important specimens; or (3) specimens for which there is a limited amount of 

material available e.g., Marsilea. 

During the spore collection process, the accepted convention of handling herbarium sheets was 

followed (Bridson and Forman, 1998), ensuring all sheets were handled with both hands at each 

side of the sheet and always positioned face up, with all sheets put back in the correct order. 

Mature, un-dehisced sporangia were removed under a dissecting microscope using tweezers, 

razor blade, and a needle and placed into labelled collection envelopes. Each sample taken was 

photographed and recorded with as much relevant information as possible, including species 

name, genus, family and order name, barcode, collection number, collector name, date, and place 

collected. Following this, a paper collection slip was also added to the herbarium sheet to record 

spores had been taken from the specimen.  

 

2.2. Acetolysis  

Microscopic slides of fern spores were produced at the Open University laboratories using the 

standard Erdtman’s acetolysis method (Erdtman, 1960) for producing slides of pollen and spores 

so that they can be illustrated under light microscopy (LM) (Traverse 2007; Mander and 

Punyasena, 2018). This method maximises the removal of extraneous organic material whilst 

minimising loss and damage of sporopollenin (Jackson, 1999), leaving only refractory material (the 

exospore) that is resistant to all, except strong oxidising reactions. As extraneous material is 

removed, morphological features become more visible (Jones, 2014). 
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2.2.1. Acetolysis procedure 

The following steps outline the acetolysis procedure and production of microscopic slides: 

1. The spores that were isolated from sporangia were placed in labelled centrifuge tubes.  

2. A 5 ml solution of 10% KOH was added to the tube in order to remove excessive organic 

matter. 

3. After approximately an hour, the tubes with KOH solution were mixed with a stirring rod 

and placed in a water bath at 90°C for 2 minutes. 

4. The tubes were then centrifuged at 2000 rpm (revolutions per minute) for 7 minutes.  

5. The supernatant from each test tube was decanted into a waste container.  

6. The test tubes were filled with distilled water, and the process of centrifugation (at 2000 

rpm for 2 minutes), decanting and mixing was repeated two more times.  

7. For samples where material was compressed and consolidated at the bottom of the tube, 

a vortex mixer was used to separate the material and mix it into the solution.  

 

The following parts of the procedure were carried out in a fume hood. Protective clothing, 

including a lab coat, goggles and gloves were worn.  

 

8. 5 ml of glacial acetic acid was added to the samples. 

9. Samples were centrifuged at 2000 rpm for 7 minutes and the supernatant was decanted 

into a waste container.  

10. An acetolysis mixture was mixed comprising: 

1 parts sulphuric acid (H2SO4) added to 9 parts acetic anhydride ((CH3CO)2O) by volume. 

The solution was mixed a little at a time as the reaction is exothermic and produces fumes 

(Jones 2014; Traverse 2007). 

11. 5 ml of acetolysis mixture was added to each tube which were then placed in a dry bath at 

90°C for 1 minute. 

12. Following this, the samples were centrifuged at 2000 rpm for 7 minutes and the 

supernatant was vertically decanted into a waste container.  

13. Samples were then washed with glacial acetic acid (centrifuged at 2000 rpm for 2 minutes, 

decanting and mixing) 

14. Samples were washed twice with distilled water (centrifuged at 2000 rpm for 2 minutes, 

decanting and mixing) 

15. The remaining sporliferous material was pipetted into labelled 0.5 ml vials. 

16. Vials were centrifuged in a microcentrifuge for 5 minutes, and any remaining supernatant 

was decanted. 
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17. Vials were filled halfway with a 50% glycerol solution.  

18. Microscope slides were placed onto a hot plate, heated to 100 °C and one droplet of 

solution from the vials was pipetted onto it. 

19. Once heated, a small piece of glycerine jelly was added.  

20. As soon as the glycerine jelly had melted, the slide was taken off the hot plate. 

21. Using a teasing needle, the glycerine jelly was mixed into the solution and a glass coverslip 

was placed over the solution.  

22. Slides were labelled and coverslips were sealed using nail varnish. 

Residual material remaining in vials were stored in a fridge for future use if needed. 

 

2.3. Observing morphology using transmitted light microscopy with 

brightfield illumination 

Spores were examined at the Open University under transmitted light microscopy with brightfield 

illumination using a 1.4 NA objective magnification of x 60 under oil immersion and imaged using 

a Leica DMC2900 microscope camera.  To set the microscope up, the field diaphragm was 

narrowed to the smallest diameter, and the height of the substage condenser was adjusted until 

the margins of the field diaphragm were in focus, forming a small circle of light. Once the 

substage condenser was focused and centred, the field diaphragm was widened until it was just 

outside that field of view. This ensures that extraneous light does not enter the objective and 

reduce contrast (Riding and Head, 2018). 

The location of spores imaged was recorded using an England finder, a gridded microslide 

containing reference numbers and letters. Once a spore was located, the slide was removed from 

the stage and replaced with the England finder, and the location recorded. Before spores were 

imaged and described, they were cross-referenced with scanning electron images (SEM) images 

and descriptions of spores from Tryon and Lugardon (1991) to ensure that the spores within the 

slides were morphologically comparable and that material had not been cross-contaminated. 

In order to view all optical sections of the three-dimensional spores, the focus adjustment of the 

microscope was magnified at different focal depths, beginning with uppermost focus, followed by 

progressively lower foci (Fig. 2.2). 
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Figure 2.2: Microscope slide observed under x 60 oil immersion, using transmitted light microscopy. The 
objective is adjusted to different levels of focus to allow three-dimensional spores to be viewed at all 
optical sections. Taken from Bercovici et al., (2009). 

 

Readjusting the magnification at different focal depths was also used to assist in Lux- Obscuritas 

(L-O) analysis (Erdtman, 1956) and edge analysis (Traverse, 2007). These techniques were used in 

conjunction to examine spore ornamentation when subtle features could not be distinguished 

under LM, as explained in further detail in section 2.3.1.1.  

 

2.3.1. Edge and L-O analysis  

2.3.1.1. L-O analysis 

Defined by Erdtman (1956) as “the different patterns of pollen or spore wall surface recorded as 

they appear at successive adjustments of the microscope”, Lux-Obscuritas analysis (L-O) is a 

technique that allows more precise interpretation of three-dimensional sculptures on the surface 

of spores and pollen. In Lux- Obscuritas analysis, under immersion oil, the lens of the microscope 

objective is focused up and down on the surface of the spore so that it can be examined in two 

focal planes: high focus and low focus.  
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Figure 2.3: Sculpture shown at high to low focus. Low focus is shown towards the outside of the circle; high 
focus is towards the inside. Showing features as they appear in both Lux- Obscuritas analysis and Edge 
analysis. Lux- Obscuritas analysis should always be checked by Edge analysis, and vice versa. Figure from 
Traverse (2007). 

 

L-O analysis enables positive and negative sculptures in the exospore to be observed more clearly, 

and for subtle differences between features to be distinguished, for example, at high focus, 

spores with negative sculpture (such as foveolae) will appear as dark holes, at low focus they will 

become lighter. At high focus, spores with positive sculpture (such as echinae) will appear bright, 

and at low focus they appear darker (Fig 2.4). 
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Figure 2.4: Examples of positive and negative sculpture in Lux- Obscuritas analysis. a) Adiantum pedatum, in 
high focus rugulate ornamentation, appears dark, b) in low focus rugulate appears light c) Actinostachys 
pennula, in high focus holes appear dark, d) in low focus holes appear bright. 

 

2.3.1.2. Edge analysis 

Edge analysis is a complementary technique to Lux- Obscuritas analysis and, when used in 

conjunction, can be effective in determining subtle or very small features.  In edge analysis, 

positive and negative sculptures are observed on the outer edge of the spore in mid-focus (Fig. 

2.3). For example, sculptures such as echinae and papilla will appear as spines or projections, 

whereas negative features such as foveolae will appear as depressions or not project at all 

(Fig.2.5). 

 

Figure 2.5: Examples of positive and negative sculpture in Edge analysis. a) positive projections in Osmunda 
regalis and b) negative foveolae in Actinostachys pennula, and c) positive spines in Cyclosorus interruptus. 
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2.4. Describing spore morphology 

The terminology used in Punt et al., (2007) is widely accepted as a reference guide in palynology 

and was therefore applied to describe spore morphology here. Initially, drawings of spores 

observed under light microscopy were made detailing qualitative and quantitative morphological 

features. Because the application of terminology to morphology is subjective to a degree, 

schematic drawings can serve as justification for why the observer has prescribed certain 

terminology to a feature, especially when describing very small morphological but significant 

differences between taxa. They are also helpful when there is a lack of clarity or even no available 

terminology for such features in glossaries. From these drawings, spore identification cards were 

produced (see appendix C) and were used as the basis for more detailed descriptions. Using Punt 

et al., (2007) terminology, features were organised into three main categories consisting of:  

Amb and sporoderm features. This included amb shape and size, exine thickness, 

equatorial features and their measurements and the presence or absence of a perispore, 

perispore fit and camerate.  

Aperture features.  Such as aperture type (monolete, trilete, alete), presence or absence 

of a margo, margo size, margo ornamentation, laesura length and whether laesura 

reaches equator or not. 

Surface ornamentation. This refers to the surface features of the spore, ornamentation 

including any secondary ornamentation (including perispore ornamentation) and 

ornamentation of separate features such as the margo or interradial features like the 

kyrtome if applicable, and the measurements of such features, the regular or irregular 

nature of the ornamentation, differences in polarity and the presence of elaters. 

The application of this terminology within this thesis ensures that the terminology used is 

consistent both within this thesis and with other palynological descriptions published elsewhere 

that apply terminology described in Punt et al., (2007). Other advantages to applying Punt et al., 

(2007) terminology are: 

(1) the glossary describes features and provides schematic drawings that are specific to 

spore morphology, unlike many other monographs (e.g. Hesse et al., 2009; Halbritter et 

al., 2018),  

(2) the glossary focuses on morphology that is based on observations from light 

microscopy and not scanning electron microscopy and transmission electron microscopy 
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as is the case in other monographs (e.g., Tryon and Lugardon, 1991; Hesse et al., 2009; 

Halbritter et al., 2018), 

(3) the use of terminology from this glossary not only facilitates standardised descriptions, 

but also enables descriptions to be understood by non-specialists.  

 

2.4.1. Notes for spore descriptions in this thesis 

The proximal face refers to the spore face toward the centre of the tetrad during development 

and is morphologically distinct from the distal face (Traverse 2007). It has a laesura scar formed by 

the intersection of contact-faces of the other members of the tetrad. The distal face refers to the 

face away from the tetrad centre during development and contains no tetrad mark (Traverse 

2007).  Spores have been observed and imaged where possible in both equatorial and polar view 

(Fig. 2.6); however, shape refers to the outline of the amb as seen in polar view. 

For measurements of the laesurae, where a trilete mark was present, a single 

triradiate laesura was measured.  

 

Figure 2.6: Diagram showing the polarity of monolete and trilete spores. 
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Quantitative measurements: equatorial diameter, wall thickness, margo width, laesurae length 

and any measurements of ornamentation, have been described from a single representative 

spore. The equatorial diameter refers to the spore body's size and does not include the perispore 

if this extends beyond the spore body's length. If a spore is described as having two wall layers, it 

is the outermost exospore layer that has been measured. Spores described as having a camera or 

acamerate refer to the presence of two spore wall layers. Acamerate spores have no cavity 

between their two wall layers, whereas camerate refers to spores with a clear cavity between two 

wall layers. It does not refer to spores that have a cavity between the perispore and exospore 

layers.  The apical region refers to the corner of a trilete spore and the interradial region lies 

between the radial arms of the laesurae. Equatorial variations can be distinguished by viewing the 

spore in the equatorial plane, e.g., zonae are thick projections at the equator, cingula are thin 

projections, neither extend over the distal or proximal face, patinae extend over one entire 

surface. Kyrtomes are distinguished by a fold or thickening in the interradial region (see table 4.1). 

The laesurae are the arms of a proximal scar (monolete spores have one laesura, trilete spores 

have three). A laesura comprises a commissure (centre of the suture of dehiscence mark) and 

these are sometimes surrounded by a margo which differentiated by either ornamentation of 

thickness. Valvae are radial thickenings in trilete spores (see table 4.1). The exospore is the outer 

layer of a spore wall. Some spores have a perispore layer situated around the exospore which can 

present the same or different surface ornamentation. Unlike the exospore, this is not always 

acetolysis resistant (Fig. 2.7).  

 

Figure 2.7: A schematic diagram of a trilete spore showing the morphological features that have been 
applied to spores described in Chapter Three of this thesis. 
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2.4.2. Limitations of descriptive terminology 

Although the application of terminology from descriptive glossaries ensures a common use and 

understanding, interpretation of morphology is still subjective to the observer.  What one 

palynologist may interpret as one type of sculpture, another will interpret as a different feature, 

and this is especially the case when using light microscopy (LM) as resolution is low. Scanning 

electron microscope (SEM) is more commonly used when finer morphological detail is needed 

(Jones and Bryant, 2007; Traverse, 2007; Sivaguru et al., 2012). It provides greater resolution than 

LM (Fig. 2.8), and because of this, spores and pollen are more reliably identified to species level in 

SEM than in LM. 

 

Figure 2.8: Examples of greater morphological resolution when viewing spores and pollen under SEM 
compared to LM. (a, b, c) Aetanthus coriaceus. (a) pollen grain appears psilate to scabrate under LM, (b) 
sculpture elements become clearer under SEM, (c) sculpture elements appear nano/micro baculate with 
higher magnification in SEM (images from Halbritter et al., 2018). (d and e) Spore of Coniogramme Africana 
(Slide 17). (d) LM image appears scabrate (e) SEM image shows finer morphological detail with papillae. 
(SEM image from Tyron and Lugardon, 1991). 

 

Use of only LM can result in conflicting terminology, particularly when features are extremely 

small or faint, as distinguishing between characters can be difficult. For example, there are several 



Chapter 2 – Materials and Methods  C.Walker 2022 
 

38 
   

different types of morphological characters that refer to projections of the exine that require a 

detailed examination to distinguish nuances (e.g., baculate vs clavate and gemmate vs verruca. 

Fig.2.9).  

 

Figure 2.9: Diagrams showing similar morphologies that can be difficult to distinguish under LM. (a) 
gemmate and (b) verrucate have similar projections. They are both classified as being higher than 1 µm. 
Gemmae have a constricted base and are approximately the same height and width. Verrucae are identified 
as being broader than higher and are not constricted at the base. (c) Baculate and (d) clavate are similar 
projections. Both are classified as being higher than 1µm and having a smaller diameter than height. They 
are only distinguishable by the thickening of the apex of clavate. From Punt et al., (2007). 

 

It can also sometimes be challenging to distinguish the perispore from the exine in some taxa 

under LM (e.g., Fig. 2.10). Thin perispores that lie close to the exospore can be misinterpreted as 

the exospore layer, and it is only by referring to SEM and TEM images and descriptions such as 

those from Tryon and Lugardon (1991) that the perispore can be identified with greater clarity.  

 

Figure 2.10: Example of spores where the perispore is difficult to distinguish from the exospore. (a) 
Lepisorus mucronatus (Slide 42), (b) Dicranopteris linearis (Slide 159). 
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There are limitations to accuracy and reproducibility when producing detailed morphological 

descriptions of spores. Interpretations of morphology are based on observations under LM; 

therefore, descriptions are limited by the quality and resolution of LM and the user's capability. 

The resolution of conventional optical microscopes is limited by the diffraction of light to around 

200-250 nm (Mander and Punyasena, 2014). Due to this diffraction limit, morphological features 

smaller than 200-250 nm cannot be captured. This can result in the loss of essential morphological 

information, which can hinder the recognition of significant nanoscale features crucial for 

morphological distinction between taxa. Spores and pollen tend to be heteromorphic within the 

same species (Traverse, 2007) and sometimes even within the same plant (Lindström et al., 1997).  

This means that palynological material can rarely be identified to a species level under LM, as 

seen in the difficulty associated with identifying grass pollen Poaceae to below the family level 

(Mander et al., 2013). Limited depth of field presents an issue for 3-dimensional objects such as 

palynomorphs. Only a single optical cross-section of a spore can be viewed each time. However, 

varying the focus adjustment of the microscope and imaging these multiple optical sections 

allows the viewer to see all sections (Bercovici, Hadley and Villanueva-Amadoz, 2009).  

As mentioned previously, there are other palynological techniques that allow for finer resolution 

of surface ornamentation, such as scanning electron microscopy (SEM), and other techniques that 

allow for high-resolution investigation of internal structures such as transmission electron 

microscopy (TEM). However, despite these limitations, LM is an ideal tool in descriptive 

morphology due to its speed, efficiency and accessibility compared to SEM and TEM. Because of 

this, LM is more routinely used by palynologists, and descriptive terminology is mostly composed 

of terms for morphological features that can be seen in LM with brightfield illumination (Mander 

and Punyasena, 2018). The quality and preservation of spores can also hinder accurate 

morphological interpretations.  

Ultimately, palynological slides have a shelf life. Timelines vary; Traverse (2007) suggests the 

glycerine jelly slides can last up to ~40 years depending on preparation techniques and storage 

conditions. Over time, degradation of palynological slides will occur, and there are many 

contributing factors for this, including temperature changes, humidity and light (Neuhaus, Schmid 

and Riedel, 2017). A significant influence impacting the preservation potential of palynological 

slides is an adequate seal (Cushing, 2011). Poorly sealed coverslips expose samples to 

environmental conditions causing loss of moisture to glycerine jelly, which can change the 

orientation and position of spores. It can also result in the colonisation of microorganisms which 

causes degradation of glycerine jelly and palynological material as organic matter is metabolised 

(Barrón, Kvaček and Dašková, 2019). Taphonomic processes such as oxidation and maturation will 
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alter the morphology of palynomorphs from the fossil record. Sporopollenin is a substance that 

makes up the exospore and perispore of spores. Due to its highly resistant nature, it is incredibly 

durable throughout geologic time, which is why palynomorphs have high preservation potential 

and are so abundant throughout the fossil record. Despite this, sporopollenin is susceptible to 

oxidation and prolonged high temperatures (Tiwari et al., 1994; Traverse, 2007;  Fraser et al., 

2014; Jardine et al., 2015); both of which are applied in acetolysis, a standard technique used to 

illustrate spores with LM. However, as it is not a lengthy procedure, the damage is minimal, 

although levels of damage to the sporopollenin vary between taxa due to varying levels of 

sporopollenin in the exine.  

The methods used to release spores from sporangia and produce slides can distort morphology 

and even destroy it. Acetolysis frequently removes and destroys the perispore (the outer layer 

situated around the exospore of some spores), eliminating a key morphological feature (Large and 

Braggins, 1990). There is disparity between taxa regarding the degree to which the perispore is 

affected by acetolysis, these range from; acetolysis-soluble, where the perispore is completely 

lost to acetolysis; acetolysis-affected, the perispore has been damaged or altered to varying 

degrees by acetolysis and; acetolysis-resistant, the perispore has not been affected by acetolysis 

(Devi, 1980). Glycerine jelly is a commonly used mounting medium due to its ideal optical 

properties ((It has a refractive index (RI) of 1.47, close to sporopollenin’s RI of 1.48. (Traverse, 

2007)). However, it can contain residual water that can be absorbed by pollen and spores, causing 

them to swell when mounted (Faegri and Deuse 1960; Meltsov, Poska and Saar, 2008).  

 

2.4.3. Discrete characters used to quantify spore morphology 

Twenty-four discrete characters, with a total of 131 states (Appendix D), have been examined to 

quantify the morphology of the extant taxa analysed in this study. Both binary and multistate 

characters have been included. Binary states consist of the absence or presence of a character, 

whereas multistate characters relate to: 

(1) quantitative measurements that have been discretised from continuous characters 

and  

(2) qualitative observations based on ornamentation and shape.  

Some features described approximate to a binary condition of presence or absence (e.g., 

perispore, camerate, elaters, kyrtome and margo), whereas others are quantitative 

measurements (e.g., spore size, wall thickness, length of aperture and measurements of features 
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such as the margo and ornamentation). The remaining features described are qualitative and are 

therefore interpretations subjective to the observer. 

Characters measured in this study were not chosen for any ecological or functional significance 

rather, they provided a broad coverage of morphology. Although there were no specific 

characters that were purposely excluded from this analysis, some characters were difficult to 

score, most notably due to the loss or alteration of features from acetolysis. In some samples, the 

perispore was not present due to acetolysis, and conversely, the perispore was resistant to 

acetolysis, so it was present but obscured the exospore. In such cases, where perispore or 

exospore features could not be scored directly from slides produced for this study, they were 

instead scored from SEM images and descriptions from Tryon and Lugardon (1991). Obtaining 

exospore measurements was also problematic when the perispore was thick or obscured by 

ornamentation, most notably, the exospore thickness and measurements and features of the 

aperture and margo. Some equatorial features require observing a range of equatorial, polar and 

distal views to identify the feature type. In some cases, it was not possible to view spores in all 

orientations, so morphology was verified using images and descriptions from Tryon and Lugardon 

(1991). 

 

2.5. Fossil database 

Spores representing sixty-seven genera were compiled from Kürschner and Herngreen's (2010) 

palynological database of spores and pollen from the Alpine and Germanic facies ranging 

throughout the Triassic to the Early Jurassic Hettangian of central and north-western Europe. 

Following this, spores were scored for morphology using genus type descriptions from Jansonious 

and Hills genera file of fossil spores and pollen database which was accessed from the University 

of Calgary’s online digital collections (https://digitalcollections.ucalgary.ca/asset-

management/2R340807EMIQ?FR_=1&W=1920&H=969). Eight discrete characters, with a total of 

61 states (Appendix F), have been examined to quantify the morphology of fossil taxa analysed in 

this study.  
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3. An Atlas of Extant Spores 

3.1. Introduction  

3.1.1. The evolutionary history of ferns  

Ferns and lycophytes have been a persistent floristic component on land for hundreds of millions 

of years (Niklas, Tiffney and Knoll, 1983), playing an essential role in shaping the terrestrial realm. 

Today, they are a vital component of Earth’s floras and represent the second-most diverse lineage 

of vascular plants on Earth (Pittermann et al., 2013; Testo and Sundue, 2016). They fill important 

ecological niches, such as epiphytic ferns in rainforest canopies in tropical and subtropical regions 

where they are disproportionality found (Cardelús et al., 2006; Dubuisson et al., 2009; Kreft et al., 

2010; Watkins and Cardelús, 2012), and also play a significant ecological role as primary colonisers 

to disturbed areas (Walker et al., 1996; Russell et al., 1998; Arens and Baracaldo, 1998; DiMichele 

and Phillips 2002; Reudink et al., 2005; Brock et al., 2018). 

Ferns are amongst the oldest lineages of extant plants, much older than flowering plants 

(angiosperms). The oldest unequivocal angiosperm fossils date to the Early Cretaceous (Sun et al., 

2002; Friis et al., 2006; Soltis et al., 2008; Gomez et al., 2015), whereas the oldest known fossil 

fern Ibyka, is a stem relative of Equisetidae from the Middle Devonian (Skog and Banks, 1973; 

Kenrick and Crane, 1997). The earliest lycophytes are even older, with fossils dating as far back as 

the Silurian (445-420 mya) (Garratt, 1978; Hueber 1992; Sessa, 2018). Divergence time estimates 

have suggested that ferns may have evolved as far back as 430 mya (Testo and Sundue, 2016). 

Most families of extant ferns originated during a rapid diversification during the Late Cretaceous 

(Schneider et al., 2004; Watkins and Cardelús, 2012; Testo and Sundue, 2016). Because of this, we 

have a direct comparison of familial morphology with modern fern spores back to this point in 

geological time (Traverse, 2007). However, ferns and lycophytes have long evolutionary histories 

and are important indicators for terrestrialization (Gray, 1985). Significant changes in spore 

assemblages occurred during the Early Silurian, from cryptospore to hilate and trilete spore 

dominated.  Trilete spores are generally considered to derive from the vascular plant lineage, so 

this change is considered to potentially equate to the origin of vascular plants (Wellman and Gray, 

2000; Kenrick et al., 2012). Ferns and lycophytes were also significant components of terrestrial 

land plants before the angiosperms rose to dominance in the Early Cretaceous and were the 

dominant terrestrial plants during the Carboniferous and Permian (Niklas et al., 1983; Gastaldo 

1987; Cleal et al., 2011; Cascales‐Miñana and Cleal, 2014). Due to their dubious affinity in the 

past, several members of the spore-producing lycophytes were historically placed within a group 
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of plants known as the ‘fern allies’ along with the horsetails (Equisetum) and whisk ferns (Psilotum 

and Tmesipteris). This convolution arose from Linnaeus’s original placement of several members 

of lycophytes and whisk ferns with bryophytes due to their superficial resemblance. Subsequently, 

these relationships have been resolved, placing polypodiopsida as a monophyletic group that is 

sister to seed plants, creating a euphyllophyte clade to which the lycophytes are sister (Pryer et 

al., 2001). However, this taxonomic uncertainty is still apparent in the fossil record. The 

fragmented nature of fossil plants makes holistic plant reconstructions difficult. Few whole plant 

reconstructions are generated with certainty, and it is rare to find palynomorphs in situ in 

fossilised reproductive structures associated with the parent plant (Wellman, Osterloff and 

Mohiuddin, 2003; Scott and Galtier, 1996). Because of this, the taxonomic affinity of some fossil 

spores is uncertain (Balme 1995; Wellman and Gray, 2000; Mander 2011; Mander and Punyasena, 

2014).  

Ferns and lycophytes share a life cycle distinct from other vascular plant groups and generally rely 

on anemochory (wind dispersal) (see Introduction section 1.5), although there are a few known 

instances where viable fern spores are dispersed by vertebrates (Sugita et al., 2013; Brock and 

Collier, 2020). However, the extent to which ferns are dispersed by endozoochory is currently 

unknown (Boch et al.,2016). As far as we are currently aware, fern relationships with animals that 

disperse their spores are rare and are not obligate (Rashbrook et al., 1991; 1992; Tiffney, 2004; 

Gay and Hensen, 2008), unlike in flowering plants where it is considered that zoophily is the 

ancestral form (Hu et al., 2008), and pollination-mutualism may have attributed to the 

diversification of angiosperms during the Cretaceous (Crepet, 2008). Therefore, it is important to 

understand the different evolutionary trajectories of vascular plant groups that have obligate 

pollinator or dispersal relationships with animals compared to groups such as ferns that do not 

share this relationship. 

 

3.1.2. Fern spores, records of the past 

Owing to their durability and abundance both globally and stratigraphically (Kenrick and Crane, 

1997; Wellman and Gray, 2000; Rubinstein et al., 2010), spores and pollen are pivotal to our 

understanding of the past. Their outer walls are made from sporopollenin, a strong and 

chemically inert substance (van Bergen et al., 2004; Fraser et al., 2012; Jardine et al., 2015; 

Mackenzie et al., 2015). This not only ensures high preservation potential throughout geological 

time, providing a substantial fossil record (Jardine et al., 2021), but sporopollenin is also highly 

resistant to acetolysis (Traverse, 2007) and extraction techniques using HF and HCl (Batten, 1999). 
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This enables extant material to be readily studied in greater detail under light microscopy and 

fossil material to be separated from its enclosing sedimentary rock. 

Von Post’s (1916) pollen analysis as an indicator of vegetational history is generally accepted as 

the beginning of modern palynology (Traverse, 1974; Gosling, Miller and Livingstone, 2013; 

Schüler and Hemp, 2016). Following this, the morphological identification of spores and pollen 

has been standard practice through the comparison of modern material. Palynological atlases 

have been important sources for this purpose and, as a result, have been fundamental in 

underpinning our understanding of the past. Palaeopalynology has provided evidence and 

information concerning past climatic and environmental changes (e.g., Overpeck et al., 1990; 

Prentice et al., 1996; Jolly et al., 1998; Haberle and Maslin, 1999; Williams et al., 2004; Marret et 

al., 2006; Kiage and Liu, 2009; Kujau et al., 2013), changes in biodiversity (e.g. Colinvaux, 1987; 

Odgaard, 1999; Jaramillo et al., 2006; Goring et al., 2013) and can provide information essential 

for conservation (Willis et al., 2007; Froyd and Willis, 2008). 

Illustrated and descriptive atlases of extant spores and pollen are crucial in facilitating the 

accurate identification of palynological material from the fossil record. Fossil identifications are 

obtained through direct observation and comparison to modern reference material. However, 

most significant reference collections are housed in research institutions in Europe and North 

America, restricting access for researchers from outside of these institutions, particularly those 

from developing nations (Antonelli et al., 2020; Drew et al., 2017). Despite this, atlases with high-

quality images and detailed, accurate descriptions are now more accessible than ever due to 

increasing internet accessibility globally, facilitating the advancement of palynology in developing 

nations. 

 

3.1.3. The importance of a comprehensive spore atlas 

Although several atlases exist (e.g. Roubik and Moreno, 1991; Colinvaux, De Oliveira and Patino, 

2003; Gosling, Miller and Livingstone, 2013; Schüler and Hemp, 2016; Tang et al., 2019), most 

currently available focus on pollen, with spores receiving minor attention (Hooghiemstra and van 

Geel, 1998). Relatively few atlases focus exclusively on fern spores (Contreras-Duarte, Bogotá-

Ángel and Jiménez-Bulla, 2006) and therefore, more is needed to contribute to the international 

standardisation of identifications. However, this dearth is to be expected because today, ferns 

make up a small proportion of the 308,312 species of tracheophytes (vascular plants; 

Christenhusz and Byng, 2016). Flowering plants have ca. 295,383 extant species (Christenhusz and 

Byng, 2016), displaying a far greater taxonomic diversity than spore-producing ferns (10,578 
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species) and lycophytes (1338 species) (PPG 1, 2016). Despite this, the underrepresentation of 

fern spores in palynological atlases can have implications for our understanding and identification 

of spores from the fossil record.  

There is also a paucity of palynological atlases that consist of light microscopy (LM) images from 

which morphological descriptions are derived. LM is an ideal tool in descriptive morphology due 

to its speed, efficiency and accessibility compared to scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Because of this, LM is more routinely used by 

palynologists, and descriptive terminology is mostly composed of terms for morphological 

features that can be seen in LM with brightfield illumination (Mander and Punyasena, 2018). 

 

3.1.4. Aim of this chapter 

This chapter presents a detailed study of modern spore morphology of fern and lycophyte spores 

found globally in the form of an atlas to facilitate the identification of extant spores and provide a 

modern analogue of pteridophyte spores that can be applied to the palynological fossil record. 

The atlas presents 424 images with morphological descriptions of 156 species. The specimens 

were all collected from the herbarium at Royal Botanic Gardens, Kew (Section 3.2.1). This atlas 

contributes towards the existing literature of palynological atlases with a focus on the 

underrepresented fern spores.   

 

3.2. Methods  

3.2.1. Selection and collection of spore taxa  

Spores spanning the phylogenetic range of ferns across the Polypodiopsida and Lycopodiopsida 

(Tables 2.1, 2.2 and 2.3 in section 2.1) were collected by the author from mature, un-dehisced 

sporangia from the herbarium at Royal Botanic Gardens, Kew, UK between May 2017 and 

February 2020 (full details for individual specimens see appendices A, B, C).       

Spores from all three families of Lycopodiopsida were sampled, including 31 species belonging to 

15 genera. Spores from 39 families of the Polypodiopsida were sampled, including 125 species 

from 95 genera. The sampling strategy aimed to include as many representatives as possible from 

all groups at the family level of extant ferns and lycophytes. Rhachidosoraceae, 

Desmophlebiaceae, Lonchitidaceae, Woodsiaceae, Culcitaceae, Oleandraceae, Tectariaceae, 

Cystodiaceae and Salvinaceae are the only families not sampled from the Polypodiopsida Class. 

This is because they were sampled but were not productive for spores (Woodsiaceae, Culcitaceae, 
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Oleandraceae, Tectariaceae, Cystodiaceae and Salvinaceae), or they were not sampled as they 

represent an under collected group at the herbarium (Rhachidosoraceae, Desmophlebiaceae, 

Lonchitidaceae). 

 

3.2.2. Light microscopy and image acquisition  

Microscopic slides of fern spores were produced using Erdtman’s acetolysis method (Erdtman 

1960; see Section 2.2). All images were obtained using a Leica Microscope and captured using 

Leica Application Suite EZ (v. 3.4.0) software. Spores were examined and imaged under 

transmitted light microscopy (LM) with brightfield illumination using a 1.4 NA objective 

magnification of ×60 under oil immersion. They were observed at different focal depths, 

beginning with uppermost focus, followed by progressively lower foci, so that all key 

morphological features were captured. Lux-Obscuritas analysis (Erdtman, 1956) and edge analysis 

(Traverse, 2007) were used to distinguish between subtle sculptures (see Section 2.3.1). 

 

3.2.3. Morphological descriptions 

The terminology used in Punt et al., (2007) is widely accepted as a reference guide in palynology 

(e.g. Colinvaux et al., 2003; Hesse et al., 2009; Gosling, Miller and Livingstone, 2013; Schüler and 

Hemp, 2016) and was therefore applied to describe spore morphology here. A feature not well 

described by the terminology in Punt et al., (2007) is referred to here as folds of the perispore 

(examples shown in Fig 3.1.). They are clear features in scanning electron microscopy (SEM) 

images and in the Light microscopy (LM) images presented here. 

 
Figure 3.1: Example of types of folds in the perispore. a) Mickelia guianensis, b) Diplaziopsis javanica.     
c) Asplenium formosum. 
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3.3. Results  

Light microscopy images presented here display the variety of morphology that is present in 

extant ferns and lycophytes. Generally, spores from Lycopodiopsida appear to be more acetolysis 

resistant than spores from Polypodiopsida. All Lycopodiopsida specimens that had undergone 

acetolyisis were productive for spores and had no significant damage.  

Spores from Polypodiopsida were far less productive for spores than Lycopodiopsida and more 

variable regarding their preservation. For many spores from this group, the perispore is damaged 

or entirely destroyed, and therefore, the degree to which the perispore is described varies 

between taxa from this group. There also appears to be more damage to wall ornamentation 

within this class. Overall, there are 35 taxa in this study where the perispore is absent, in which it 

is reported present in Tryon and Lugardon (1991). However, this may be because the perispore is 

not visible using light microscopy or SEM. Perispores that are thin and lie close to the exospore's 

contours can sometimes be only detected using TEM. 

 

3.3.1. Descriptions of spores 

(For a list of all spores described, see Section 2.1., Table 2.1. For notes on spore descriptions see 

section 2.4.1.). 

 

Lycopodiopsida 

Family Lycopodiaceae P. Beauv. ex Mirb. 1802. 

 

1. Genus Austrolycopodium Holub 1991 

Austrolycopodium magellanicum (P. Beauv.) Holub 1991. 

Plate 1, figure 1-3 polar view, figure 4 equatorial view. 

Slide 176 (Kew field collection number: 24336). (Appendix B.1 and C.1) 

Description. Monad, amb triangular convex, proximal face is almost flat, distal face is convex; 

trilete, laesurae do not reach the equator, marginate, margo 2 µm wide; exospore 1-layered; 

exospore 1.3 µm thick; heteropolar in shape and ornamentation, surface ornamentation on the 

proximal face is psilate, the distal face is heterobrochate, muri are 1 µm wide and >4.5 µm high, 

lumina are >7 µm in diameter, the margo is raised and psilate.   

Dimensions: Equatorial diameter 40 µm, exospore thickness 1.3 µm, laesura 17 µm in length. 
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Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

2. Genus Diphasium C. Presl ex Rothm. 1944.  

Diphasium jussiaei (Desv. ex Poir.) Rothm. 1944.  

Plate 1, figure 5-7 polar view, figure 8 equatorial view. 

Slide 160 (Kew field collection number: 10665). (Appendix B.2 and C.2)  

 

Description. Monad, amb triangular convex, proximal face is depressed at the interradial areas, 

the distal face is convex; trilete, laesurae do not reach the equator, marginate, margo 1.1 µm 

wide; exospore 1-layered; exospore 1 µm thick; heteropolar in shape and ornamentation, 

proximal surface ornamentation is psilate, the distal face is reticulate, reticula muri are ≤1 µm 

wide and 4 µm high, lumina are >8 µm in diameter, the margo is raised and psilate.  

Dimensions: Equatorial diameter 26 µm, exospore thickness 1.1 µm, laesura 12 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

3. Genus Dendrolycopodium A. Haines 2003. 

Dendrolycopodium obscurum (L.) A. Haines 2003. 

Plate 1, figure 9-11. 

Slide 98 (Kew field collection number: s.n.). (Appendix B.3 and C.3) 

Description. Monad, amb triangular convex; trilete, laesurae does not reach the equator, 

marginate, margo 1.5 µm wide; exospore 1-layered; exospore 1.5 µm thick; heteropolar in 

ornamentation, surface ornamentation on the distal face is heterobroachate with brochi 

becoming slightly larger towards the equatorial ridge, the proximal face has disconnected muri 

which have branched off from the heterobochate pattern on the distal face, this forms an almost 

striate pattern, the margo is raised and psilate. 

Dimensions: Equatorial diameter 34 µm, exospore thickness 1.5 µm, laesura 10 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 
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4. Genus Huperzia Bernh. 1801.  

Huperzia phlegmaria (L.) Rothm. 1944. 

Plate 1, figure 12-14. 

Slide 154 (Kew barcode: K000407624). (Appendix B.4 and C.4) 

Description. Monad, amb triangular convex, proximal face protrudes to a point, the distal face is 

convex; trilete, laesurae do not reach the equator, marginate, margo 1.4 µm; exospore 1-layered; 

exospore 1.8 µm thick; heteropolar in shape and ornamentation, proximal surface ornamentation 

is psilate, the distal face is foveolate, foveolae are 2 µm in diameter and spaced evenly, the margo 

is psilate and raised.  

Dimensions: Equatorial diameter 36 µm, exospore thickness 1.8 µm, laesura 17 µm in length. 

 

5. Genus Huperzia Bernh. 1801.  

Huperzia verticillata (L. f.) Trevis. 1875. 

Plate 1, figure 15-17. 

Slide 107 (Kew field collection number: 5051). (Appendix B.5 and C.5) 

Description. Monad, amb triangular convex, proximal face protrudes to a point, the distal face is 

rounded; trilete, acamerate, laesurae do not reach the equator; marginate, margo 2.5 µm;  

exospore 2-layered;exospore 2.5 µm thick; heteropolar in shape and ornamentation, surface 

ornamentation on the proximal face is psilate, the distal face is foveolate in the centre becoming 

increasingly fossulate towards the equatorial ridge, foveolae are 1.5 µm in diameter, fossulae are 

1.5 µm wide and >9 µm in length.  

Dimensions: Equatorial diameter 40 µm, exospore thickness 2.5 µm, laesura 22 µm in length. 

 

6. Genus Lateristachys Holub 1964. 

Lateristachys lateralis (R. Br.) B. Øllg. 1987. 

Plate 1, figure 18-19. 

Slide 99 (Kew field collection number: s.n.). (Appendix B.6 and C.6) 

 

Description. Monad, amb triangular convex, distal face is convex, proximal face is almost flat, 

laesurae do not reach the equator, marginate, margo 12 µm; exospore 1-layered, perispore is 
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diaphanous and conforms to the exospore; exospore 5 µm; subisopolar in shape, surface 

ornamentation is rugulate, rugulate muri are 1.2 µm thick, the perispore forms a thin layer which 

conforms to the exospore, margo is raised and rugulate. 

Dimensions: Equatorial diameter 58 µm, exospore thickness 5 µm, laesura 23 µm in length. 

 

7. Genus Huperzia Bernh. 1801. 

Huperzia dacrydioides (Baker) Pic. Serm. 1968. 

Plate 1, figure 20-21. 

Slide 150 (Kew field collection: 4598). (Appendix B.7 and C.7) 

 

Description. Monad, amb triangular convex, proximal face protrudes to a point, the distal face is 

rounded; trilete, laesurae do not reach the equator; exospore 1-layered, exospore 2.2 µm thick; 

heteropolar in shape and ornamentation, surface ornamentation on the proximal face is psilate, 

the distal face is foveolate in the central area of the spore gradually increasing into fossulate near 

the equatorial ridge, foveolae are 1.5 µm in diameter and spaced evenly across the central area of 

the distal face, fossulae are >3.8 µm in length and 1.3 in width 

Dimensions: Equatorial diameter 50 µm, exospore thickness 2.2 µm, laesura 25 µm in length. 

 

8. Genus Phlegmariurus Holub 1964. 

Phlegmariurus warneckei (Herter ex Nessel) A.R. Fied & Testo 2015. 

Plate 1, figure 22-23. 

Slide 149 (Kew field collection: 9803). (Appendix B.8 and C.8) 

 

Description. Monad, amb triangular convex, proximal face protrudes to a point, the distal face is 

convex; trilete, laesurae do not reach the equator; exospore 1-layered; exospore 1.6 µm thick; 

heteropolar in shape and ornamentation, surface ornamentation on the proximal face is psilate in 

the central area of the spore and fossulate near the equatorial ridge, the distal face is foveolate in 

the central area of the spore becoming fossulate near the equatorial ridge, foveolae are 1.5 µm in 

diameter and spaced evenly across the central area of the distal face, fossulae are >5 µm in length 

and 2.5 in width 

Dimensions: Equatorial diameter 41 µm, exospore thickness 1.6 µm, laesura 21 µm in length. 
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9. Genus Pseudodiphasium Holub 1983.  

Pseudodiphasium volubile (G. Forst) Holub 1983. 

Plate 1, figure 24-26 polar view, figure 27 equatorial view.  

Slide 162 (Kew barcode: K000889270). (Appendix B.9 and C.9) 

Description. Monad, amb triangular convex, proximal face protrudes to a point, the distal face is 

convex; trilete, laesurae does not reach the equator, marginate, margo 2.2 µm; exospore 1 µm 

thick; heteropolar in shape and ornamentation, surface ornamentation on the distal face is 

reticulate, reticula muri are 1 µm wide and 5.5 µm in height, lumina are >8 µm in diameter, the 

proximal face is psilate, margo is raised and psilate.  

Dimensions: Equatorial diameter 30 µm, exospore thickness 1 µm, laesura 16 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

10. Genus Lycopodiella Holub 1964. 

Lycopodiella inundata (L.) Holub 1964. 

Plate 2, figure 1-3. 

Slide 108 (Kew field collection number: s.n.). (Appendix B.10 and C.10) 

 

Description. Monad, amb subcircular, trilete, the proximal face is flat, distal face is convex; trilete, 

acamerate, laesurae do not reach the equator, marginate, margo 6 µm wide; exospore 2-layered, 

perispore is diaphanous and conforms to the exospore; exospore 2 µm thick; heteropolar in shape 

and ornamentation, surface ornamentation on the proximal face is densely baculate, bacula are 

>4 µm high and >2.3 µm in diameter, the distal face is rugulate, rugulae muri are shallow and 2.5 

µm wide, margo is depressed and psilate. 

Dimensions: Equatorial diameter 50 µm, exospore thickness 2 µm, laesura 20 µm in length. 

 

11. Genus Lycopodium L. 1753. 

Lycopodium paniculatum Desv. ex Poir. 1814. 

Plate 2, figure 4-6. 

Slide 102 (Kew field collection number: 547). (Appendix C.11) 
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Description. Monad, amb triangular convex, distal face is convex, proximal face is slightly flat; 

trilete, laesurae do not reach the equator, marginate, margo 2.5 µm at the centre and tapers to a 

point at the apices; exospore 1-layered, perispore is diaphanous and conforms to the exospore; 

exospore 1.5 µm thick; heteropolar in shape and ornamentation, surface ornamentation on the 

proximal face is scabrate, the distal face is heterobrochate reticulate, muri are 1 µm thick, lumina 

are between 2-8.3 µm in diameter, margo is raised and psilate.  

Dimensions: Equatorial diameter 33 µm, exospore thickness 1.5 µm, laesura 16 µm in length. 

Image of herbarium sheet is not available.  

 

12. Genus Pseudolycopodiella Holub 1983.  

Pseudolycopodiella caroliniana (L.) Holub 1983. 

Plate 2, figure 7 proximal face showing detail of margo, 8-9 polar view. 

Slide 180 (Kew field collection number: 82). (Appendix B.11 and C.12). 

Description. Monad, amb subcircular, proximal face is almost flat, distal face is convex; trilete, 

acamerate, laesurae do not reach the equator, marginate, margo 11 µm wide; exospore 2-

layered, perispore is diaphanous and conforms to the exospore; exospore 1.4 µm thick; 

heteropolar in shape and ornamentation, surface ornamentation on the distal face is rugulate, 

rugulae muri are 2 µm wide and spaced 2.7 µm apart, the proximal face has disconnected rugulae 

muri forming a striate pattern, striate marks are 1.8 µm wide, the margo is raised and striate. 

Dimensions: Equatorial diameter 42 µm, exospore thickness 1.4 µm, laesura 12 µm in length. 

 

13. Genus Diphasiastrum Holub 1975. 

Diphasiastrum complanatum (L.) Holub 1975.  

Plate 2, figure 10-12. 

151 (Kew field collection number: 1502). (Appendix B.12 and C.13). 

 

Description. Monad, amb subcircular, proximal face is almost flat, the distal face is convex; trilete, 

acamerate, laesurae do not reach the equator; marginate, margo 4.5 µm wide, margo distinct; 

exospore 2-layered, perispore is diaphanous and conforms to the exospore; exospore 1 µm thick; 

subisopolar shape, surface ornamentation is reticulate-heterobrochate on the proximal and distal 
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faces, lumina are between 1.7-7 µm in diameter, muri are 1 µm wide and >3.3 µm in height, the 

margo is raised and psilate.  

Dimensions: Equatorial diameter 38 µm, exospore thickness 1 µm, laesura 17 µm in length.  

 

14. Genus Diphasiastrum Holub 1975. 

Diphasiastrum sitchense (Rupr.) Holub 1975. 

Plate 2, figure 13-14. (Appendix B.13. and C.14.) 

Slide 106 (Kew field collection number: 969). (Appendix B.13 and C.14). 

 

Description. Monad, amb triangular convex, the distal face is convex, the proximal face is slightly 

concave at interradial areas, commissure distinct, laesurae do not reach the equator, marginate, 

margo 5 µm; exospore 1-layered; exospore 1 µm thick; subisopolar in shape, surface 

ornamentation is reticulate, reticulum muri are 4 µm high and 1 µm thick, lumina are 2.5-5 µm in 

diameter, the immediate area surrounding the aperture is psilate, the margo is psilate and raised. 

Dimensions: Equatorial diameter 33 µm, exospore thickness 1 µm, laesura 16 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

15. Genus Diphasiastrum Holub 1975. 

Diphasiastrum thyoides (Humb. & Bonpl. ex Willd.) Holub 1975.  

Plate 2, figure 15-16. 

Slide 152 (Kew field collection number: 17876). (Appendix B.14 and C.15). 

 

Description. Monad, amd triangular convex, proximal face is almost flat, the distal face is convex; 

trilete, commissure distinct, laesurae do not reach the equator; marginate, margo 5 µm wide; 

exospore 1-layer; exospore 1.4 µm thick; subisopolar shape, surface ornamentation is reticulate 

on the proximal and distal faces, reticula lumina are between 1-9 µm in diameter, muri are 1.5 µm 

wide and >5.8 µm in height, the immediate area surrounding the aperture is psilate, the margo is 

raised and psilate.  

Dimensions: Equatorial diameter 30 µm, exospore thickness 1.4 µm, laesura 15 µm in length. 
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Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

16. Genus Lycopodiella Holub 1964. 

Lycopodiella appressa (Chapm.) Cranfill 1981. 

Plate 2, figure 17-19. 

Slide 103 (Kew field collection number: 10866). (Appendix B.15 and C.16). 

 

Description. Monad, amb circular, distal face is convex, proximal face is almost flat; trilete, 

acamerate, laesurae do not reach the equator, marginate, margo 13 µm wide; exospore 2-

layered, perispore is diaphanous and conforms to the exospore; exospore 2.5 µm thick; 

heteropolar in shape and ornamentation, surface ornamentation on the proximal face is 

verrucate, verrucae are dense and shallow, measuring between 2-4.5 µm in diameter and >2 µm 

in height, the distal face is rugulate, rugulae muri are between 2-5 µm thick, the margo is raised 

and psilate.  

Dimensions: Equatorial diameter 51 µm, exospore thickness 2.5 µm, laesura 14 µm in length. 

 

17. Genus Lycopodiastrum Holub ex R.D. Dixit 1981. 

Lycopodiastrum casuarinoides (Spring) Holub ex R.D. Dixit 1981.  

Plate 2, figure 20-21. 

Slide 144 (Kew field collection number: 1556). (Appendix B.16 and C.17). 

Description. Monad, amb triangular convex, the distal face is convex, the proximal face is slightly 

concave at interradial areas; trilete, laesurae do not reach the equator, marginate, margo 7 µm 

wide; exospore 1-layered, perispore is diaphanous and conforms to the exospore; exospore 2.2 

µm thick; heteropolar in shape and ornamentation, surface ornamentation on the distal face is 

baculate, bacula are > 1.7 µm in height and <1 µm in diameter, baculae are densely arranged, the 

proximal face is densely scabrate, the margo is raised and scabrate.  

Dimensions: Equatorial diameter 46 µm, exospore thickness 2.2 µm, laesura 25 µm in length. 
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18. Genus Palhinhaea Vasc. & Franco 1967.  

Palhinhaea cernua (L.) Franco & Vasc. 1967.  

Plate 2, figure 22-23. 

Slide 94 (Kew field collection number: 10708). (Appendix B.17 and C.18). 

Description. Monad, amb subcircular, proximal face is slightly flat, distal face is convex; trilete, 

commissure distinct, laesurae do not reach the equator, kyrtome 2 µm, marginate, margo 4.5 µm, 

margo distinct; exospore 1-layered; exospore 1 µm thick; heteropolar in shape and 

ornamentation, surface ornamentation on the distal face is rugulate-hamulate, muri are >4 µm 

wide, the proximal face is psilate, margo is depressed and psilate. 

Dimensions: Equatorial diameter 32 µm, exospore thickness 1 µm, laesura 12 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

19. Genus Pseudolycopodiella Holub 1983. 

Pseudolycopodiella serpentina (Kunze) Holub 1983. 

Plate 2, figure 24-25. 

Slide 92 (Kew field collection number: 1876). (Appendix B.18 and C.19). 

Description. Monad, amb subcircular, distal face is convex, proximal face is almost flat; trilete, 

commissure distinct, laesurae do not reach the equator, kyrtome, marginate, margo 10 µm wide, 

margo distinct; exospore 1-layered, perispore is diaphanous and conforms to the exospore; 

exospore 1 µm thick; heteropolar in shape and ornamentation, surface ornamentation on the 

proximal face is psilate, the distal face is rugulate, rugulae muri are shallow and >4 µm in 

diameter, margo is raised and psilate. 

Dimensions: Equatorial diameter 45 µm, exospore thickness 1 µm, laesura 12 µm in length. 

 

20. Genus Phlegmariurus Holub 1964. 

Phlegmariurus varius (R. Br.) A.R. Field & Bostock 2013.  

Plate 3, figure 1-3. 

Slide 97 (Kew field collection number: s.n.). (Appendix B.19 and C.20). 
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Description. Monad, amb triangular convex, the distal face is rounded; trilete, commissure 

distinct, laesurae do not reach the equator, marginate, margo 4.5 µm in the centre protruding to 

a point at the apices; exospore 1-layered; exospore 2.4 µm thick; heteropolar in shape and 

ornamentation, surface ornamentation on the proximal face is psilate, the distal face is foveolate, 

foveolae are 2 µm in diameter and spaced evenly across the distal face, the margo is raised and 

psilate. 

Dimensions: Equatorial diameter 54 µm, exospore thickness 2.4 µm, laesura 23 µm in length. 

 

21. Genus Phlegmariurus Holub 1964. 

Phlegmariurus macbridei (Herter) B. Øllg. 2012. 

Plate 3, figure 4-6. 

Slide 105 (Kew field collection number: 386). (Appendix B.20 and C.21). 

Description. Monad, amb triangular convex, the distal face is convex, the proximal face is slightly 

concave at interradial areas; trilete, marginate, margo 1.5 µm wide, commissure distinct, laesurae 

do not reach the equator; exospore 1-layered; exospore 2 µm thick; heteropolar in 

ornamentation and shape, surface ornamentation on the proximal face is psilate, the distal face is 

foveolate, foveolae are 1.5 µm in diameter. 

Dimensions: Equatorial diameter 40 µm, exospore thickness 2 µm, laesura 17 µm in length. 

 

22. Genus Phlegmariurus Holub 1964. 

Phlegmariurus phylicifolius (Desv. ex Poir.) B. Øllg. 2012 

Plate 3, figure 7-8. 

Slide 131 (Kew field collection number: 38134). (Appendix B.21 and C.22). 

 

Description. Monad, amb triangular convex; trilete, marginate, margo 1.7 µm, commissure istinct, 

laesurae does not reach the equator; exospore 1-layered; exospore 2.7 µm thick; heteropolar in 

shape and ornamentation, surface ornamentation on the proximal face is psilate, the distal face is 

foveolate, foveolae are 1.3 µm in diameter and spaced evenly.  

Dimensions: Equatorial diameter 45 µm, exospore thickness 2.7 µm, laesura 21 µm in length. 

 

http://www.theplantlist.org/tpl1.1/record/tro-100364343
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 Isoëtaceae Dumort. 1829. 

 

23. Genus Isoëtes L. 1753.  

Isoëtes storkii T.C. Palmer 1932. 

Plate 3, figure 9-10.   

163 (Kew field collection number: 65020901). (Appendix B.22 and C.23). 

 

Description. Monad, amb oval; monolete, acamerate, laesura reaches the equator; marginate, 

margo 2 µm wide; exospore 2-layered; exospore 1.5 µm thick; isopolar, exospore surface 

ornamentation is psilate, the perispore is scabrate across the proximal and distal faces.  

Dimensions: Equatorial diameter 28 µm, exospore thickness 1.5 µm, laesura 26 µm in length. 

 

24. Genus Isoëtes L. 1753.  

Isoëtes cubana Engelm. ex Baker 1800 

Plate 3, figure 11-13.  

Slide 146 (Kew field collection number: 420). (Appendix B.23 and C.24). 

Description. Monad, amb oval; monolete, camerate, laesura reaches the equator, marginate, 

margo 3 µm wide; exospore 2-layered; exospore 0.9 µm thick; isopolar, exospore surface 

ornamentation is psilate, the perispore is cristate, cristae are > 2.5 µm high, the margo is raised 

and cristate.  

Dimensions: Equatorial diameter 27 µm, exospore thickness 0.9 µm, laesura 27µm in length. 

 

 Family Selaginellaceae Willk. 1854. 

 

25. Genus Selaginella P. Beauv. 1804. 

Selaginella galeottii Spring 1843. 

Plate 3, figure 14-15. 

Slide 148 (Kew barcode number: K000724376). (Appendix B.24 and C.25). 
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Description. Monad, amb circular; trilete, laesurae do not reach the equator, acamerate; 

sporoderm 2-layered; exospore 5 µm thick; isopolar, perispore ornamentation is macroechinate, 

echinae spines are >16 µm in height, 7 µm at the base and sharply taper to a point, spines are 

evenly distributed across the proximal and distal faces.  

Dimensions: Equatorial diameter 37 µm, exospore thickness 5 µm, laesura 13 µm in length. 

Comments: The exospore is obscured by the perispore. Perispore is reported to be thin and 

diffuse in Tyron and Lugardon (1991).  

 

26. Genus Selaginella P. Beauv. 1804.  

Selaginella eublepharis A. Braun ex Hieron. 1902. 

Plate 3, figure 16-17. 

Slide 104 (Kew field collection number: 5840). (Appendix B.25 and C.26). 

 

Description. Monad, amb triangular convex, the distal face is convex, the proximal face is flat; 

trilete, commissure distinct, laesurae do not reach the equator; exospore 1-layered; exospore 1.5 

µm thick; heteropolar in shape, perispore ornamentation is densely verrucate and lies close to the 

exospore surface, verrucae >10 µm in diameter and >8 µm in height, becoming gradually smaller 

at the centre of the proximal face. 

Dimensions: Equatorial diameter 39 µm, exospore thickness 1.5 µm, laesura 17 µm in length. 

Comments: The exospore is obscured by the perispore. 

 

27. Genus Selaginella P. Beauv. 1804.  

Selaginella grisea Alston 1939. 

Plate 3, figure 18-20. 

Slide 95 (Kew field collection number: B12710). (Appendix B.26 and C.27). 

Description. Monad, amb triangular convex; trilete, laesurae reach the equator, marginate, margo 

3.6 µm; exospore 1-layered; exospore 1 µm thick; isopolar, perispore surface ornamentation is 

densely scabrate, the margo is raised and scabrate, zonate, zona extends 8 µm from the equator. 

Dimensions: Equatorial diameter 40 µm, exospore thickness 1 µm, laesura 20 µm in length. 

Comments: Exospore ornamentation is obscured by the perispore.  
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28. Genus Selaginella P. Beauv. 1804.  

Selaginella mittenii Baker 1883.  

Plate 3, figure 21-23. 

Slide 125 (Kew field number: 69/1276). (Appendix B.27 and C.28). 

Description. Monad, amb triangular convex; trilete, laesurae do not reach the equator, marginate, 

margo 1.5 µm; exospore 1-layered; exospore 1.3 µm thick; isopolar, perispore ornamentation is 

densely verrucate, verrucae are discrete, >2 µm in height and >3 µm in diameter becoming 

smaller towards the centre of the spore where they measure ≤ 1 µm in diameter and height, the 

margo is depressed and microverrucate (≤1 µm).  

Dimensions: Equatorial diameter 40 µm, exospore thickness 1.3 µm, laesura 14 µm in length. 

Comments: Exospore ornamentation is obscured by the perispore. 

 

29. Genus Selaginella P. Beauv. 1804.  

Selaginella pubescens (Wall. ex Hook & Grev.) Spring 1843.  

Plate 3, figure 24-26. 

147 (Kew field collection number: 5305). (Appendix B.28. and C.29). 

Description. Monad, amb triangular convex, proximal face is depressed, the distal face is convex; 

trilete, acamerate, commissure distinct, laesurae do not reach the equator, marginate, margo 5 

µm wide; exospore 2-layered; exospore 1.6 µm thick; heteropolar in shape, surface 

ornamentation is echinate, echinae spines are >7.5 µm in height and 3 µm in diameter at the base 

tapering to a point, spines are densely and evenly distributed over the spore surface, the margo is 

echinate. 

Dimensions: Equatorial diameter 42 µm, exospore thickness 1.6 µm, laesura 15 µm in length. 

Comments: Spore is darkened from acetolysis.  

 

30. Genus Selaginella P. Beauv. 1804.  

Selaginella repanda (Desv. & Poir.) Spring 1846. 

Plate 4, figure 12-13. 

Slide 110 (Kew field collection number: 31460). (Appendix B.29 and C.30). 
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Description. Monad, amb triangular convex, trilete; laesurae do no reach the equator, marginate, 

margo 3.5 µm; exospore 1-layered; exospore 2 µm thick; isopolar, surface ornamentation is 

verrucate, verrucae are dense, >2 µm high and >4 µm in diameter, the margo is verrucate and 

raised.   

Dimensions: Equatorial diameter 46 µm, exospore thickness 2 µm, laesura 21 µm in length. 

 

31. Genus Selaginella P. Beauv. 1804.  

Selaginella radiata Baker 1884. 

Plate 4, figure 14-16 polar view, figure 17 edge analysis showing clavae elements. 

Slide 142 (Kew field collection number: 6040). (Appendix B.30 and C.31). 

Description. Monad, amb triangular convex, proximal face is almost flat, the distal face is convex; 

trilete, acamerate laesurae do not reach the equator, marginate, margo 2.3 µm; exospore 2-

layered, perispore is diaphanous and conforms to the exospore; exospore 1.8 µm thick; 

heteropolar in shape and ornamentation, the proximal face is psilate-scabrate, the distal face is 

clavate, clavae are >4 µm in height and evenly spaced across the distal face, the margo is psilate 

and raised.  

Dimensions: Equatorial diameter 26 µm, exospore thickness 1.8 µm, laesura 12 µm in length. 

Comments: The exospore is obscured by the perispore. 

 

Polypodiopsida 

 

 Family Psilotaceae J.W. Griff & Henfr. 1855.  

 

32. Genus Tmesipteris Bernh. 1801. 

Tmesipteris truncata (R. Br.) Desv. 1827.  

Plate 4, figure 1-3. 

Slide 126 (Kew field number: 1997). (Appendix B.31 and C.32). 
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Description. Monad, amb oval; monolete, commissure distinct, laesura does not reach the 

equator, marginate, margo is 6 µm in the centre extending to 12 µm at the apices; exospore 1-

layered, perispore is diaphanous; exospore 3.5 µm thick; isopolar, surface ornamentation is 

rugulate, rugulate are faint and shallow, the margo is rugulate and slightly raised.  

Dimensions: Equatorial diameter 96 µm, exospore thickness 3.5 µm, laesura 79 µm in length. 

 

33. Genus Psilotum Sw. 1801.  

Psilotum nudum (L.) P. Beauv. 1805. 

Plate 4, figure 4-5 polar view without perispore, figure 6 equatorial view with perispore attached, 

figure 7 polar view with perispore slightly detached. 

Slide 130 (Kew barcode: K000505379). (Appendix B.32 and C.33). 

Description. Monad, amb oval; monolete, commissure distinct, laesura does not reach the 

equator, marginate, margo 4.5 µm; exospore 1-layered, perispore is diaphanous; exospore 2.5 µm 

thick; isopolar, exospore surface ornamentation is psilate and granulate, granula are sparsely 

distributed and measure >2.5 µm, the perispore is thin, faintly rugulate and sparsely granulate. 

Dimensions: Equatorial diameter 74 µm, exospore thickness 2.5 µm, laesura 42 µm in length. 

 

34. Genus Psilotum Sw. 1801 

Psilotum complanatum Sw. 1801 

Plate 4, figure 8-9. 

Slide 136 (Kew barcode: K000507010). (Appendix B.33 and C.34). 

Description. Monad, amb oval; monolete, commissure distinct, laesura reaches the equator, 

marginate, margo 7.5 µm wide, margo distinct; exospore 1-layered, perispore is diaphanous; 

exospore 2.5 µm thick; isopolar, surface ornamentation is faintly rugulate and granulate, granula 

are sparsely distributed and measure >2.5 µm, the margo is raised and psilate. 

Dimensions: Equatorial diameter 87 µm, exospore thickness 2.5 µm, laesura 76 µm in length. 

Comments: Exospore ornamentation is obscured by the perispore. 
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35. Genus Tmesipteris Bernh. 1801. 

Tmesipteris parva N.A. Wakef. 1944 

Plate 4, figure 10-11. 

Slide 143 (Kew field collection: 584). (Appendix B.34 and C.35). 

 

Description. Monad, amb oval; monolete, commissure distinct, laesura does not reach the 

equator; marginate, margo 3.5 µm wide, exospore 1-layered, perispore is diaphanous; exospore 2 

µm thick; isopolar, perispore ornamentation is microverrucate, verrucae are discrete, <1 µm in 

height and diameter and evenly spaced across the proximal and distal faces. 

Dimensions: Equatorial diameter 72 µm, exospore thickness 2 µm, laesura 63 µm in length. 

Comments: Exospore ornamentation is obscured by the perispore. 

 

 Family Equisetaceae Michx. ex DC. 1804. 

 

36. Genus Equisetum L. 1753.  

Equisetum giganteum L. 1759. 

Plate 5, figure 1 with perispore and elaters, figure 2 perispore detached.  

Slide 85 (Kew field collection number: 3649). (Appendix B.35 and C.36). 

Description: Monad, amb circular, alete; exospore 1-layered, perispore is diaphanous and 

conforms to the exospore, exospore 1.3 µm thick; isopolar, exospore surface ornamentation is 

scabrate, the perispore is psilate and sparsely granulate with granulate elaters coiled around the 

spore, granula are >2 µm in diameter and are densely distributed across the distal and proximal 

faces and over the elaters.   

Dimensions: Equatorial diameter 50 µm, exospore thickness 1.3 µm. 

 

37. Genus Equisetum L. 1753.  

Equisetum palustre L. 1753. 

Plate 5, figure 3-4. 

Slide 135 (Kew field collection number: 1595). (Appendix B.36 and C.37). 
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Description. Monad, amb circular; alete; exospore 1-layered, perispore is diaphanous and 

conforms loosely to the exospore; exospore 1.5 µm thick; isopolar, exospore surface 

ornamentation is psilate, the perispore is scabrate and granulate, granula are sparsely distributed 

across the distal and proximal faces. 

Dimensions: Equatorial diameter 37 µm, exospore thickness 1.5 µm. 

Comments: Elaters are present in Tryon and Lugardon (1991), they are not observed in the 

specimens examined. 

 

38. Genus Equisetum L. 1753.  

Equisetum fluviatile L. 1753. 

Plate 5, figure 5. 

Slide 141 (Kew field collection number: 83/189). (Appendix B.37 and C.38). 

Description. Monad, amb circular, alete; exospore 1-layered, perispore is diaphanous and 

conforms to the exospore; exospore 3 µm thick; isopolar, exospore surface ornamentation is 

psilate, the perispore is scabrate and granulate, granula are >10 µm in diameter and are 

irregularly distributed across the distal and proximal faces.   

Dimensions: Equatorial diameter 73 µm, exospore thickness 3 µm. 

Comments: Elaters are present in Tryon and Lugardon (1991), they are not observed in the 

specimens examined. The exospore is obscured by the perispore.  

 

 Family Ophioglossaceae Martinov 1820. 

 

39. Genus Ophioglossum L. 1753.   

Ophioglossum vulgatum L. 1753. 

Plate 5, figure 6-7 equatorial view, figure 8-9 polar view. 

Slide 84 (Kew barcode: K000740131). (Appendix B.38 and C.39). 

Description: Monad, amb circular, proximal face is flat to concave, distal face is convex, trilete, 

acamerate; commissure distinct, laesurae do not reach the equator, marginate, margo 7 µm wide 

in the centre and tapers to a point at the apices; exospore 2-layered, perispore conforms to the 
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exospore, exospore 2.2 µm thick; heteropolar in shape, surface ornamentation is reticulate, 

reticula muri are >2.4 µm  thick on the distal face becoming coarser and fused on the proximal 

face where muri are >5 µm thick, margo is psilate and slightly raised. 

Dimensions: Equatorial diameter 47 µm, exospore thickness 2.2 µm, laesura 18 µm. 

 

40. Genus Helminthostachys Kaulf. 1824. 

Helminthostachys zeylanica (L.) Hook. 1842.  

Plate 5, figure 10-12 polar view of perispore, figure 13 polar view of exospore. 

Slide 128 (Kew barcode: K000505937). (Appendix B.39 and C.40). 

 

Description. Monad, amb circular; trilete, acamerate, laesurae do not reach the equator; 

exospore 2-layered; exospore 1.5 µm thick; isopolar, exospore surface ornamentation is psilate, 

the perispore is reticulate-heterobrochate, muri are 2.5 µm in height and 1.3 µm wide, lumina are 

between 0.8-5 µm in diameter.  

Dimensions: Equatorial diameter 36 µm, exospore thickness 1.5 µm, laesura 10 µm in length. 

Comments: Spore is described as having bacula fused in a reticulum in Tryon and Lugardon 

(1991), this is not observed in the specimens examined. 

 

41. Genus Botrychium Sw. 1800. 

Botrychium lunaria (L.) Sw. 1801. 

Plate 5, figure 14 distal face, figure 15-16 proximal face and spore wall. 

Slide 137 (Kew field collection number 98). (Appendix B.40 and C.41). 

Description. Monad, amb triangular convex; trilete, acamerate, laesurae do not reach the 

equator, marginate, margo 2.4 µm wide; exospore 2-layered, perispore conforms to the exospore; 

exospore 2 µm thick; subisopolar in ornamentation, surface ornamentation is verrcuate, verrucae 

on the distal face are discrete and shallow measuring >8.5 µm in diameter and <1 µm in height, 

the proximal face has less prominent and fused verrucae, margo is verrucate and raised. 

Dimensions: Equatorial diameter 42 µm, exospore thickness 2 µm, laesura 17.5 µm in length. 
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42. Genus Botrychium Sw. 1801.  

Botrychium formosanum Tagawa 1940.  

Plate 5, figure 17-19. 

Slide 186 (Kew field collection number: 11872). (Appendix B.41 and C.42). 

Description. Monad, amb triangular convex, trilete, acamerate, laesurae do not reach the 

equator, marginate, margo 2 µm wide; exospore 2-layered, perispore conforms to the exospore; 

exospore 1.3 µm thick; isopolar, perispore ornamentation is bacualte, baculae <1 µm in diameter 

and >4 µm in height, bacula connect to form rugulae-like ridges across the proximal and distal 

face, the margo is psilate.  

Dimensions: Equatorial diameter 30 µm, exospore thickness 1.3 µm, laesura 12 µm in length. 

Comments: The exospore is obscured by the perispore.   

 

 Family Marattiaceae Kaulf. 1824. 

 

43. Genus Christensenia Maxon 1905. 

Christensenia aesculifolia (Blume) Maxon 1905. 

Plate 5, figure 20 equatorial view, figure 21-22 equatorial view. 

Slide 82 (Kew barcode: K000448521). (Appendix B.42 and C.43). 

 

Description: Monad, amb spherical, reniform in equatorial view, alete, acamerate; exospore 2-

layered, exospore 1.8 µm thick; isopolar, exospore surface ornamentation is densely echinate, 

echinae spines are >5 µm high and are spaced regularly on both the proximal and distal face.  

Dimensions: Equatorial diameter 31 µm, exospore thickness 1.8 µm thick. 

Comments: Each figure shows two separate specimens that were adjacent to one another in the 

slide preparation. Spores are reported as either trilete or alete in Tyron and Lugardon (1991). 

  

44. Genus Angiopteris Hoffm. 1796. 

Angiopteris angustifolia C. Presl 1845.  

Plate 5, figure 23-25. 
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Slide 127 (Kew field number: 4033). (Appendix B.43 and C.44). 

Description. Monad, amb circular; trilete, acamerate, laesurae do not reach the equator; 

exospore 2-layered, perispore is thin and conforms to the exospore; exospore 1.5 µm thick; 

isopolar, surface ornamentation is faintly rugulate over both the proximal and distal faces.  

Dimensions: Equatorial diameter 26 µm, exospore thickness 1.5 µm, laesura 7 µm in length. 

 

45. Genus Eupodium J. Sm. 1841.  

Eupodium kaulfussii (J. Sm.) Hook. 1842. 

Plate 5, figure 26-28. 

Slide 182 (Kew field collection number: 13355). (Appendix B.44 and C.45). 

 

Description. Monad, amb oval; monolete, acamerate, laesura does not reach the equator; 

marginate, margo 3.6 µm wide; exospore 2-layered, 1.3 µm thick; isopolar, surface ornamentation 

is echinate, echinae spines are >3.7 µm in height and 3 µm in diameter at the base tapering to a 

rounded point, spines are densely and regularly distributed across the proximal and distal faces. 

Dimensions: Equatorial diameter 27 µm, exospore thickness 1.3 µm, laesura 16 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

46. Genus Ptisana Murdock 2008. 

Ptisana novoguineensis (Rosenst.) Murdock 2008. 

Plate 6, figure 1-3. 

Slide 83 (Kew barcode: K000598927). (Appendix B.45 and C.46). 

Description: Monad, amb oval, monolete, acamerate, laesura does not reach the equator; 

exospore 2-layered, perispore conforms to the exospore, exospore 1.8 µm thick; isopolar, 

perispore ornamentation is microverrucate, verrucae are shallow < 1 µm in height and diameter 

and spaced evenly and densely across the proximal and distal faces, the perispore is a thin layer.   

Dimensions: Equatorial diameter 34 µm, exospore thickness 1.8 µm, laesura 17 µm. 
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47. Genus Ptisana Murdock 2008 

Ptisana ternatea (de Vriese) Murdock 2008. 

Plate 6, figure 4 equatorial view, figure 5-6 polar view. 

Slide 175 (Kew barcode: K000603137). (Appendix B.46 and C.47). 

Description. Monad, amb oval, reniform in equatorial view; monolete, acamerate, laesura does 

not reach the equator; exospore 2-layered; exospore 1.6 µm thick; isopolar, surface 

ornamentation is rugulate, rugulae are shallow and faint over both the distal and proximal faces.  

Dimensions: Equatorial diameter 31 µm, exospore thickness 1.6 µm, laesura 14 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

48. Genus Danaea Sm. 1793.  

Danaea moritziana C. Presl 1845. 

Plate 6, figure 7-8. 

Slide 184 (Kew field collection number: 3602). (Appendix B.47 and C.48). 

 

Description. Monad, amb oval; alete; acamerate, exospore 2-layered; exospore 1.7 µm thick; 

isopolar surface ornamentation is echinate, echinae spines are 1.5 µm in diameter at the base 

tapering sharply to a point and >6 µm in height, spines are evenly spaced across the proximal and 

distal faces.  

Dimensions: Equatorial diameter 32 µm, exospore thickness 1.7 µm. 

Comments: Spore is described as monolete and as having a thin perispore in Tryon and Lugardon 

(1991), this is not observed in the specimens examined. 

 

 Polypodiidae (leptosporangiates) 

  Family Osmundaceae Martinov. 1820. 

 

49. Genus Osmundastrum C. Presl 1847. 

Osmundastrum cinnamomeum (L.) C. Presl 1847.  
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Plate 6, figure 9-10. 

Slide 166 (Kew field collection number: 6766). (Appendix B.48 and C.49). 

Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator, 

marginate, margo 4.5 µm wide; exospore 1-layered, perispore is diaphanous and conforms to the 

exospore; exospore 1.8 µm thick; isopolar, surface ornamentation is baculate, bacula are spaced 

evenly over both the proximal and distal faces and measure >4.2 µm in height, 1.2 µm wide, the 

margo is raised and densely baculate.  

Dimensions: Equatorial diameter 58 µm, exospore thickness 1.8 µm, laesura 39 µm in length. 

 

50. Genus Claytosmunda (Y. Yatabe, N. Murak. & K. Iwats.) Mezgar & Rouhan 2016  

Claytosmunda claytoniana (L.) Metzgar & Rouhan 2016. 

Plate 6, figures 11-13.  

Slide 5 (Kew field collection number:  43382A). (Appendix B.49 and C.50). 

 

Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator, 

marginate, margo 5 µm wide in the centre tapering to a point towards the apices; exospore 1-

layered; exospore 2 µm thick; isopolar, surface ornamentation is verrucate, verrucae between 1-4 

µm in diameter and >2 µm in height, verrucae spaced evenly over both the proximal and distal 

faces, margo is raised and verrucate. 

Dimensions: Equatorial diameter 50 µm, exospore thickness 1.8 µm, laesura 24 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

51. Genus Leptopteris C. Presl 1845.  

Leptopteris alpina (Baker) C.Chr. 1906.  

Plate 6, figure 14-17. 

Slide 167 (Kew barcode: K00083618). (Appendix B.50 and C.51). 

 

Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator, 

marginate, margo 5 µm wide in the centre, tapering to a point towards the apices; exospore 1-

layered; exospore 1.7 µm thick; isopolar, surface ornamentation is densely baculate, bacula are 
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spaced evenly over both the proximal and distal faces and measure 3 µm in height and 1 µm in 

diameter, the margo is raised and baculate.  

Dimensions: Equatorial diameter 55 µm, exospore thickness 1.7 µm, laesura 27 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

52. Genus Osmunda L. 1753. 

Osmunda regalis L. 1753. 

Plate 6, figure 18, distal face, figure 19-20 polar view. 

Slide 54 (Kew field collection number: s.n.). (Appendix B.51 and C.52). 

Description: Monad, amb circular; trilete, acamerate; commissure distinct, laesurae are tapered 

and do not reach the equator, marginate, margo 8 µm in the center, tapering out to the apices; 

exospore 2-layered, perispore is diaphanous and conforms to the exospore, exospore 8 µm thick, 

isopolar, surface ornamentation is verrucate, verrucae are fused between 2-7 µm in diameter and 

>7 µm in height, verrucae fuse to form a reticulum over both the proximal and distal faces, margo 

is raised and verrucate. 

Dimensions: Equatorial diameter 90 µm, exospore thickness 8 µm, laesura 35 µm. 

 

53. Genus Todea Willd. ex Bernh. 1801. 

Todea barbara (L.) T. Moore 1857. 

Plate 7, figure 1-3. 

Slide 68 (Kew field collection number: 618B). (Appendix B.52 and C.53). 

Description: Monad, amb circular, trilete; laesurae do not reach the equator, marginate, margo 5 

µm wide; exospore 1-layered, perispore is diaphanous and conforms to the exospore, exospore 4 

µm thick; isopolar, surface ornamentation is densely verrucate on polar and distal faces, verrucae 

are fused and >3 µm in height and >7 µm in diameter, margo is verrucate. 

Dimensions: Equatorial diameter 93 µm, exospore 4 µm, laesura 42 µm. 

 

 



Chapter 3 – An Atlas of Extant Spores   C.Walker 2022 
 

70 
   

54. Genus Osmunda L 1753.  

Plenasium banksiifolium (C. Presl) C. Presl 1836. 

Plate 7, figure 4-6. 

Slide 89 (Kew field collection number: 256). (Appendix B.53 and C.54). 

Description: Monad, amb circular; trilete, commissure distinct, laesurae reach the equator, 

marginate, margo 5 µm wide, margo distinct; exospore 1-layered, perispore is diaphanous and 

conforms to the exospore; exospore 1.5 µm thick; isopolar, surface ornamentation is verrucate, 

verrucae are >4 µm in diameter and >4 µm in height, verrucae are spaced densely and evenly over 

both the proximal and distal faces, margo is verrucate, slightly raised and tapers towards the 

apices.  

Dimensions: Equatorial diameter 70 µm, exospore thickness 1.5 µm, laesura 28 µm. 

 

 Family Hymenophyllaceae Mart 1835. 

 

55. Genus Hymenophyllum Sm. 1793.  

Hymenophyllum tunbrigense (L.) Sm. 1794. 

Plate 7, figure 7 equatorial view, figure 8-9 polar view. 

Slide 62 (Kew barcode: K000889222). (Appendix C.55). 

Description: Monad, amb circular, trilete, laesurae reach the equator, marginate, margo 1.3 µm 

wide; exospore 1-layer, exospore 1.3 µm, isopolar, surface ornamentation is densely gemmate, 

margo is raised and psilate with gemmae on the ridge away from the commissure.  

Dimensions: Equatorial diameter 43 µm, exospore 1.3 µm thick, laesura 22 µm. 

Comments: Spore is described as having a perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. Image of herbarium sheet is not available. 

 

56. Genus Trichomanes L. 1753.  

Trichomanes trollii Bergdolt 1933. 

Plate 7, figure 10-11. 

Slide 187 (Kew field collection number: 4338). (Appendix B.54 and C.56). 
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Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator; 

exospore 1-layered; exospore 1.5 µm thick; isopolar, surface ornamentation is gemmate, gemmae 

are >2 µm in diameter and 1.7 µm in height, gemmae elements are densely and evenly distributed 

across the proximal and distal faces.  

Dimensions: Equatorial diameter 46 µm, exospore thickness 1.5 µm, laesura 18 µm in length. 

 

57. Genus Vandenboschia Copel. 1938.  

Vandenboschia maxima (Blume) Copel. 1938. 

Plate 7, figure 12-13.  

Slide 168 (Kew field collection number: 1768). (Appendix B.55 and C.57). 

Description. Monad, amb circular, the proximal face is depressed at the interradial areas, the 

distal face is convex; trilete, laesurae do not reach the equator, marginate, margo 2.8 µm wide; 

exospore 1-layered, perispore is diaphanous and conforms to the exospore; exospore 1.7 µm 

thick; subisopolar in shape, surface ornamentation is baculate, baculae are densely and evenly 

distributed across the proximal and distal faces, and are <1 µm in height and diameter, margo is 

baculate and raised. 

Dimensions: Equatorial diameter 31 µm, exospore thickness 1.7 µm, laesura 11 µm in length. 

 

58. Genus Crepidomanes C. Presl 1851.  

Crepidomanes aphlebioides (Christ) I.M. Turner 1995.  

Plate 7, figure 14-15. 

Slide 183 (Kew barcode: K000939535). (Appendix B.56 and C.58). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator, marginate, margo 

3.5 µm wide; exospore 1-layered; perispore is diaphanous and conforms to the exospore, 

exospore 1.5 µm thick; isopolar, surface ornamentation is densely baculate, baculae are >1 µm in 

diameter and >1.2 µm in height and distribute evenly across the proximal and distal faces, margo 

is raised and psilate.  

Dimensions: Equatorial diameter 49 µm, exospore thickness 1.5 µm, laesura 24 µm in length. 
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59. Genus Abrodictyum C. Presl 1843.  

Abrodictyum obscurum (Blume) Ebihara & K. Iwats. 2006 

Plate 7, figure 16-17. 

Slide 171 (Kew field collection number: 1295). (Appendix B.57 and C.59). 

Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator; 

exospore 1-layered; exospore 1.5 µm thick; isopolar, surface ornamentation is baculate, baculae 

are >1 µm in height and diameter and spaced evenly across the proximal and distal faces.  

Dimensions: Equatorial diameter 42 µm, exospore thickness 1.5 µm, laesura 22 µm in length. 

 

60. Genus Callistopteris Copel. 1938. 

Callistopteris apiifolia (C. Presl) Copel 1938. 

Plate 8, figure 1, figure 2-3.  

Slide 188 (Kew barcode: K000699403). (Appendix B.58 and C.60). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator; exospore 1-layered; 

exospore 1.7 µm thick; isopolar, surface ornamentation is baculate, baculae are >1.5 in diameter 

and >1.5 µm in height, baculate elements are evenly and densely distributed across the proximal 

and distal faces. 

Dimensions: Equatorial diameter 66 µm, exospore thickness 2.8 µm, laesura 32 µm  

Comments: Spore is described as 11-55 µm in Tryon and Lugardon (1991). 

 

 Family Matoniaceae R. Br. ex Wall. 1829. 

 

61. Genus Matonia R. Br. ex Wall. 1829. 

Matonia pectinata R. Br. 1829. 

Plate 8, figure 4-5. 

Slide 56 (Kew barcode: K000407525). (Appendix B.59 and C.61). 

 

Description: Monad, amb triangular convex, proximal face is concave at interradial regions, the 

distal face is convex, trilete, kyrtome 8.5 µm thick, laesura reaches equator; exospore 1-layer, 
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perispore is diaphanous and conforms to the exospore, exospore 4.5 µm thick; heteropolar in 

shape, perispore ornamentation is densely baculate, baculate are >3 µm high and >2 µm in 

diameter. 

Dimensions: Equatorial diameter 66 µm, exospore thickness 4.5 µm, laesura 57 µm. 

Comments: Spores in Tyron and Lugardon (1991) are between 50-58 µm and ornamentation is 

described as a coalescent granulate deposit. The exospore is obscured by the perispore.  

 

 Family Dipteridaceae Seward & E. Dale 1901. 

 

62. Genus Dipteris Reinw. 1825. 

Dipteris lobbiana (Hook) T. Moore 1857. 

Plate 8, figure 6 equatorial view with aperture, figure 7 equatorial view with aperture. 

Slide 43 (Kew barcode: K000505003). (Appendix B.60 and C.62). 

Description. Monad, amb oval; monolete, acamerate, commissure distinct, laesurae does not 

reach equator; exospore 2-layer, perispore is diaphanous and conforms to the exospore, exospore 

3µm thick; isopolar, perispore ornamentation is rugulate, rugulae are faint and shallow on 

proximal and distal faces.  

Dimensions: Equatorial dimensions 56 µm, exospore thickness 3 µm, laesura 46 µm.  

Comments: The exospore is obscured by the perispore.  

 

63. Genus Cheiropleuria C. Presl 1851.  

Cheiropleuria bicuspis (Blume) C. Presl 1851. 

Plate 8, figure 8-9. 

Slide 155 (Kew barcode: K000236653). (Appendix B.61 and C.63). 

Description. Monad, amb triangular, trilete, commissure distinct; laesurae reaches the equator, 

marginate, margo 1.2 µm wide, krytomate, kyrtome 6 µm wide at the interradial areas becoming 

slightly thinner towards the apices; exospore 1-layered, perispore is diaphanous and conforms to 

the exospore; exospore 2.5 µm thick; isopolar, surface ornamentation is psilate on both the 

proximal and distal faces, margo is raised and psilate.  
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Dimensions: Equatorial diameter 42 µm, exospore thickness 2.5 µm, laesura 20 µm in length. 

 

 Family Gleicheniaceae C. Presl 1825. 

 

64. Genus Diplopterygium (Diels) Nakai 1950. 

Diplopterygium laevissimum (Christ) Nakai 1950. 

Plate 8, figure 10-11. 

Slide 61 (Kew field collection number: 356). (Appendix B.62 and C.64). 

Description: Monad, amb triangular, proximal face is almost flat, the distal face is convex, trilete; 

laesura reaches equator, marginate, margo 1 µm wide, krytomate, kyrtome 2.5 µm wide; 

exospore 1-layer, perispore is diaphanous and conforms to the exospore, exospore 1.3 µm thick; 

subisopolar in shape, surface ornamentation is psilate on distal and proximal faces, margo is 

raised and psilate. 

Dimensions: Equatorial diameter 36 µm, exospore 1.3 µm thick, laesura 20 µm. 

 

65. Genus Dicranopteris Bernh. 1805.  

Dicranopteris flexuosa (Schrad.) Underw. 1907. 

Plate 8, figure 12-14. 

Slide 93 (Kew field collection number: 22561). (Appendix B.63 and C.65). 

Description. Monad, amb triangular, the proximal face is slightly concave at interradial areas, the 

distal face is slightly convex; trilete, laesurae reaches the equator, marginate, margo 4.5 µm wide, 

krytomate, kyrtome 4.5 µm wide; exospore 1-layered, perispore is diaphanous and conforms to 

the exospore; exospore 2.5 µm thick; subisopolar in shape, exospore surface ornamentation is 

psilate, surface ornamentation is psilate with some granulate deposits, granula are sparse and 

measure <1 µm in diameter, the margo is prominently raised and psilate. 

Dimensions: Equatorial diameter 48 µm, exospore thickness 2.5 µm, laesura 26 µm in length. 

 

66. Genus Gleichenella Ching 1940. 

Gleichenella pectinata (Willd.) Ching 1940.  
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Plate 8, figure 15-16. 

Slide 116 (Kew field collection number: s.n.). (Appendix B.64 and C.66). 

 

Description. Monad, amb oval, the proximal face is slightly depressed in the areas surrounding 

the aperture; monolete, commissure distinct, laesura reaches the equator; exospore 1-layered, 

perispore is diaphanous and conforms to the exospore; exospore 0.7 µm thick; isopolar, surface 

ornamentation is psilate.  

Dimensions: Equatorial diameter 30 µm, exospore thickness 0.7 µm, laesura 29 µm in length. 

 

67. Genus Gleichenia Sm. 1793. 

Gleichenia dicarpa R. Br. 1810. 

Plate 8, figure 17-18. 

Slide 114 (Kew field collection number: s.n.). (Appendix B.65 and C.67). 

Description. Monad, triangular; trilete, proximal face is slightly concave at interradial regions, 

distal face is convex, laesurae do not reach the equator, marginate, margo 5 µm; exospore 2-

layered, perispore is diaphanous and conforms to the exospore; exospore 1.8 µm thick; 

subisopolar in shape, exospore surface ornamentation is rugulate, rugulae are faint and shallow 

measuring <1 µm, the perispore is a thin layer, margo is raised and psilate. 

Dimensions: Equatorial diameter 30µm, exospore thickness 1.8 µm, laesura 17 µm in length. 

 

68. Genus Gleichenia Sm. 1793.  

Gleichenia umbraculifera (Kunze) T. Moore 1862. 

Plate 8, figure 19-20. 

Slide 177 (Kew field collection number: 5113). (Appendix B.66 and C.68). 

Description. Monad, amb oval, the proximal face is slightly depressed in the areas surrounding 

the aperture; monolete, laesura does not reach the equator; exospore 1-layered, perispore is 

diaphanous and conforms to the exospore; exospore 1.4 µm thick; isopolar, surface 

ornamentation is rugulate, rugulae are faint and shallow, on the proximal and distal face. 

Dimensions: Equatorial diameter 46 µm, exospore thickness 1.4 µm, laesura 38 µm in length. 
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69. Genus Stromatopteris Mett. 1861. 

Stromatopteris moniliformis Mett. 1861.  

Plate 9, figure 1-2 polar view proximal face, figure 3 distal face. 

Slide 60 (Kew field collection number: s.n.). (Appendix B.67 and C.69). 

Description: Monad, amb oval, monolete; commissure distinct, laesura does not reach equator, 

marginate, margo 2.5 µm, margo distinct; exospore 1-layer, perispore is diaphanous and conforms 

to the exospore, exospore 1.8 µm thick; isopolar, surface ornamentation is faintly reticulate, 

reticula measure <1 µm on proximal and distal faces. 

Dimensions: Equatorial diameter 79 µm, exospore 1.8 µm thick, laesura 67 µm. 

 

70. Genus Sticherus C. Presl 1836. 

Sticherus flagellaris (Bory ex Willd.) Ching 1940. 

Plate 9, figure 4-7. 

Slide 115 (Kew field collection number: s.n.). (Appendix B.68 and C.70). 

Description. Monad, amb oval, reniform in equatorial view, the proximal face is slightly depressed 

in the areas surrounding the aperture; monolete, acavate, commissure distinct, laesurae do no 

reach the equator; exospore 1-layered, perispore is diaphanous and conforms to the exospore; 

exospore 1.8 µm; isopolar, surface ornamentation is rugulate, rugulae are faint and shallow 

measuring <1 µm.  

Dimensions: Equatorial diameter 45 µm, exospore thickness 1.8 µm, laesura 31 µm in length. 

 

71. Genus Dicranopteris Bernh. 1805.  

Dicranopteris linearis (Burm. f.) Underw. 1907. 

Plate 9, figure 8-9. 

Slide 159 (Kew field collection number: 8223). (Appendix B.69 and C.71). 

 

Description. Monad, amb triangular convex, trilete; laesurae do not reach the equator, marginate, 

margo 5 µm wide, kyrtome 12 µm wide; exospore 1-layered; exospore 2.5 µm thick; isopolar, 

surface ornamentation is perforated, holes are <1 µm in diameter and spaced densely and evenly 

across the proximal and distal faces, the margo is perforated and raised.  
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Dimensions: Equatorial diameter 51 µm, exospore thickness 2.5 µm, laesura 23 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

72. Genus Gleichenia Sm. 1793. 

Gleichenia microphylla R. Br. 1810. 

Plate 9, figure 10-12. 

Slide 96 (Kew field collection number: P592). (Appendix B.70 and C.72). 

Description. Monad, amb triangular; trilete, acamerate, laesurae reaches the equator, marginate, 

margo 8 µm in the centre and tapers to a point at the apices; exospore 2-layered, perispore is 

diaphanous and conforms to the exospore; exospore 2 µm thick; isopolar, exospore surface 

ornamentation is rugulate, rugulae are faint and shallow measuring > 3.8 in diameter, the 

perispore is thin, margo is faintly rugulate and raised.  

Dimensions: Equatorial diameter 55 µm, exospore thickness 2 µm, laesura 30 µm in length. 

 

 Family Schizaeaceae Kaulf. 1827. 

 

73. Genus Actinostachys Wall. 1829.  

Actinostachys digitata (L.) Wall. 1828. 

Plate 9, figure 13-14. 

Slide 113 (Kew barcode: K000399861). (Appendix C.73). 

Description. Monad, amb oval; monolete, camerate, commissure distinct, laesurae does not reach 

the equator; exospore 2-layered; exospore 1.3 µm thick, isopolar, surface ornamentation is 

cicatricose, cicatricose scars are 5 µm wide.  

Dimensions: Equatorial diameter 84 µm, exospore thickness 1.3 µm µm, laesura 57 µm in length. 

Comments: The exospore is obscured by the perispore. Perispore is described as thin and 

conforming to the exospore contours in Tyron and Lugardon (1991). Image of herbarium sheet is 

not available. 
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74. Genus Actinostachys Wall. 1828.  

Actinostachys inopinata (Selling) C.F. Reed 1948. 

Plate 9, figure 15-17.  

Slide 138 (Kew barcode: K000399886). (Appendix B.71 and C.74). 

Description. Monad, amb oval, alete; camerate, exospore 2-layered; exospore 1.8 µm thick; 

isopolar, surface ornamentation is striate and perforated, striate muri are 7 µm thick, lumina are 

1.8 µm thick, perforate are evenly spaced over the stiate muri.  

Dimensions: Equatorial diameter 93 µm, exospore thickness 1.8 µm.  

Comments: The exospore is obscured by the perispore. Perispore is described as thin and 

conforming to the exospore contours in Tyron and Lugardon (1991). Spore is described as 

monolete in Tyron and Lugardon (1991).  

 

75. Genus Schizaea Sm. 1793.  

Schizaea incurvata Schkuhr 1809. 

Plate 10, figure 1-2. 

Slide 31 (Kew field collection number: 241). (Appendix B.72 and C.75). 

Description. Monad, amb oval, reniform in equatorial view; monolete, acamerate, laesurae does 

not reach equator, exospore 2-layered, exospore 1.2 µm thick, isopolar, exospore surface 

ornamentation psilate, perispore is thin and diaphanous has a faint and shallow rugulate pattern 

with granules on proximal and distal face, granules are sparse and distributed irregularly across 

the sporoderm and are between 1-3 µm in diameter. 

Dimensions: Equatorial diameter 81 µm, exospore thickness 1.2 µm, laesura 37 µm. 

Comments: Spores described here are poorly preserved with a visibly detached perispore.  

 

76. Genus Actinostachys Wall. 1828.  

Actinostachys pennula (Sw.) Hook. 1842. 

Plate 10, figure 3-4 equatorial view, figure 5 polar view. 
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Slide 45 (Kew field collection number: 853). (Appendix B.73 and C.76). 

Description. Monad, amb oval; monolete, camerate, laesurae do not reach equator; exospore 2-

layered, inner layer 1.5 µm thick, outer layer 7.5 µm thick, perispore conforms to the shape of the 

exospore; isopolar, surface ornamentation is perforate, holes are >0.5 µm in diameter, regularly 

distributed and dense throughout the proximal and distal faces.  

Dimensions: Equatorial diameter 94 µm, exospore thickness, inner layer 1.5 µm thick, outer layer 

7.5 µm thick, laesura 43 µm 

 

 Family Lygodiaceae M. Roem. 1840. 

 

77. Genus Lygodium Sw. 1801.  

Lygodium circinnatum (Burm.f.) Sw. 1806. 

Plate 10, figure 6-7 polar view perispore, figure 8 exospore. 

Slide 179 (Kew barcode: K000443499). (Appendix B.74 and C.77). 

Description. Monad, amb triangular convex; trilete, acamerate, commissure distinct, laesurae do 

not reach the equator, marginate, margo 6 µm wide; exospore 2-layered; exospore 3.3 µm thick; 

isopolar, exospore surface ornamentation is psilate and perforated, perforate are <1 µm and 

distributed at the equatorial ridge of the interradial areas of the spore, the perispore is 

diaphanous and densely verrucate, verrucae are shallow and discrete, <1 µm in height and 1 µm 

in diameter.  

Dimensions: Equatorial diameter 71 µm, exospore thickness 3.3 µm, laesura 30 µm in length. 

 

78. Genus Lygodium Sw 1801. 

Lygodium trifurcatum Baker 1868. 

Plate 11, figure 1-2. 

Slide 24 (Kew field collection number 4530). (Appendix B.75 and C.78). 

Description. Monad, amb triangular convex; trilete, acamerate, commissure distinct, laesurae do 

not reach the equator, marginate, margo 20 µm wide at the center, tapering out to a point 

towards the apices; exospore 2 -layered, perispore lies loosely around the contours of the 
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exospore, exospore 1.8 µm thick; heteropolar in ornamentation, surface ornamentation on the 

proximal face is primarily psilate with a faint scabrate texture and sparsely and irregularly spaced 

granula, the distal face is verrucate, verrucae are shallow and fused, verrucae measure between 

12–32 µm in diameter, a patina extends over the distal face and is >15 µm high, margo is psilate 

with faint scabrae.  

Dimensions: Equatorial diameter 130 µm, exospore thickness 1.8 µm, laesura 58 µm 

 

 Family Marsileaceae Mirb. 1802. 

 

79. Genus Marsilea L. 1753. 

Marsilea crenata C. Presl 1825. 

Plate 11, figure 3-4. 

Slide 189 (Kew field collection number: 6600/83). (Appendix B.76 and C.79). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator; exospore 1-layered; 

exospore 2.8 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore 

conforms to the exospore and is densely baculate across the proximal and distal face, bacula are 1 

µm in diameter and 6 µm in height. 

Dimensions: Equatorial diameter 56 µm, exospore thickness 2.8 µm, laesura 24 µm in length. 

 

80. Genus Marsilea L. 1753. 

Marsilea drummondii A. Braun 1852.  

Plate 11, figure 5 detached perispore, figure 6 polar view with attached perispore.  

Slide 195 (Kew field collection number: 7447). (Appendix B.77 and C.80). 

 

Description. Monad, amb circular; alete; exospore 1-layered; exospore 1.5 µm thick; isopolar, 

exospore surface ornamentation is psilate, the perispore conforms to the exospore and is densely 

baculate across the proximal and distal face, bacula are 1 µm in diameter and 4.5 µm in height 

and spaced evenly across the proximal and distal faces. 

Dimensions: Equatorial diameter 67 µm, exospore thickness 1.7 µm. 
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Comments: Spore is described as trilete in Tryon and Lugardon (1991). A potential trilete mark is 

nearly visible, but it obscured by the detached perispore. 

 

81. Genus Marsilea L. 1753. 

Marsilea macrocarpa C. Presl 1845. 

Plate 11, figure 7-9. 

Slide 196 (Kew field collection number: 3896). (Appendix B.78 and C.81). 

 

Description. Monad, amb circular; trilete, commissure distinct, laesurae do not reach the equator; 

exospore 1-layered; exospore 1.5 µm thick; isopolar, exospore surface ornamentation is psilate, 

the perispore conforms to the exospore and is densely baculate across the proximal and distal 

face, bacula are 1 µm in diameter and 3.8 µm in height and spaced evenly across the proximal and 

distal faces. 

Dimensions: Equatorial diameter 43 µm, exospore thickness 1.5 µm, laesura 17 µm in length. 

 

82. Genus Marsilea L. 1753. 

Marsilea strigosa Willd. 1810. 

Plate 12, figure 1-3. 

Slide 199 (Kew collection number: s.n.). (Appendix C.82). 

Description. Monad, amb circular; trilete, acavate, commissure distinct, laesurae do not reach the 

equator; exospore 2-layered; exospore 2 µm thick; isopolar, exospore surface ornamentation is 

psilate, the perispore conforms to the exospore and is baculate, bacula are 1 µm in diameter and 

>6 µm in height across the proximal and distal face.  

Dimensions: Equatorial diameter 55 µm, exospore thickness 2 µm, laesura 18 µm in length. 

Comments: Image of herbarium sheet is not available. 

 

83. Genus Marsilea L. 1753.  

Marsilea quadrifolia L. 1753.  

Plate 12, figure 4-6. 
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Slide 191 (Kew collection number: s.n.). (Appendix B.79 and C.83). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator; exospore 1-layered; 

exospore 1.5 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore 

conforms to the exospore and is densely baculate across the proximal and distal face, bacula are 1 

µm in diameter and 5 µm in height. 

Dimensions: Equatorial diameter 62 µm, exospore thickness 1.5 µm, laesura 22 µm in length. 

 

84. Genus Pilularia L. 1753.  

Pilularia globulifera L. 1753. 

Plate 12, figure 7-8 polar view, figure 9 equatorial view. 

Slide 193 (Kew field collection number: 1266). (Appendix B.80 and C.84). 

Description. Monad, amb circular, the proximal face protrudes to a point, the distal face is 

convex; trilete, acavate, laesurae do not reach the equator, exospore 1-layered; exospore 3.5 µm 

thick; subisopolar in shape, exospore surface ornamentation is psilate, the perispore has regular 

dense, compact folds >6 µm in height across the proximal and distal face.  

Dimensions: Equatorial diameter 45 µm, exospore thickness 3.5 µm, laesura 17 µm in length. 

 

85. Genus Marsilea L. 1753. 

Marsilea unicornis Launert 1968. 

Plate 12, figure 10-11 detached perispore, figure 12-13 polar view. 

Slide 197 (Kew field collection number: 6478). (Appendix B.81 and C.85). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator; exospore 1-layered; 

exospore 2.2 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore 

conforms to the exospore and is densely baculate across the proximal and distal face, bacula are 1 

µm in diameter and 3.8 µm in height. 

Dimensions: Equatorial diameter 36 µm, exospore thickness 2.2 µm, laesura 13 µm in length. 

 

86. Genus Regnellidium Lindm. 1904. 

Regnellidium diphyllum Lindm. 1904. 
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Plate 12, figure 14-15. 

Slide 200 (Kew field collection number: 1997). (Appendix B.82 and C.86). 

Description. Monad, amb circular; trilete, laesurae do not reach the equator; exospore 1-layered; 

exospore 2.1 µm thick; isopolar, surface ornamentation and has regular dense, compact folds >6.3 

µm in height across the proximal and distal face, the perispore is psilate. 

Dimensions: Equatorial diameter 41 µm, exospore thickness 2.1 µm, laesura 16 µm in length. 

 

 Family Loxsomataceae C. Presl 1847. 

 

87. Genus Loxsoma R. Br. ex A. Cunn. 1837.  

Loxsoma cunninghamii R. Br. ex Hook. A. Cunn. 1837. 

Plate 13, figure 1 proximal face, figure 2 detail of the spore wall, figure 3 distal face.  

Slide 70 (Kew field collection number: 315). (Appendix B.83 and C.87). 

Description: Monad, amb triangular convex, trilete; camerate, commissure distinct, laesura does 

not reach the equator, marginate, margo 6.8 µm thick; exospore 2-layered, exospore 4.8 µm 

thick; isopolar, perispore ornamentation is hamulate and foveolate, hamulate pattern has a 

coarse muri, foveolae are > 4 µm in diameter, margo is slightly raised and hamulate.  

Dimensions: Equatorial diameter 82 µm, exospore 4.8 µm thick, laesura 35 µm.  

Comments: Spores are between 55-72 µm in Tyron and Lugardon (1991). The exospore is 

obscured by the perispore but is reported as psilate in Tyron and Lugardon (1991). 

 

Family Plagiogyriaceae Bower 1926. 

 

88. Genus Plagiogyria (Kunze) Mett. 1858 

Plagiogyria euphlebia (Kunze) Mett. 1858.  

Plate 13, figure 4-5. 

Slide 50 (Kew field collection number: s.n.). (Appendix B.84 and C.88). 
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Description: Monad, amb triangular convex; trilete, acamerate, commissure distinct, laesurae do 

not reach the equator, marginate, margo 14 µm wide; exospore 2-layered, exospore 3.1 µm thick; 

isopolar, exospore surface ornamentation is faintly striate and granulate, striate muri are <1 µm, 

granules are sparse and <1 µm, margo is raised and psilate, the ends of the laesurae appear to be 

arched forming a ‘proto-valvae’ shape.  

Dimensions: Equatorial diameter 60 µm exospore thickness 3.1 µm, laesura 20 µm. 

Comments: Spore is described as having a perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 

 

89. Genus Plagiogyria (Kunze) Mett. 1858. 

Plagiogyria glauca (Blume) Mett. 1858. 

Plate 13, figure 6-8. 

Slide 121 (Kew barcode: K00083868). (Appendix B.85 and C.89). 

Description. Monad, amb triangular convex; trilete, camerate, laesurae do not reach the equator, 

marginate, margo 6.5 µm wide; exospore 2-layer, perispore conforms to the contours of the 

exospore; exospore 2.5 µm thick; isopolar, perispore ornamentation is rugulate, rugulae are >6 

µm wide and shallow across the proximal and distal faces, margo is raised and psilate.  

Dimensions: Equatorial diameter 60 µm, exospore thickness 2.5 µm, laesura 29 µm in length. 

Comments: The exospore is obscured by the perispore. It is reported as being psilate in Tyron and 

Lugardon (1991). 

 

 Family Thyrsopteridaeae C. Presl 1847. 

 

90. Genus Thyrsopteris Kunze 1835. 

Thyrsopteris elegans Kunze 1835.  

Plate 13, figure 9-10 equatorial view, figure 11 polar view. 

Slide 33 (Kew field collection number: 3766). (Appendix B.86 and C.90). 

 

Description. Monad, amb triangular and slightly concave, proximal face is flat, the distal face is 

slightly convex; trilete, laesurae does not reach equator; exospore 1-layers, exospore 3 µm thick 
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at apices and thickening at interradial areas to 4.3 µm; subisopolar in shape, exospore surface 

ornamentation is psilate, perispore is hamulate on the proximal and distal faces. 

Dimensions: Equatorial diameter 47 µm, exospore thickness 3-4.3 µm, laesura 12 µm. 

Comments: Spores are described as papillate in Tyron and Lugardon (1991).  

 

 Family Anemiaceae Link 1841. 

 

91. Genus Anemia Sw. 1806.  

Anemia angolensis Alston 1954. 

Plate 13, figure 12-13. 

Slide 46 (Kew field collection number: 5055). (Appendix B.87 and C.91). 

Description. Monad, amb triangular convex; trilete, acamerate; commissure distinct, laesurae do 

not reach equator; marginate, margo 12 µm wide; exospore 2-layered, exospore 2 µm thick, 

valvate, valvae are 9.5 in length; isopolar, surface ornamentation is cicatricose, cicatricose marks 

are between 6-9 µm wide and are faintly scabrate on the proximal and distal faces. 

Dimensions: Equatorial diameter 119 µm, exospore thickness 2 µm leasura 37 µm.   

Comments: Spore is described as having a thin perispore in Tyron and Lugardon (1991). 

 

 

92. Genus Anemia Sw. 1806. 

Anemia ferruginea Kunth 1815. 

Plate 14, figure 1-2. 

Slide 22 (Kew field collection number 31). (Appendix B.88 and C.92). 

Description. Monad, amb triangular convex, trilete, acamerate; commissure distinct, laesurae do 

not reach equator; marginate, margo is 15 µm wide and tapers sharply towards the apices of 

amb; exospore 2-layer, exospore 4 µm thick; subisopolar in shape, surface ornamentation is 

cicatricose on proximal and distal face, cicatricose marks between 7-8 µm wide, valvae are 30 µm 

wide and 14 µm in length, margo is raised and psilate.  
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Dimensions: Equatorial diameter 140 µm, exospore thickness 4 µm, laesura 33 µm. 

Comments: Spore is described as having a thin perispore in Tyron and Lugardon (1991). 

 

Family Cibotiaceae Korall 2006. 

 

93. Genus Cibotium Kaulf. 1820.  

Cibotium barometz (L.) J. Sm. 1842. 

Plate 14, figure 3-4. 

Slide 41 (Kew field collection number: 2004). (Appendix B.89 and C.93). 

Description. Monad, amb triangular; trilete, acamerate, laesurae do not reach the equator; 

exospore 2-layer, exospore 1.2 µm; heteropolar ornamentation, surface ornamentation on 

proximal face is psilate and granulate, the distal face is cicatricose and granulate, cicatricose 

marks are large, granules are irregularly distributed across the proximal and distal face, zonate, 

zona is 13 µm thick.  

Dimensions: Equatorial diameter 82 µm, exospore thickness 1.2 µm, laesura 33 µm. 

Comments: Cicatricose marks could not be measured due to the poor preservation of the spores 

observed. A thin, granulate perispore and a kyrtome is present on spores in Tryon and Lugardon 

(1991) but is not observed in spores here. 

 

94. Genus Cibotium Kaulf. 1820. 

Cibotium cumingii Kunze 1841. 

Plate 14, figure 5-6. 

Slide 48 (Kew barcode: K000376216). (Appendix B.90 and C.94). 

Description. Monad, amb triangular; trilete, acamerate, laesurae do not reach equator; exospore 

2-layered, exospore 1.2 µm; heteropolar ornamentation, proximal surface ornamentation is 

scabrate and granulate, granules are sparse, distal ornamentation is prominently cicatricose, 

cicatricose marks are between 3-7 µm in width, zonate, zona is 12 µm. 

Dimensions: Equatorial diameter 96 µm, exospore 1.2 µm laesura 32 µm. 
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Comments: Spores described here are poorly preserved. A thin, granulate perispore and a 

kyrtome is present on spores in Tryon and Lugardon (1991) but is not observed in spores here. 

 

 Dicksoniaceae M.R. Schomb. 1849. 

 

95. Genus Lophosoria C. Presl 1847. 

Lophosoria quadripinnata (J.F. Gmel.) C. Chr. 1920. 

Plate 15, figure 1-3. 

Slide 91 (Kew field collection number: 25960). (Appendix B.91 and C.95). 

Description. Monad, amb triangular convex; trilete, laesurae do not reach equator, marginate, 

margo 6 µm wide; exospore 1-layered; exospore 2 µm thick; heteropolar in shape and 

ornamentation, surface ornamentation on the proximal face is verrucate, in the interradial areas 

surrounding the laesura the verrucae are shallow and >7 µm in diameter, the remaining areas are 

microverrucate (<1 µm in diameter), the distal face is foveolate and scabrate, foveolae are spaced 

evenly and measure between 0.5-3 µm in diameter, the margo is raised and psilate, cingulate, 

cingulum is microverrucate and measures 10 µm from the equatorial ridge.  

Dimensions: Equatorial diameter 79 µm, exospore thickness 2 µm, laesura 2 µm. 

Comments: Spore is described as having a granulate perispore in Tryon and Lugardon (1991), this 

is not observed in the specimens examined.  

 

96. Genus Dicksonia L’Hér. 1789. 

Dicksonia herbertii W. Hill 1874.  

Plate 15, figure 4-6. 

Slide 164 (Kew field collection number: 321). (Appendix B.92 and C.96). 

Description. Monad, amb, triangular concave; trilete, commissures distinct, laesurae do not reach 

the equator, marginate, margo 6 µm wide, margo distinct; exospore 1-layered; exospore 1.3 µm 

thick; isopolar, surface ornamentation is heterobrochate, muri measure between 1.5-7.5 µm in 

width, lumina are between 3-9 µm in diameter, the perispore is densely granulate and lies close 

to the contours of the exospore, granules are <1 µm, the margo is raised.  
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Dimensions: Equatorial diameter 64 µm, exospore thickness 1.3 µm, laesura 16 µm in length. 

Comments: The exospore is obscured by the perispore.  

 

97.  Genus Dicksonia L'Hér. 1788. 

Dicksonia antarctica Labill. 1807. 

Plate 15, figure 7-9. 

Slide 21 (Kew field collection number 5205). (Appendix B.93 and C.97). 

Description. Monad, amb triangular concave, proximal face flat and slightly concave at interradial 

regions, distal face slightly convex, trilete; commissure distinct, laesurae do not reach equator, 

laesurae forks at the apical regions; exospore 1-layered, exospore is variable in thickness from 4 

µm in the interradial region to 6.5 µm in the apices of the amb; subisopolar in shape, exospore 

surface ornamentation is psilate, the perispore is psilate and granulose, granules are >1 µm and 

spaced sparsely and irregularly over the proximal and distal faces. 

Dimensions: Equatorial diameter 54 µm, exospore thickness 4 – 6.5 µm, laesura 24 µm. 

 

98. Genus Calochlaena (Maxon) M.D. Turner & R.A. White 1988. 

Calochlaena straminea (Labill.) M.D. Turner & R.A. White 1988. 

Plate 15, figure 10-12. 

Slide 79 (Kew field collection number: 4263). (Appendix B.94 and C.98). 

Description: Monad, amb triangular convex, trilete, laesurae reaches the equator, marginate, 

margo 3.5 µm; exospore 1-layered, outer layer forms reticulate contours, perispore conforms to 

the shape of the exospore, exospore 1 µm; isopolar, surface ornamentation is reticulate-

heterobrochate, reticula are large, muri and lumina anastomosing, with a microreticulate pattern 

on muri on proximal and distal faces, margo is psilate.  

Dimensions: Equatorial diameter 45 µm, exospore thickness 1 µm, laesura 30 µm.  
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Family Metaxyaceae Pic. Serm. 1970.  

 

99. Genus Metaxya C. Presl 1836. 

Metaxya rostrata (Kunth) C. Presl. 1836. 

Plate 15, figure 13-15. 

Slide 132 (Kew field collection number: 441). (Appendix B.95 and C.99). 

Description. Monad, amb triangular convex; trilete, laesurae reaches the equator, marginate, 

margo 2.5 µm wide; exospore 1-layered; exospore 1.8 µm thick; isopolar, surface ornamentation 

is psilate, margo is raised and psilate.  

Dimensions: Equatorial diameter 44 µm, exospore thickness 1.8 µm, laesura 20 µm in length. 

Comments: Spore is described as having a granulate perispore in Tryon and Lugardon (1991), this 

is not observed in the specimens examined. 

 

Family Cyatheaceae Kaulf. 1827. 

 

100. Genus Alsophila R. Br. 1810. 

Alsophila henryi Baker 1898.  

Plate 15, figure 16 detached perispore, figure 17-19 polar view. 

Slide 37 (Kew field collection number: 625). (Appendix B.96 and C.100). 

Description. Monad, amb triangular, proximal face is slightly concave at interradial regions, distal 

face is convex; trilete, acamerate, laesurae does not reach equator; exospore 2-layered, exospore 

2.9 µm thick; subisopolar in shape, surface ornamentation is baculate, bacula are densely spaced, 

>2.8 µm in height and 1 µm in diameter on the proximal and distal faces.  

Dimensions: Equatorial diameter 38 µm, exospore thickness 2.9 µm, laesura 14.5 µm. 

Comments: The exospore is obscured by the perispore.  

 

101. Genus Sphaeropteris Bernh. 1801. 

Sphaeropteris aramaganensis (Kaneh) R.M. Tryon. 
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Plate 16, figure 1-2. 

Slide 63 (Kew barcode: K000645219). (Appendix B.97 and C.101). 

Description: Monad, amb triangular, proximal face is flat, distal face is convex, trilete, acamerate; 

commissure distinct, laesura does not reach equator, marginate, margo is 8 µm in the centre and 

tapers to a point at the apices; exospore 2-layered, exospore 2.6 µm, subisopolar in shape, 

surface ornamentation is faintly and shallowly rugulate, with granules on both proximal and distal 

faces, granula are sparse and irregularly distributed measuring <1 µm in diameter, there is a faint 

scabrate texture on the interradial areas close to the margo, margo is psilate. 

Dimensions: Equatorial diameter 43 µm, exospore 2.6 µm, laesura 32 µm. 

Comments: Spore is described as having a perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined.   

 

102. Genus Sphaeropteris Bernh. 1801. 

Sphaeropteris aeneifolia (Alderw.) R.M. Tryon 1970. 

Plate 16, figure 3-4. 

Slide 129 (Kew field collection number: 2450). (Appendix B.98 and C.102). 

Description. Monad, amb triangular; trilete, commissure distinct, laesurae do not reach the 

equator, marginate, margo 3.8 µm wide, margo distinct; exospore 1-layered; exospore is 1.3 µm 

at the interradial areas increasing to 2 µm at the apices; isopolar, surface ornamentation is psilate 

and granulate, granula are sparsely distributed, the margo is raised and psilate.  

Dimensions: Equatorial diameter 34 µm, exospore thickness 1.3-2 µm, laesura 16 µm in length. 

Comments: Spore is described as having a perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined.   

 

103. Genus Sphaeropteris Bernh. 1801. 

Sphaeropteris polypoda (Baker) R.M. Tryon 1970. 

Plate 16, figure 5-6 with perispore, figure 7 without perispore. 

Slide 123 (Kew barcode: K0001261715). (Appendix B.99 and C.103). 

https://www.ipni.org/n/17532160-1
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Description. Monad, amb triangular; trilete, acamerate, laesurae do not reach the equator, 

marginate, margo 4 µm wide, margo distinct; exospore 2-layered; exospore 3 µm thick; isopolar, 

exospore surface ornamentation is psilate, the perispore is verrucate, verrucae >6 µm in height 

and >10 µm in diameter, verrucae are dense, discrete, and spaced evenly over both the proximal 

and distal faces, margo psilate and raised. 

Dimensions: Equatorial diameter 60 µm, exospore thickness 3 µm, laesura 19 µm in length. 

 

 Family Saccolomataceae Doweld 2008. 

 

104. Genus Saccoloma Kaulf. 1820. 

Saccoloma inaequale (Kunze) Mett. 1861. 

Plate 16, figure 8-9 with perispore, figure 10 without perispore. 

Slide 67 (Kew field collection number: M.560). (Appendix B.100 and C.104). 

Description: Monad, amb triangular convex, trilete; commissure distinct, laesurae does not reach 

the equator, marginate, margo 7 µm, margo distinct; exospore 1-layered, exospore 2.3 µm thick; 

isopolar,  surface ornamentation is psilate, the perispore is striate and granulate, striate marks are 

>1.2 µm wide and branch out from the centre of the spore forming multiple striate marks towards 

to equatorial margin, granula are sparse across the proximal and distal faces, the margo is raised 

and psilate. 

Dimensions: Equatorial diameter 42 µm, exospore 2.3 µm, laesura 14 µm.  

 

 Family Lindsaeaceae C. Presl ex M.R. Schomb. 1849. 

 

105. Genus Lindsaea Dryand. ex Sm. 1793. 

Lindsaea integra Holttum 1930.  

Plate 16, figure 11-13. 

Slide 59 (Kew barcode: K000116155). (Appendix B.101 and C.105). 

Description: Monad, amb triangular concave, proximal face is concave at interradial regions, the 

distal face is convex, trilete, acamerate, laesura does not reach equator, marginate, margo 1 µm 
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extending to 7.7 µm at apices; exospore 2-layer, exospore 1.5 µm thick, subisopolar in shape, 

surface ornamentation is densely baculate, baculae are between 1-2 µm high, margo is raised and 

psilate.  

Dimensions: Equatorial diameter 27 µm, exospore 1.5 µm thick, laesura 13 µm. 

Comments: The exospore is obscured by the perispore. 

 

106. Genus Odontosoria Fée 1852. 

Odontosoria fumarioides (Sw.) J. Sm. 1875. 

Plate 16, figure 14-15. 

Slide 71 (Kew field collection number: 9543). (Appendix B.102 and C.106). 

Description: Monad, amb oval, trilete, proximal face is almost flat, the distal face is convex; 

commissure distinct, laesura reaches the equator, marginate, margo is 3.5 µm thick, margo 

distinct; exospore 1-layered, exospore 2.5 µm thick; heteropolar in shape, exospore surface 

ornamentation is psilate and sparsely granulate, the perispore forms a diaphanous layer, margo is 

psilate and prominently raised.  

Dimensions: Equatorial diameter 70 µm, exospore 2.5 µm, laesura 43 µm. 

 

107. Genus Lindsaea Dryand. ex Sm. 1793.  

Lindsaea malayensis Holttum 1930.  

Plate 16, figure 16-18. 

Slide 161 (Kew field collection number: 273). (Appendix B.103 and C.107). 

Description. Monad, amb triangular concave, trilete, laesuea do not reach the equator, 

marginate, margo 1.5 µm wide; exospore 1-layered; exospore 1.3 µm thick; isopolar, surface 

ornamentation is scabrate, the margo is raised and psilate.  

Dimensions: Equatorial diameter 36 µm, exospore thickness 1.3 µm, laesura 16 µm in length. 

Comments: Spore is described as having a perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined. 
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 Family Pteridaceae E.D.M. Kirchn. 1831. 

 

108. Genus Coniogramme Fée 1852. 

Coniogramme africana Hieron. 1916. 

Plate 16, figure 19-20. 

Slide 17 (Kew field collection number: 600). (Appendix B.104 and C.108). 

Description. Monad, amb triangular convex, proximal face slightly concave at interradial areas, 

distal face convex; trilete, commissure distinct, laesurae do not reach equator, marginate, margo 

4 µm wide in centre tapering out to 0.5 µm towards equators; exospore 1-layer; exospore 2.3 µm 

thick; subisopolar in shape, surface ornamentation is densely scabrate, scabrae are spaced evenly 

on the proximal and distal face, margo is psilate with some scabrae.  

Dimensions: Equatorial diameter 49 µm, exospore thickness 2.3 µm, laesura 27 µm. 

 

109. Genus Acrostichum L. 1753.  

Acrostichum speciosum Willd. 1810. 

Plate 16, figure 21-22 exospore, figure 23 with perispore.  

Slide 185 (Kew barcode: K000421805). (Appendix B.105 and C.109). 

Description. Monad, amb triangular convex, trilete, acamerate, laesurae do not reach the 

equator, marginate, margo 5 µm wide; exospore 2-layered; exospore 2 µm thick; isopolar, 

exospore surface ornamentation is scabrate, scabrae are >1 µm in height and diameter and are 

densely evenly distributed across the spore surface, the perispore is verrucate, verrucae are 

rounded, discrete and uniform in size and shape across the spore, verrucae 5 µm in diameter and 

>2.8 µm in height, the margo is psilate and thickened. 

Dimensions: Equatorial diameter 66 µm, exospore thickness 2 µm, laesura 33 µm in length. 

 

110. Genus Cheilanthes Sw. 1806.  

Myriopteris myriophylla (Desv.) J.Sm 1854. 

Plate 17, figure 1-3. 

Slide 173 (Kew field collection number: 20858). (Appendix B.106 and C.110). 
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Description. Monad, amb triangular; trilete, laesurae do not reach the equator, marginate, margo 

4 µm wide; exospore 1-layered; exospore 2 µm thick; isopolar, exospore surface ornamentation is 

psilate, the perispore is scabrate and conforms to the shape of the exospore, the margo is raised 

and psilate. 

Dimensions: Equatorial diameter 54 µm, exospore thickness 2 µm, laesura 31 µm in length. 

 

111. Genus Adiantum L. 1753. 

Adiantum pedatum L. 1753. 

Plate 17, figure 4-6.  

Slide 34 (Kew field collection number: 2672) (Appendix B.107 and C.111). 

 

Description. Monad, amb triangular, proximal face is slightly concave at interradial regions, distal 

face is convex; trilete, commissure distinct, laesurae does not reach equator, marginate, margo 7 

µm wide, margo distinct; exospore 1-layer; exospore 2.5 µm thick; subisopolar in shape, surface 

ornamentation is psilate with some scabrae, perispore ornamentation is reticulate-

heterobrochate and conforms to the shape of the exospore, reticula muri are >3 µm  in diameter 

and >2 µm in height, they become fainter and smaller towards the apices, the margo is raised and 

psilate.  

Dimensions: Equatorial diameter 53 µm, exospore thickness 2.5 µm, laesura 30 µm.  

Comments: Spores are described as rugulate in Tryon and Lugardon (1991).  

 

112. Genus Adiantopsis Fée 1852. 

Adiantopsis chlorophylla (Sw.) Fée 1852.  

Plate 17, figure 7-9. 

Slide 55 (Kew field collection number: 4593). (Appendix B.108 and C.112). 

Description: Monad, amb triangular convex, trilete, laesurae does not reach equator, marginate, 

margo 3.5 µm; exospore 1-layered, exospore 1.6 µm thick, isopolar, surface ornamentation of 

exospore is psilate, the perispore is rugulate and conforms to the shape of the exospore, rugulae 

are faint and small, perispore is ruptured. 

Dimensions: Equatorial diameter 44 µm, exospore thickness 1.6 µm, laesura 21 µm. 



Chapter 3 – An Atlas of Extant Spores   C.Walker 2022 
 

95 
   

 Family Dennstaeditaceae Lotsy 1909. 

 

113. Genus Monachosorum Kunze 1848. 

Monachosorum henryi Christ 1898. 

Plate 17, figure 10-12. 

Slide 77 (Kew field collection number: 74). (Appendix B.109 and C.113). 

Description: Monad, amb triangular convex, trilete, commissure indistinct, laesura do not reach 

the equator, marginate, margo 4 µm, margo indistinct; exospore 1-layered, exospore 1.8 µm 

thick; subisopolar in ornamentation, perispore ornamentation is baculate, bacula are >4 µm high 

and >3 µm in diameter, bacula are arranged densely on the distal face, the proximal face is psilate 

and baculate, bacula are sparse on the proximal face, margo is psilate and slightly raised.  

Dimensions: Equatorial diameter 36 µm, exospore thickness 1.8 µm, laesura 12 µm in length.  

Comments: The exospore is obscured by the perispore.  

 

114. Genus Blotiella R.M. Tryon 1962. 

Blotiella lindeniana (Hook.) R.M. Tryon 1962. 

Plate 17, figure 13-14. 

Slide 16 (Kew field collection number: 533). (Appendix B.110 and C.114). 

Description. Monad, amb oval; monolete, acamerate, commissure distinct, laesurae do not reach 

equator, marginate, margo 8 µm wide, margo distinct; exospore 2-layered, exospore 3 µm thick; 

isopolar, surface ornamentation is psilate, the margo is raised and psilate.  

Dimensions: Equatorial diameter 52 µm, exospore thickness 3 µm, laesura 34 µm. 

Comments: Spore is described as having an echinate perispore in Tryon and Lugardon (1991), this 

is not observed in the specimens examined.  

 

115. Genus Histiopteris (J. Agardh) J. Sm. 1875. 

Histiopteris incisa (Thunb.) J. Sm.  1875. 

Plate 17, figure 15-16. 
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Slide 76 (Kew field collection number: 10513b). (Appendix B.111 and C.115). 

Description: Monad, amb oval, reniform in equatorial view, monolete, commissure indistinct, 

laesura unclear, exospore 1-layer, exospore 1.5 µm thick; isopolar, surface ornamentation is 

verrucate, verrucae are coarse, >5.3 µm in height and >6 µm in diameter. 

Dimensions: Equatorial diameter 59 µm, exospore 1.5 µm thick.  

Comments: Laesura is not clear in the spores observed here because of the orientation of the 

spore. Spores are described as monolete and having a thin, diffuse perispore in Tryon and 

Lugardon (1991). 

 

116. Genus Dennstaedtia Bernh. 1801. 

Dennstaedtia distenta (Kunze) T. Moore 1861.  

Plate 17, figure 17-18. 

Slide 73 (Kew field collection number: 3637). (Appendix B.112 and C.116). 

Description: Monad, amb triangular concave, trilete; laesura reaches the equator, marginate, 

margo 1.5 µm wide; exospore 1-layer, exospore 1.5 µm thick; isopolar, surface ornamentation is 

scabrate, margo is psilate. 

Dimensions: Equatorial diameter 30 µm, exospore 1.5 µm thick, laesura 14 µm.  

Comments: Spores from this genus are described as having a perispore in Tryon and Lugardon 

(1991), this is not observed in the specimens examined.  

 

 Family Cystopteridaceae Shmakov 2001. 

 

117. Genus Cystopteris Bernh. 1805.  

Cystopteris fragilis (L.) Bernh. 1805. 

Plate 17, figure 19-20. 

Slide 139 (Kew field collection number: 117). (Appendix B.113 and C.117). 

Description. Monad, amb oval; monolete, acamerate, laesurae do not reach the equator, 

marginate margo 3.5 µm; exospore 2-layered; exospore 2 µm thick; isopolar, the perispore is 
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densely echinate, echinae spines are 5.5 µm in height and 3 µm in diameter, spines taper sharply 

to a point from a base measuring >2.8 µm, spines are distributed evenly over the spore surface.  

Dimensions: Equatorial diameter 50 µm, exospore thickness 2 µm, laesura 36 µm in length. 

Comments: The exospore is obscured by the perispore. It is described as psilate by Tyron and 

Lugardon (1991).  

 

118. Genus Acystopteris Nakai 1933. 

Acystopteris tenuisecta (Blume) Tagawa 1938. 

Plate 17, figure 21-22. 

Slide 133 (Kew field collection number: 36124). (Appendix B.114 and C.118). 

Description. Monad, amb oval; laesurae unclear, exospore 1-layered; exospore 1 µm thick; 

isopolar, perispore ornamentation is densely baculate, bacula are >7 µm in height and >3 µm in 

diameter and spaced evenly over both the proximal and distal faces.  

Dimensions: Equatorial diameter 42 µm, exospore thickness 1 µm. 

Comments: Laesura is not clear in the spores observed here because of the orientation of the 

spore. Spores are described as monolete in Tryon and Lugardon (1991). The exospore is obscured 

by the perispore.  

 

119. Genus Gymnocarpium Newman 1851.  

Gymnocarpium robertianum (Hoffm.) Newman 1851. 

Plate 17, figure 23-24 perispore present, figure 25 perispore absent. 

Slide 145 (Kew field collection number: 16). (Appendix B.115 and C.119). 

 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesurae do not reach the equator; exospore 1-layered; exospore 1 µm thick; isopolar, exospore 

surface ornamentation is psilate, the perispore has low, inflated, irregular folds. 

Dimensions: Equatorial diameter 39 µm, exospore thickness 1 µm, laesura 25 µm in length. 

 Family Aspleniaceae Newman 1840. 
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120. Genus Asplenium L.  1753. 

Asplenium scolopendropsis F. Muell. 1876. 

Plate 18, figure 1-2. 

Slide 26 (Kew barcode: K000446597). (Appendix B.116 and C.120). 

Description. Monad, amb oval; monolete mark unclear, exospore 1-layered, exospore 1.9 µm 

thick; surface ornamentation; isopolar, exospore surface ornamentation is psilate, the perispore is 

galeate with fossulae branching from the base of spines on proximal and distal faces, spines ≤ 35 

µm in length ≤12 µm wide at the base and taper sharply to a point, they are spaced at irregular 

intervals. 

Dimensions: Equatorial diameter 70 µm, exospore thickness 1.9 µm. 

Comments: Laesurae are not observed in the spores examined. Spores are described as monolete 

in Tryon and Lugardon (1991).  

 

121. Genus Asplenium L. 1753. 

Asplenium formosum Willd. 1810. 

Plate 18, figure 3-4. 

Slide 64 (Kew field collection number: 9955). (Appendix B.117 and C.121). 

Description: Monad, amb oval, monolete; commissure distinct, laesura does not reach the 

equator, marginate, margo 1 µm wide; exospore 1-layered, exospore 1.7 µm thick, isopolar, 

surface ornamentation on exospore is psilate, the perispore has low, irregular echinate folds, 

echinae spines are >2.3 µm in height, margo is psilate.  

Dimensions: Equatorial diameter 48 µm, exospore thickness 1.7 µm, laesura 31 µm.  

 

 Diplaziopsidaceae X.C. Zhang & Christenh. 2011. 

 

122. Genus Diplaziopsis C. Chr. 1905. 

Diplaziopsis javanica (Blume) C. Chr. 1905. 

Plate 18, figure 5-6 with perispore, figure 7 perispore absent. 
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Slide 35 (Kew field collection number: 1802). (Appendix B.118 and C.122). 

Description. Monad, amb oval, laesurae mark unclear, laesurae not clear; exospore 1-layered; 

exospore 1 µm; isopolar, exospore surface ornamentation psilate, the perispore has low, 

irregulate, dense, echinate folds, echinae are sparse and distributed irregularly across the 

perispore, in height and diameter echinae are <1 µm. 

Dimensions: Equatorial diameter 65 µm, exospore thickness 1 µm. 

Comments: Laesurae is obscured by perispore so cannot be measure in the spores observed. 

Spores are described as monolete in Tryon and Lugardon (1991). 

 

 Family Hemidictyaceae Christenh. & H. Schneid. 2011. 

 

123. Genus Hemidictyum C. Presl 1836.  

Hemidictyum marginatum (L.) C. Presl 1836.  

Slide 158 (Kew field collection number: 9874). (Appendix B.119 and C.123). 

Plate 18, figure 8-9 with perispore, figure 10-11 perispore absent. 

Description. Monad, amb oval, reniform in equatorial view; monolete, laesurae do not reach the 

equator; exospore 1-layered; exospore 2.4 µm thick; isopolar, exospore surface ornamentation is 

psilate, the perispore has diaphanous winged, irregular perforated folds, perforate holes are <1 

µm and are evenly distributed across the perispore.   

Dimensions: Equatorial diameter 38 µm, exospore thickness 2.4 µm, laesura 32 µm in length. 

 

 Family Blechnaceae Newman 1844. 

 

124. Genus Telmatoblechnum Perrie, D.J. Ohlsen & Brownsey 2014. 

Telmatoblechnum serrulatum (Rich.) Perrie, D.J. Ohlsen & Brownsey 2014.  

Plate 18, figure 12-13 with perispore, figure 14 perispore absent. 

Slide 51 (Kew barcode: K000902149). (Appendix B.120 and C.124). 
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Description: Monad, amb oval, reniform in equatorial view; monolete, laesurae do not reach 

equator; exospore 1-layered, exospore 2 µm thick; isopolar, exospore surface ornamentation has 

a faint and shallow rugulate pattern, the perispore is gemmate, gemmae are between 0.5-2.5 µm 

in diameter and >2 µm in height, gemmae are densely distributed across the proximal and distal 

face.  

Dimensions: Equatorial diameter 51 µm, exospore thickness 2 µm, laesura 26 µm. 

 

125. Genus Sadleria Kaulf. 1824. 

Sadleria pallida Hook. & Arn. 1832.  

Plate 18, figure 15-17.  

Slide 170 (Kew field collection number: 35555). (Appendix B.121 and C.125). 

 

Description. Monad, amb oval, reniform in equatorial view; monolete, laesura do not reach the 

equator; exospore 1-layered; exospore 1.7 µm thick; isopolar, exospore surface ornamentation is 

psilate, the perispore is granulose with some scabrae, granules vary in size, ranging from 1-5 µm 

in diameter and are spaced evenly across the proximal and distal faces.  

Dimensions: Equatorial diameter 52 µm, exospore thickness 1.7 µm, laesura 31 µm in length. 

 

126. Genus Anchistea C. Presl 1851.  

Anchistea virginica (L.) C. Presl 1851. 

Plate 18, figure 18-19. 

Slide 23 (Kew field collection number 722). (Appendix B.122 and C.126). 

Description. Monad, amb oval; monolete, commissure distinct, laesurae does not reach equator, 

marginate, margo is 4.4 µm wide in the centre tapering to a point; exospore 1-layered, exospore 2 

µm thick; isoploar, exospore surface ornamentation is psilate, the perispore has low folds that are 

densely scabrate, scabrae are evenly spaced across the proximal and distal faces, margo is raised 

and psilate.  

Dimensions: Equatorial diameter 55 µm, wall thickness 2 µm, laesura 48 µm. 

Comments: Much of the perispore has been damaged by acetolysis. 

 Family Onocleaceae Pic. Serm. 1970. 
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127. Genus Matteuccia Tod. 1866. 

Matteuccia struthiopteris (L.) Tod. 1866. 

Slide 52 (Kew field collection number: 9). (Appendix B.123 and C.127). 

Plate 19, figure 1-3 with perispore, figure 4 perispore absent. 

Description: Monad, amb oval; monolete, commissure distinct, laesurae does not reach equator, 

marginate, margo 3 µm; exospore 1-layered, exospore 2 µm thick; isopolar, surface 

ornamentation on exospore is psilate, the perispore is diaphanous, winged, irregular rugulate 

folds with low microechinae spines, echinate spines are dense throughout the perispore and are 

<1 µm in height.  

Dimensions: Equatorial diameter 56 µm, exospore 2 µm, laesura 48 µm.  

 

128. Genus Onoclea L. 1753. 

Onoclea orientalis (Hook.) Hook. 1863 

Plate 19, figure 5-6. 

Slide 6 (Kew field collection number: s.n.). (Appendix B.124 and C.128). 

Description. Monad, amb oval; monolete, commissure distinct, the laesura does not reach 

equator, marginate, margo 12 µm wide in centre tapering to a point towards the equators, margo 

distinct; exospore 1-layered, exospore 4 µm thick; isopolar, exospore surface ornamentation is 

psilate, perispore is diaphanous, with faint scabrate on the proximal and distal faces that form a 

rugulate pattern, margo is raised and psilate.  

Dimensions: Equatorial diameter 118 µm, wall thickness 4 µm, laesura 85 µm. 

Comments: Spores are described as being between 47-68 µm in Tryon and Lugardon (1991). 

Much of the perispore has been damaged by acetolysis. 

 

129. Genus Onoclea L. 1753. 

Onoclea sensibilis L. 1753. 

Plate 19, figure 7-9. 

Slide 20 (Kew field collection number 7800). (Appendix B.125 and C.129). 
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Description. Monad, amb oval; monolete, commissure distinct, laesurae does not reach equator; 

marginate, margo 7 µm wide, margo distinct; exospore 1-layered, exospore 2.5 µm thick; isopolar, 

exospore surface ornamentation is psilate, the perispore is densely mincroechinae forming a 

rugulate pattern, echinate spines are < 1 µm in length on the proximal and distal faces, margo is 

raised and psilate.  

Dimensions: Equatorial diameter 67 µm, exospore thickness 2.5 µm, laesura 31 µm. 

Comments: Much of the perispore has been damaged by acetolysis. 

 

 Family Athyriaceae Alston 1956. 

 

130. Genus Athyrium Roth 1800 

Athyrium filix–femina (L.) Roth 1800 

Plate 19, figure 10-12. 

Slide 134 (Kew field collection number: 5792). (Appendix B.126 and C.130). 

Description. Monad, amb oval; monolete, commissure distinct, laesurae do not reach the 

equator, marginate, margo 4 µm; exospore 1-layered; exospore 2.1 µm thick; isopolar, perispore 

ornamentation is rugulate, rugulate muri are shallow <1 µm in height and width, the margo is 

rugulate and raised.  

Dimensions: Equatorial diameter 37 µm, exospore thickness 2.1 µm, laesura 26 µm in length. 

Comments: The exospore is obscured by the perispore. 

 

131. Genus Athyrium Roth 1800. 

Athyrium delavayi Christ 1905. 

Plate 19, figure 13-14 with perispore, figure 15 perispore absent. 

Slide 100 (Kew field collection number: 3920). (Appendix B.127 and C.131). 

Description. Monad, amb oval; monolete, laesurae do not reach the equator; exospore 1-layered; 

exospore 2 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore is 

rugulate, rugulate muri are <1 µm.  
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 Dimensions: Equatorial diameter 35 µm, exospore thickness 2 µm, laesura 15 µm in length. 

 

132. Genus Diplazium Sw. 1801. 

Diplazium australe (R. Br.) N.A. Wakef. 1942. 

Plate 19, figure 16-17. 

Slide 119 (Kew field collection number: s.n.). (Appendix B.128 and C.132). 

Description. Monad, amb oval, monolete, laesurae do not reach the equator; exospore1-layered; 

exospore 1.5 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore has low, 

irregular, scabrate folds.  

Dimensions: Equatorial diameter 46 µm, exospore thickness 1.5 µm, laesura 30 µm in length 

 

133. Genus Athyrium Roth 1800.  

Athyrium appendiculiferum Alderw. 1914. 

Plate 20, figure 1-3. 

Slide 111 (Kew barcode: K000399385). (Appendix B.129 and C.133). 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesurae do not reach the equator; exospore 1-layered; exospore 1.8 µm thick; isopolar, exospore 

surface ornamentation is psilate, the perispore is rugulate, ruguale are shallow and faint with 

muri measuring 1 µm wide.  

Dimensions: Equatorial diameter 45 µm, exospore thickness 1.8 µm, laesura 18 µm in length. 

 

 Family Thelypteridaceae Ching ex Pic. Serm 1970. 

 

134. Genus Macrothelypteris (H. Itô) Ching 1963. 

Macrothelypteris polypodioides (Hook.) Holtum 1969.   

Plate 20, figure 4-6. 

Slide 117 (Kew field collection number: 2068). (Appendix B.130 and C.134). 
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Description. Monad, amb oval; monolete, acamerate, laesurae do not reach the equator; 

exospore 2-layered; exospore 2 µm thick; isopolar, perispore ornamentation is reticulate, reticula 

muri are 0.5 µm wide and 2.5 µm high, lumina measure >2.5 µm in diameter. 

Dimensions: Equatorial diameter 43 µm, exospore thickness 2 µm, laesura 43 µm in length. 

Comments: The exospore is obscured by the perispore. It is described as gemmate in Tyron and 

Lugardon (1991). 

 

135. Genus Oreopteris Holub 1969. 

Oreopteris limbosperma (All.) Holub 1969. 

Plate 20, figure 7-9. 

Slide 174 (Kew field collection number: 29342). (Appendix B.131 and C.135). 

Description. Monad, amb oval, reniform in equatorial view; monolete, laesura does not reach the 

equator; exospore 1-layered; exospore 2.2 µm thick; isopolar, the perispore is diaphanous, 

creating low, inflated, irregular, scabrate folds over the surface of the spore 

Dimensions: Equatorial diameter 43 µm, exospore thickness 2.2 µm, laesura 23 µm. 

Comments: The exospore is obscured by the perispore. It is reported as being densely gemmate 

in Tyron and Lugardon (1991). 

 

136. Genus Cyclosorus Link 1833. 

Cyclosorus interruptus (Willd.) H. Itô 1937. 

Plate 20, figure 10-11. 

Slide 10 (Kew field collection number:  4009). (Appendix B.132 and C.136). 

 

Description. Monad, amb oval; monolete, laesura does not reach the equator; exospore 1-

layered, exospore 1.7 µm thick; isopolar, exospore surface ornamentation is psilate, perispore is 

echinate on proximal and distal faces, spines are ≤ 2 µm in length and < 1 µm in diameter, spines 

taper sharply from a relatively wide base to a narrow tip, echinae are densely distributed on distal 

and proximal faces. 

Dimensions: Equatorial diameter 54 µm, wall thickness 1.7 µm, laesura 37 µm. 
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 Family Didymochlaenaceae Ching ex Li Bing Zhang & Liang Zhang 2015. 

 

137. Genus Didymochlaena Desv. 1811. 

Didymochlaena truncatula (Sw.) J. Sm.  1841. 

Plate 20, figure 12-13 with perispore, figure 14 perispore absent. 

Slide 90 (Kew barcode: K000954585). (Appendix B.133 and C.137). 

Description. Monad, amb oval; monolete, laesura does not reach the equator; exospore 1-

layered; exospore 1.5 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore 

is diaphanous, creating low, inflated, and irregular folds over the exospore.  

Dimensions: Equatorial diameter 31.5 µm, exospore thickness 1.5 µm, laesura 21 µm. 

 

 Family Hyopdematiaceae Ching 1975. 

 

138. Genus Hypodematium Kunze 1833. 

Hypodematium crenatum (Forssk.) Kuhn & Decken 1879. 

Plate 20, figure 15-16 with perispore, figure 17 perispore absent. 

Slide 157 (Kew field collection number: 9022). (Appendix B.134 and C.138). 

 

Description. Monad, amb oval; monolete, laesurae do not reach the equator; exospore 1-layered; 

exospore 1.4 µm thick; isopolar, exospore surface ornamentation is psilate, the perispore is 

densely scabrate.  

Dimensions: Equatorial diameter 57 µm, exospore thickness 1.4 µm, laesura 40 µm in length. 

 

139. Genus Leucostegia C. Presl 1836.  

Leucostegia immersa C. Presl 1836. 

Plate 20, figure 18-19. 

Slide 112 (Kew field collection number: 7358). (Appendix B.135 and C.139). 
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Description. Monad, amb oval; monolete, laesurae do not reach the equator; exospore 1-layered; 

exospore 1.5 µm thick; isopolar, surface ornamentation is verrucate, verrucae are coarse and 

fused, verrucae >10 µm in diameter and >6 µm high. 

Dimensions: Equatorial diameter 40 µm, exospore thickness 1.5 µm, laesura 22 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the spores examined here.  

 

 Family Dryopteridaceae Herter 1949. 

 

140. Genus Rumohra Raddi 1819. 

Rumohra adiantiformis (G. Forst.) Ching 1934. 

Plate 20, figure 20-21 perispore absent, figure 22 with perispore. 

Slide 75 (Kew field collection number: 11118). (Appendix B.136 and C.140). 

Description: Monad, amb oval, reniform in equatorial view, laesura not clear; exospore 1-layer, 

exospore 1.5 µm thick, isopolar, exospore surface ornamentation is psilate, the perispore is 

scabrate. 

Dimensions: Equatorial diameter 36 µm, exospore 1.5 µm.  

Comments: Laesura is not visible in the spores observed here. Spores are described as monolete 

in Tryon and Lugardon (1991).  

 

141. Genus Bolbitis Schott 1834 

Bolbitis appendiculata (Willd.) K. Iwats. 1959. 

Plate 20, figure 23-24. 

Slide 13 (Kew field collection number:  s.n.). (Appendix B.137 and C.141). 

Description. Monad, amb oval; alete, laesurae not clear, acamerate; exospore 2-layered, 

exospore 1.1 µm thick; isopolar, surface ornamentation is psilate, the perispore has small 

reticulate folds <1 µm on the proximal and distal faces.  

Dimensions: Equatorial diameter 36 µm, exospore thickness 1.1 µm laesura 20 µm. 
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Comments: Spores are described as being monolete in Tryon and Lugardon (1991), however, the 

aperture is obscured in the spores examined. The reticulate perispore is poorly preserved in the 

spore described here.  

 

142. Genus Polybotrya Humb. & Bonpl. ex Willd. 1810. 

Polybotrya goyazensis Brade 1969. 

Plate 20, figure 25-26 perispore absent, figure 28 with perispore. 

Slide 78 (Kew barcode: K000956985). (Appendix B.138 and C.142). 

Description: Monad, amb oval, monolete, laesurae do not reach the equator; exospore 1-layered, 

exospore 1.5 µm; isopolar, exospore surface ornamentation is psilate with some areas of scabrae, 

the perispore is diaphanous with faint irregular rugulate folds and sparse irregular echinate spines 

on the proximal and distal faces, echinae are >2.2 µm in length. 

Dimensions: Equatorial diameter 48 µm, exospore thickness 1.5 µm, laesura 26 µm. 

 

143. Genus Mickelia R.C. Moran, Labiak & Sundue 2010. 

Mickelia guianensis (Aubl.) R.C. Moran, Sundue & Labiak 2010.  

Plate 21, figure 1-2 with perispore, figure 3-4 perispore absent. 

Slide 53 (Kew field collection number: 17837). (Appendix B.139 and C.143). 

Description: Monad, amb oval; monolete, laesurae reaches equator; exospore 1-layered, 

exospore 2.5 µm thick; isopolar, surface ornamentation on exospore is rugulate and granulate, 

rugulate pattern is faint and shallow, granula are very sparse and measure 1 µm in diameter, the 

perispore has irregular reticulate folds with echinae spines, spines are > 1.8 µm in height, <1 µm 

at the base and taper sharply to a point. 

Dimensions: Equatorial diameter 60 µm, exospore 2.2 µm, laesura 53 µm. 

 

 Family Nephrolepidaceae Pic. Serm. 1974.  

 

144. Genus Nephrolepis Schott. 1834.  

Nephrolepis undulata (Afzel. ex Sw.) J. Sm. 1846. 
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Plate 21, figure 5-9. 

Slide 153 (Kew barcode: K000746747). (Appendix B.140 and C.144). 

 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesurae do not reach the equator, marginate, margo 3.2 µm wide; exospore 1-layered; exospore 

2.3 µm thick; isopolar, exospore surface ornamentation is faintly rugulate over both the proximal 

and distal faces, the perispore is verrucate, verrucae are shallow and fused forming a rugulate 

pattern <1 µm in height on the proximal and distal faces.  

Dimensions: Equatorial diameter 38 µm, exospore thickness 2.3 µm, laesura 16 µm in length. 

 

145. Genus Nephrolepis Schott 1834. 

Nephrolepis cordifolia var. pumicicola (F. Ballard) Hovenkamp & Miyam. 2005. 

Plate 21, figure 10-13. 

Slide 101 (Kew field collection number: 10421). (Appendix C.145). 

Description. Monad, amb oval, reniform in equatorial view; monolete, laesurae does not reach 

the equator; exospore 1-layered; exospore 1.5 µm thick; isopolar, surface ornamentation is 

rugulate, rugulae are shallow and faint, rugulae muri are <1 µm in height and width.  

Dimensions: Equatorial diameter 33 µm, exospore thickness 1.5 µm, laesura 19 µm in length. 

Comments: Spores from this genus are described as having a perispore in Tryon and Lugardon 

(1991), this is not observed in the specimens examined. Image of herbarium sheet not available. 

 

 Family Lomariopsidaceae Alston 1956. 

 

146. Genus Lomariopsis Fée 1845. 

Lomariopsis guineensis (Underw.) Alston 1934. 

Plate 21, figure 14-15 with perispore, figure 16 perispore absent. 

Slide 65 + 81 (Kew barcode: K000934259). (Appendix B.141 and C.146). 

Description: Monad, amb oval, monolete; commissure distinct, laesura reaches the equator, 

marginate, margo 5 µm; exospore 1-layered, exospore 1.5 µm thick, isopolar, exospore surface 
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ornamentation is psilate, the perispore is densely scabrate and galeate, spines are > 16 µm in 

height and 1.5 µm in diameter at the base tapering sharply to a point, the margo is psilate.  

Dimensions: Equatorial diameter 53 µm, exospore 1.5 µm thick, laesura 50 µm.  

 

147. Genus Dracoglossum Christenh 2007.  

Dracoglossum plantagineum (Jacq.) Christenh. 2007. 

Plate 21, figure 17-18. 

Slide 18 (Kew field collection number: 6063). (Appendix B.142 and C.147). 

Description. Monad, amb oval; monolete, laesurae reaches the equator, margo 2.4 µm wide; 

exospore 1-layered, exospore 1.2 µm thick; isopolar, the perispore is diaphanous and 

microechinate, echinae spines are < 1 µm in length and are spaced regularly throughout the 

perispore on the proximal and distal faces, margo is raised and psilate.  

Dimensions: Equatorial diameter 52 µm, exospore thickness 1.2 µm, laesura 48 µm. 

Comments: The exospore is obscured by the perispore.  

 

 Davalliaceae M.R. Schomb. 1848. 

 

148. Genus Davallia Sm. 1793. 

Davallia solida (G. Forst.) Sw. 1801. 

Plate 21, figure 19 equatorial view, figure 20 polar view. 

Slide 38 (Kew field collection number: 424). (Appendix B.143 and C.148). 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesurae do not reach equator; exospore 1-layered, exospore 2 µm thick; subisopolar 

ornamentation, surface ornamentation is verrucate on proximal and distal face, verrucae >5 µm 

high and >8 µm in diameter and spaced regularly over the proximal and distal face, verrucae are 

slightly smaller on the proximal face. 

Dimensions: Equatorial diameter 72 µm, exospore thickness 2 µm, laesura 45 µm. 
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Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed in the specimens examined.  

 

149. Genus Araiostegia Copel. 1927 

Davallia hymenophylloides (Blume) Kuhn 1869. 

Plate 21, figure 21-22 equatorial view, figure 23 polar view. 

Slide 39 (Kew barcode: K000538594). (Appendix B.144 and C.149). 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesura do not reach equator; exospore 1-layer; exospore 1.2 µm thick; subisopolar 

ornamentation, surface ornamentation is verrucate on proximal and distal faces, verrucae >6 µm 

high and between 5-13 µm in diameter, verrucae are slightly smaller on the proximal face. 

Dimensions: Equatorial diameter 72 µm, exospore thickness 1.2 µm, laesura 45 µm. 

Comments: Spore is described as having a thin, granulate perispore in Tryon and Lugardon (1991), 

this is not observed in the specimens examined. 

 

 Family Polypodiaceae J. Presl & C. Presl 1822. 

 

150. Genus Lepisorus (J. Sm.) Ching 1933. 

Lepisorus mucronatus (Fée) L. Wang 2010. 

Plate 22, figure 1-2 polar view, figure 3 equatorial view. 

Slide 42 (Kew barcode: K000647260). (Appendix B.145 and C.150). 

 

Description. Monad, amb oval, reniform in equatorial view; monolete, commissure distinct, 

laesurae do not reach equator, marginate, margo 2 µm; exospore 1-layered, exospore 1 µm; 

isopolar, perispore ornamentation is verrucate, verrucae are fused forming a rugulate-hamulate 

pattern >7 µm wide and >6 µm in height on the proximal and distal faces, verrucae gradually 

decrease in size away from the equatorial ridge, margo is raised and verrucate.  

Dimensions: Equatorial diameter 73 µm, exospore 1 µm, laesura 27 µm. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed the spores examined here.  

https://www.ipni.org/a/18692-1
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151. Genus Aglaomorpha Schott 1836. 

Aglaomorpha laurentii (Christ ex De Wild. & Durand) 2017 

Plate 22, figure 4-5 equatorial view, figure 6 polar view. 

Slide 27 (Kew field collection number 18162). (Appendix B.146 and C.151). 

Description. Monad, amb oval, reniform in equatorial view; monolete, acamerate, laesurae do 

not reach the equator; marginate, margo 1.2 µm wide; exospore 2-layered; exospore 1.5 µm 

thick; isopolar, exospore surface ornamentation is psilate, the perispore is sparsely echinate, 

echinae spines are >4 µm in height, spines taper from a relatively narrow base to a rounded point, 

spines are sparse and irregularly spaced on the proximal and distal faces, the margo is raised and 

psilate.  

Dimensions: Equatorial diameter 70 µm, exospore thickness 1.5 µm, laesura 43 µm in length.  

 

152. Genus Microsorum Link 1833. 

Microsorum scolopendria (Burm. f.) Copel. 1929. 

Plate 22, figure 7 equatorial view, figure 8-9 polar view. 

Slide 72 (Kew field collection number: 467). (Appendix B.147 and C.152). 

Description: Monad, amb oval, reniform in equatorial view, monolete; commissure distinct, 

laesura does not reach the equator, marginate, margo is 7 µm wide; exospore 1-layered, exospore 

is 3 µm thick; isopolar, surface ornamentation is rugulate, rugulate pattern is faint and irregular, 

the perispore is diaphanous and conforms to the exospore, margo is raised and psilate. 

Dimensions: Equatorial diameter 67 µm, exospore 3 µm, laesura 37 µm.  

 

153. Genus Grammitis Sw. 1800. 

Grammitis havilandii (Baker) Copel. (1947). 

Plate 22, figure 10-12. 

Slide 120 (Kew barcode: K000548221). (Appendix B.148 and C.153). 

Description. Monad, amb triangular convex; trilete; laeusrae reaches the equator, marginate, 

margo 4 µm wide, margo distinct; exospore 1-layered; exospore 2.3 µm thick; isopolar, surface 

ornamentation is verrucate, verrucae are shallow, >1.5 µm in height, >2 µm wide and fused across 

the proximal and distal faces, margo is verrucate and raised.  
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Dimensions: Equatorial diameter 37 µm, exospore thickness 2.3 µm, laesura 22 µm in length. 

Comments: Spore is described as having a thin perispore in Tryon and Lugardon (1991), this is not 

observed the spores examined here.  

 

154. Genus Scleroglossum Alderw. 1912. 

Scleroglossum minus (Fée) C. Chr. 1929. 

Plate 22, figure 13-14. 

Slide 14 (Kew barcode: K000637171). (Appendix B.149 and C.154). 

Description. Monad, amb triangular convex, the proximal face is slightly concave at interradial 

areas, the distal face convex; trilete, commissure distinct, laesurae reach equator, marginate, 

margo 5 µm wide, margo distinct; exospore 1-layered, subisopolar in shape, exospore 2 µm thick; 

surface ornamentation is verrucate and granular, verrucae are shallow, between 0.2-2 µm in 

diameter and >1 µm in height, granules are >3 µm in diameter and are densely spaced on both 

proximal and distal faces, margo is raised and psilate.  

Dimensions: Equatorial diameter 40 µm, exospore thickness 2 µm, laesura 30 µm.  

 

155. Genus Dictymia J. Sm. 1846. 

Dictymia brownii (Wikstr.) Copel. 1929. 

Plate 22, figure 15-16 perispore absent, figure 17-18 with perispore. 

Slide 181 (Kew field collection number: 3671). (Appendix B.150 and C.155). 

Description. Monad, amb oval, reniform in equatorial view, the proximal face is depressed in the 

areas surrounding the aperture; monolete, commissure distinct, laesura does not reach the 

equator; exospore 1-layered; exospore 1.3 µm thick; isopolar, exospore surface ornamentation is 

rugulate, rugulae are faint and shallow, the perispore is densely verrucate, verrucae are >7.2 µm 

in diameter and >3.3 µm in height.  

Dimensions: Equatorial diameter 49 µm, exospore thickness 1.3 µm, laesura 19 µm in length. 

 

156. Genus Pecluma M.G. Price 1983.  

Pecluma chnoophora (Kunze) Salino & F.C. Assis 2007.  

Plate 22, figure 19-20 equatorial view, figure 21-22 polar view. 

Slide 169 (Kew barcode: K00095470). (Appendix B.151 and C.156). 

Description. Monad, amb oval, the proximal face is depressed in the areas surrounding the 

aperture; monolete, commissure distinct, laeusrae do not reach the equator, marginate, margo 4 

µm wide, margo distinct; exospore 1-layered; exospore 1.9 µm thick; subisopolar in shape, surface 
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ornamentation is densely verrucate, verrucae are faint and shallow measuring <1 µm in height 

and between 1-4.8 µm in diameter, the margo is psilate.  

Dimensions: Equatorial diameter 49 µm, exospore thickness 1.9 µm, laesura 20.5 µm in length. 

Comments: Spores from this genus are described as having a perispore in Tyron and Lugardon 

(1991), this is not observed in the spores examined here.  

 

3.3.2. Plates 

Images are organised on 22 plates showing spores in polar and equatorial view where it was 

possible to obtain images. Plates and descriptions are arranged by family and follow PPG 1 (2016) 

phylogeny. Taxonomy and nomenclature of species were verified using the online botanical 

databases: The Plant List (http://www.theplantlist.org), World Flora Online 

(http://www.worldfloraonline.org), TROPICOS (https://www.tropicos.org) and The International 

Plant Names Index (https://www.ipni.org). All photomicrographs were taken using a 60x 1.4Na oil 

immersion objective with brightfield illumination. The species name is followed by England Finder 

coordinates in brackets and a brief description of the spore orientation and significant features 

displayed if appropriate.  
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PLATE 1 

LYCOPODIACEAE 

1. Austrolycopodium magellanicum (K35), distal face. 

2. Austrolycopodium magellanicum (K35) details of the spore wall. 

3. Austrolycopodium magellanicum (K35), proximal face. 

4. Austrolycopodium magellanicum (L47), equatorial view 

5. Diphasium jussiaei (S36), distal face. 

6. Diphasium jussiaei (S36), details of the spore wall 

7. Diphasium jussiaei (S36), proximal face. 

8. Diphasium jussiaei (R36,4), equatorial view. 

9. Dendrolycopodium obscurum (N38), distal face. 

10. Dendrolycopodium obscurum (N38), details of the spore wall. 

11. Dendrolycopodium obscurum (N38), proximal face. 

12. Huperzia phlegmaria (T29), distal face. 

13. Huperzia phlegmaria (T29) details of the spore wall. 

14. Huperzia phlegmaria (T29) proximal face. 

15. Huperzia verticillate (D30) distal face. 

16. Huperzia verticillate (D30) details of the spore wall. 

17. Huperzia verticillate (D30) proximal face. 

18. Lateristachys lateralis (H42,1), proximal face, high focal plane. 

19. Lateristachys lateralis (H42,1), low focal plane. 

20. Huperzia dacryioides (M31), distal face 

21. Huperzia dacryioides (M31), proximal face. 

22. Phlegmariurus warneckei (U36), distal face 

23. Phlegmariurus warneckei (U36), proximal face. 
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24. Pseudodiphasium volubile (H26), distal face. 

25. Pseudodiphasium volubile (H26), details of the spore wall. 

26. Pseudodiphasium volubile (H26), proximal face. 

27. Pseudodiphasium volubile (J40), equatorial view.  
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Plate 1. 

  

 



Chapter 3 – An Atlas of Extant Spores   C.Walker 2022 
 

117 
   

PLATE 2 

LYCOPODIACEAE 

1. Lycopodium inudata (H38), distal face. 

2. Lycopodium inudata (H38), details of the spore wall. 

3. Lycopodium inudata (H38), proximal face. 

4. Lycopodium paniculatum (S43,4), distal face. 

5. Lycopodium paniculatum (S43,4), details of the spore wall. 

6. Lycopodium paniculatum (S43,4), proximal face. 

7. Lycopodiella caroliniana (S37,1), proximal face. 

8. Lycopodiella caroliniana (S37,1), distal face. 

9. Lycopodiella caroliniana (S37,1), details of the spore wall. 

10. Diphasiastrum complanatum (H42), distal face. 

11. Diphasiastrum complanatum (H42), details of the spore wall. 

12. Diphasiastrum complanatum (H42), proximal face. 

13. Diphasiastrum stichense (R26), low focal plane, detail of spore wall. 

14. Diphasiastrum stichense (R26), high focal plane, proximal face. 

15. Diphasiastrum thyoides (Q24), low focal plane. 

16. Diphasiastrum thyoides (Q24), high focal plane, proximal face. 

17. Lycopodiella appressa (Q32), distal face. 

18. Lycopodiella appressa (Q32), details of the spore wall. 

19. Lycopodiella appressa (Q32), proximal face. 

20. Lycopodiastrum casuarinoides (R48,4), high focal plane. 

21. Lycopodiastrum casuarinoides (R48,4), low focal plane. 

22. Palhinhaea cernua (R48,2), high focal plane. 

23. Palhinhaea cernua (R48,2), low focal plane. 
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24. Pseudolycopodiella serpentina (R43), proximal face. 

25. Pseudolycopodiella serpentina (R43), distal face. 
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Plate 2. 
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PLATE 3 

LYCOPODIACEAE 

1. Phlegmariurus varius (G39), distal face. 

2. Phlegmariurus varius (G39), proximal face. 

3. Phlegmariurus varius (G39), details of the spore wall.  

4. Phlegmariurus macbridei (J33), distal face. 

5. Phlegmariurus macbridei (J33), details of the spore wall. 

6. Phlegmariurus macbridei (J33), proximal face. 

7. Phlegmariurus phylicifolius (Q31), distal face. 

8. Phlegmariurus phylicifolius (Q31), proximal face. 

 

ISOETACEAE: 

9. Isoëtes storkii (X39), high focal plane. 

10. Isoëtes storkii (X39), low focal plane, details of the spore wall. 

11. Isoëtes cubana (U43), low focal plane. 

12. Isoëtes cubana (U43), detail of the spore wall.  

13. Isoëtes cubana (U43), high focal plane. 

 

SELLAGINEACEAE: 

14. Selaginella galeotii (K42,3), low focal plane, details of the spore wall. 

15. Selaginella galeotii (K42,3), high focal plane, proximal face. 

16. Selaginella eublepharis (O30,2), distal face. 

17. Selaginella eublepharis (O30,2), proximal face. 

18. Selaginella grisea (M43), high focal plane. 
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19. Selaginella grisea (M43), details of the spore wall. 

20. Selaginella grisea (M43), low focal plane. 

21. Selaginella mittenii (R37), details of the spore wall. 

22. Selaginella mittenii (R37), low focal plane. 

23. Selaginella mittenii (R37), high focal plane. 

24. Selaginella pubescens (U38,2), high focal plane. 

25. Selaginella pubescens (U38,2), details of the spore wall. 

26. Selaginella pubescens (U38,2), low focal plane. 
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Plate 3. 
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PLATE 4 

PSILOTACEAE 

1. Tmesipteris truncata (D41,2), high focal plane. 

2. Tmesipteris truncata (D41,2), details of the spore wall. 

3. Tmesipteris truncata (D41,2), low focal plane. 

4. Psilotum nudum (S32), high focal plane, proximal face. 

5. Psilotum nudum (S32), details of the spore wall. 

6. Psilotum nudum (N32), equatorial view. 

7. Psilotum nudum (Q33,4), proximal face with perispore. 

8. Psilotum complanatum (T31,4), high focal plane, proximal face. 

9. Psilotum complanatum (T31,4), low focal plane, proximal face. 

10. Tmesipteris parva (T43), high focal plane. 

11. Tmesipteris parva (T43), proximal face and details of the spore wall. 

 

SELAGINELLACEAE 

12. Selaginella repanda (N30,4), high focal plane, proximal face. 

13. Selaginella repanda (N30,4), proximal face and details of the spore wall. 

14. Selaginella radiata (J32,1), distal face. 

15. Selaginella radiata (J32,1), details of the spore wall. 

16. Selaginella radiata (J32,1), proximal face 

17. Selaginella radiata (H31,4), detail of clavate elements.  
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Plate 4. 
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PLATE 5 

EQUISETACEAE 

1. Equisetum giganteum (F32,3), high focal plane, with elaters attached. 

2. Equisetum giganteum (H38), exospore with perispore detached.  

3. Equisetum palustre (M40,4), high focal plane. 

4. Equisetum palustre (M40,4), low focal plane. 

5. Equisetum fluviatile (Q38). 

 

OPHIOGLOSSACEAE 

6. Ophioglossum vulgatum (U32), equatorial view, details of the spore wall. 

7. Ophioglossum vulgatum (U32), equatorial view, details of reticulum ornamentation. 

8. Ophioglossum vulgatum (J33), details of the spore wall.  

9. Ophioglossum vulgatum (J33), proximal face. 

10. Heminthostachys zeylandica (G27), low focal plane. 

11. Heminthostachys zeylandica (G27), high focal plane. 

12. Heminthostachys zeylandica (G27), details of the spore wall. 

13. Heminthostachys zeylandica (K33,1), psilate exospore. 

14. Botrychium lunaria (N268), perispore, distal face.  

15. Botrychium lunaria (O34,4), detail of the spore wall. 

16. Botrychium lunaria (O34,4), proximal face. 

17. Botrychium formosanum (J42,1), detail of bacula elements.  

18. Botrychium formosanum (J42,1), details of the spore wall.  

19. Botrychium formosanum (J42,1), proximal face.  
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MARATTIACEAE 

20. Christensia aesculifolia (D29,3), details of echinae spines.  

21. Christensia aesculifolia (D29,3), equatorial view. 

22. Christensia aesculifolia (F28,2), equatorial view, details of the spore wall.  

23. Angiopteris angustifolia (F36), details of the spore wall. 

24. Angiopteris angustifolia (F36), high focal plane. 

25. Angiopteris angustifolia (F36), low focal plane.  

26. Eupodium kaulfussii (J34,3), equatorial and polar view, high focal plane. 

27. Eupodium kaulfussii (J34,3), equatorial and polar view, details of the spore wall. 

28. Eupodium kaulfussii (J34,3), equatorial and polar view, low focal plane.  
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Plate 5. 
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PLATE 6 

MARATTIACEAE 

1. Ptisana novoguineensis (Q41,3), high focal plane. 

2. Ptisana novoguineensis (Q41,3), details of the spore.  

3. Ptisana novoguineensis (Q41,3), low focal plane.  

4. Ptisana ternatea (V36,1), equatorial view.  

5. Ptisana ternatea (V36,4), details of the spore wall.  

6. Ptisana ternatea (V36,4), polar view.  

7. Danaea moritziana (M33). 

8. Danaea moritziana (M33), details of the spore wall.  

 

OSMUNDACEAE 

9. Osmundastrum cinnamomeum (H38), details of the spore wall.  

10. Osmundastrum cinnamomeum (H38), proximal face.  

11. Claytosmunda claytoniana (M64), high focal plane.  

12. Claytosmunda claytoniana (M64), low focal plane.  

13. Claytosmunda claytoniana (M64), details of the spore wall.  

14. Leptopteris alpina (J37,2), distal face. 

16. Leptopteris alpina (J37,2), details of bacula elements. 

17. Leptopteris alpina (J37,2), details of the spore wall. 

18. Leptopteris alpina (J37,2), proximal face.  

19. Osmunda regalis (Y43), distal face. 

20. Osmunda regalis (D45), proximal face. 

21. Osmunda regalis (D45), proximal face with spore wall detail. 
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Plate 6. 
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PLATE 7 

OSMUNDACEAE 

1. Todea barbara (G32), high focal plane. 

2. Todea barbara (G32), detail of spore wall. 

3. Todea barbara (G32), proximal face. 

4. Plenasium banksiifolium (O42), detail of spore wall. 

5. Plenasium banksiifolium (O42), low focal plane,  

6. Plenasium banksiifolium (O42), low focal plane.  

 

HYMENOPHYLLACEAE 

7. Hymenophyllum tunbrigense (S45,2), equatorial view.  

8. Hymenophyllum tunbrigense (T45), low focal plane. 

9. Hymenophyllum tunbrigense (T45), high focal plane. 

10. Trichomanes trollii (T38), proximal face. 

11. Trichomanes trollii (T38), detail of the spore wall. 

12. Vandenboschia maxima (Q44,4), proximal face. 

13. Vandenboschia maxima (Q44,4), detail of the spore wall.  

14. Crepidomanes aphebioides (T34), high focal plane. 

15. Crepidomanes aphebioides (T34), detail of the spore wall.  

16. Abrodictyum obscurum (T24,1), high focal plane. 

17. Abrodictyum obscurum (T24,1), low focal plane.  
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Plate 7. 
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PLATE 8 

HYMENOPHYLLACEAE 

1. Callistopteris apiifolia (Q30), detail of spore wall. 

2. Callistopteris apiifolia (Q30), proximal face, high focal plane. 

3. Callistopteris apiifolia (Q30), proximal face, low focal plane. 

 

MATONIACEAE 

4. Matonia pectinata (U38), high focal plane. 

5. Matonia pectinata (U38), low focal plane. 

 

DIPTERIDACEAE 

6. Dipteris lobbiana (G66), proximal face. 

7. Dipteris lobbiana (G66), detail of rugulae.  

8. Cheiropleuria bicuspis (P41), detail of spore wall.  

9. Cheiropleuria bicuspis (P41), proximal face. 

10. Diplopterygium laevissima (J46), proximal face. 

11. Diplopterygium laevissima (J46), low focal plane.  

 

GLEICHENIACEAE 

12. Dicranopteris flexuosa (S48), low focal plane.  

13. Dicranopteris flexuosa (S48), detail of the spore wall.  

14. Dicranopteris flexuosa (S48), proximal face.  

15. Gleichenella pectinata (J38,4), proximal face. 

16. Gleichenella pectinata (J38,4), detail of the spore wall. 
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17. Gleichenia dicarpa (F37), detail of the spore wall. 

18. Gleichenia dicarpa (F37), proximal face.  

19. Gleichenia umbaculifera (G44), proximal face. 

20. Gleichenia umbaculifera (G44), detail of the spore wall.  
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Plate 8. 
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PLATE 9 

GLEICHENIACEAE 

1. Stromatopteris moniliformis (N44), proximal face. 

2. Stromatopteris moniliformis (N44), detail of the spore wall. 

3. Stromatopteris moniliformis (F36,4), detail of reticulum.  

4. Sticherus flagellaris (L36,2), high focal plane 

5. Sticherus flagellaris (L36,2), detail of the spore wall.  

6. Sticherus flagelaris (L36,2), ow focal plane, proximal face 

7. Sticherus flagellaris, equatorial view.  

8. Dicranopteris linearis (O37,4), proximal face, details of the spore wall. 

9. Dicranopteris linearis (O37,4), low focal plane. 

10. Gleichenia microphylla (G48), low focal plane.  

11. Gleichenia microphylla (G48), high focal plane. 

12. Gleichenia microphylla (G48), proximal face.  

 

SCHIZAEACEAE 

13. Actinostachys digitata (Q32,3), proximal face.  

14. Actinostachys digitata (Q32,3), detail of the spore wall.  

15. Actinostachys inopinata (L39,3), equatorial view, high focal plane. 

16. Actinostachys inopinata (L39,3), equatorial view, detail striate and punctate ornamentation. 

17. Actinostachys inopinata (L39,3), equatorial view, low focal plane. 

 

 

 

 



Chapter 3 – An Atlas of Extant Spores   C.Walker 2022 
 

136 
   

Plate 9. 
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PLATE 10 

Gleicheniaceae 

1. Schizaea incurvata (R65), detached perispore, equatorial view, high focal plane. 

2. Schizaea incurvata (R65), detached perispore, equatorial view, low focal plane. 

3. Actinostachys pennula (H64), equatorial view, ow focal plane. 

4. Actinostachys pennula (H64), equatorial view, high focal plane. 

5. Actinostachys pennula (H64), proximal face. 

 

LYGODIACEAE 

6. Lygodium circinnatum (F44,1), perispore, proximal face.  

7. Lygodium circinnatum (F44,1), perispore, detail of the spore wall. 

8. Lygodium circinnatum (P46), exospore, proximal face. 
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Plate 10. 
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PLATE 11 

LYGODIACEAE 

1. Lygodium trifurcatum (M63), distal face. 

2. Lygodium trifurcatum (M63), proximal face. 

 

MARSILEACEAE 

3. Marsilea crenata (J37), high focal plane. 

4. Marsilea crenata (J37), low focal plane, detail of the spore wall.  

5. Marsilea drummondii (Q39,2), exospore and detached perispore. 

6. Marsilea drummondii (L37), perispore.  

7. Marsilea macrocarpa (R41,4), low focal plane. 

8. Marsilea macrocarpa (R41,4), high focal plane.  

9. Marsilea macrocarpa (R41,4), proximal face, detail of the spore wall. 
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Plate 11. 
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PLATE 12 

MARSILEACEAE 

1. Marsilea strigosa (F36,3), high focal plane. 

2. Marsilea strigosa (F36,3), detail of the spore wall.  

3. Marsilea strigosa (F36,3), proximal face. 

4. Marsilea quadrifolia (Q37,2), low focal plane. 

5. Marsilea quadrifolia (Q37,2), detail of the spore wall. 

6. Marsilea quadrifolia (Q37,2), high focal plane. 

7. Pilularia globuifera (O36), detail of the spore wall. 

8. Pilularia globuifera (O36), proximal face. 

9. Pilularia globuifera (P48), equatorial view.  

10. Marsilea unicornis (N35,2), exospore and detached perispore. 

11. Marsilea unicornis (N35,2), exospore and detached perispore, details of the spore wall. 

12. Marsilea unicornis (J43), high focal plane. 

13. Marsilea unicornis (J43), proximal face, details of the spore wall. 

14. Regnellidium diphyllum (K32,2), high focal plane.  

15. Regnellidium diphyllum (K32,2), detail of the spore wall.  
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Plate 12. 
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PLATE 13 

LOXSOMATACEAE 

1. Loxsoma cunninghamii (H54), proximal face. 

2. Loxsoma cunninghamii (O52), detail of the spore wall. 

3. Loxsoma cunninghamii (R45), distal face. 

4. Plagiogyria euphlebia (N63,4), low focal plane. 

5. Plagiogyria euphlebia (N63,4), high focal plane. 

6. Plagiogyria glauca (H34), high focal plane. 

7. Plagiogyria glauca (H34), detail of the spore wall. 

8. Plagiogyria glauca (H34), low focal plane.  

 

THYRSOPTERIDACEAE 

9. Thyrsopteris elegans (J69), equatorial view, low focal plane. 

10. Thyrsopteris elegans (J69), equatorial view, high focal plane. 

11. Thyrsopteris elegans (P66), proximal face. 

12. Anemia angolensis (N69), proximal face, high focal plane.  

13. Anemia angolensis (N69), proximal face, low focal plane. 
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Plate 13. 
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PLATE 14 

ANEMIACEAE 

1. Anemia ferruginea (P66), high focal plane. 

2. Anemia ferruginea (P66), low focal plane.  

 

CIBOTIACEAE 

3. Cibotium barometz (Q67,4), distal face.  

4. Cibotium barometz (R65,1), proximal face. 

5. Cibotium cumingii (R62), distal face.  

6. Cibotium cumingii (R62), proximal face. 
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Plate 14. 
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PLATE 15 

DICKSONIACEAE 

1. Lophosoria quadripinnata (S34), distal face.  

2. Lophosoria quadripinnata (S34), details of the spore wall. 

3. Lophosoria quadripinnata (S34), proximal face.  

4. Dicksonia herbertii (P35,2), distal face.  

5. Dicksonia herbertii (P35,2), details of the spore wall.  

6. Dicksonia herbertii (P35,2), proximal face.  

7. Dicksonia antarctica (N63), low focal plane 

8. Dicksonia antarctica (N63), details of the spore wall. 

9. Dicksonia antarctica (N63), high focal plane.  

10. Calochlaena straminea (N42), details of the spore wall. 

11. Calochlaena straminea (N42), proximal face. 

12. Calochlaena straminea (N40), distal face 

 

METAXYACEAE  

13. Metaxya rostrata (N43), details of the spore wall.  

14. Metaxya rostrata (N43), low focal plane.  

15. Metaxya rostrata (N43), high focal plane.  

 

DICKSONIACEAE 

16. Alsophila henryi (K65), perispore, detail of bacula elements. 

17. Alsophila henryi (R66), low focal plane. 

18. Alsophila henryi (R66), detail of the spore wall.  

19. Alsophila henryi (R66), high focal plane. 
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Plate 15. 
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PLATE 16 

CYATHEACEAE 

1. Sphaeropteris aramaganensis (Y43,3), high focal plane. 

2. Sphaeropteris aramaganensis (Y43,3), low focal plane, detail of the spore wall. 

3. Sphaeropteris aeneifolia (S38,4), high focal plane, detail of the spore wall. 

4 Sphaeropteris aeneifolia (S38,4), low focal plane. 

5. Sphaeropteris polypoda (U31,2), perispore, low focal plane. 

6. Sphaeropteris polypoda (U31,2), perispore, high focal plane. 

7. Sphaeropteris polypoda (T28), exospore. 

 

SACCOLOMATACEAE 

8. Saccoloma inaequale (M50), low focal plane. 

9. Saccoloma inaequale (M50), detail of the spore wall. 

10. Saccoloma inaequale (T35),  

 

LINDSAEACEAE 

11. Lindsaeae integra (J50), low focal plane. 

12. Lindsaeae integra (J50), high focal plane.  

13. Lindsaeae integra (J50), detail of the spore wall.  

14. Odontosoria fumarioides (J43), detail of the spore wall. 

15. Odontosoria fumarioides (J43), proximal face. 

16. Lindsaea malayensis (L34,2), low focal plane. 

17. Lindsaea malayensis (L34,2), detail of the spore wall.  

18. Lindsaea malayensis (L34,2), high focal plane.  
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PTERIDACEAE 

19. Coniogramme africana (Q63), high focal plane. 

20. Coniogramme africana (Q63), low focal plane  

21. Acrostichum speciosum (O44,3), exospore, detail of the spore wall.  

22. Acrostichum speciosum (O44,3), exospore, proximal face.  

23. Acrostichum speciosum (O44,3), perispore, distal face.  
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Plate 16. 
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PLATE 17 

PTERIDACEAE 

1. Myriopteris myriophylla (P43), perispore, proximal face. 

2. Myriopteris myriophylla (P43,4), exospore, with partial perispore, proximal face. 

3. Myriopteris myriophylla (P43,4), exospore, with partial perispore, detail of the spore wall. 

4. Adiantum pedatum (J67), low focal plane. 

5. Adiantum pedatum (J67), high focal plane. 

6. Adiantum pedatum (O59), exospore, proximal face.  

7. Adiantopsis chlorophylla (S43), detail of the spore wall. 

8. Adiantopsis chlorophylla (S43), low focal plane. 

9. Adiantopsis chlorophylla (S43), proximal face. 

 

DENNSTAEDITACEAE 

10. Monachosorum henryi (L41), proximal face.  

11. Monachosorum henryi (L41), distal face. 

12. Monachosorum henryi (L41), detail of the spore wall.  

13. Blotiella lindeniana (Q63), high focal plane. 

14. Blotiella lindeniana (Q63), low focal plane.   

15. Histiopteris incisa (T38), equatorial view, detail of the spore wall. 

16. Histiopteris incisa (T38), equatorial view. 

17. Dennstaedtia distenta (G37), proximal face.  

18. Dennstaedtia distenta (G37), detail of the spore wall. 
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CYSTOPTERIDACEAE 

19. Cystopteris fragilis (R42), detail of the spore wall. 

20. Cystopteris fragilis (R42), proximal face.  

21. Acystopteris tenuisecta (L35), equatorial view, detail of the spore wall. 

22. Acystopteris tenuisecta (L35), equatorial view.  

23. Gymnocarpium robertianum (R43), perispore, detail of the spore wall. 

24. Gymnocarpium robertianum (R43), perispore.  

25. Gymnocarpium robertianum (L40), exospore. 
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Plate 17. 
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PLATE 18 

ASPLENIACEAE 

1. Asplenium scolopendropsis (L70), high focal plane. 

2. Asplenium scolopendropsis (L70), low focal plane.  

3. Asplenium formosum (G41), low focal plane.  

4. Asplenium formosum (G41), high focal plane  

 

DIPLAZIOPSIDACEAE 

5. Diplaziopsis javanica (M67), perispore, low focal plane. 

6. Diplaziopsis javanica (M67), perispore, high focal plane. 

7. Diplaziopsis javanica (R65), exospore.  

 

HEMIDICTYACEAE 

8. Hemidictyum marginatum (K38), perispore, high focal plane.  

9. Hemidictyum marginatum (K38), perispore, low focal plane.  

10. Hemidictyum marginatum (M38), exospore, detail of the spore wall. 

11. Hemidictyum marginatum (M38), exospore, proximal face.  

 

BLECHNACEAE 

12. Telmatoblechnum serrulatum (X38), equatorial view, detail of the spore wall. 

13. Telmatoblechnum serrulatum (X38), equatorial view. 

14. Telmatoblechnum serrulatum (X38), exospore, proximal face. 

15. Sadleria pallida (M43), equatorial view, high focal plane. 

16. Sadleria pallida (M43), equatorial view, low focal plane.  
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17. Sadleria pallida (N37), equatorial view, exospore. 

18. Anchistea virginica (S66), proximal face. 

19. Anchistea virginica (S66), detail of the spore wall.  
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Plate 18. 
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PLATE 19 

ONOCLEACEAE 

1. Matteuccia struthiopteris (Z38,1), perispore, high focal plane. 

2. Matteuccia struthiopteris (Z38,1), perispore, detail of the spore wall.  

3. Matteuccia struthiopteris (Z38,1), perispore, low focal plane.  

4. Matteuccia struthiopteris (J42,4), exospore, proximal face.  

5. Onoclea orientalis (N62), proximal face.  

6. Onoclea orientalis (N62), detail of the spore wall. 

7. Onoclea sensibilis (J62), perispore with partial exospore, high focal plane. 

8. Onoclea sensibilis (J62), perispore with partial exospore, low focal plane. 

9. Onoclea sensibilis (J62), perispore with partial exospore, detail of the spore wall.  

 

ATHYRIACEAE 

10. Athyrium filix-femina (Q34,4), low focal plane.  

11. Athyrium filix-femina (Q34,4), detail of the spore wall. 

12. Athyrium filix-femina (Q34,4), high focal plane. 

13. Athyrium delavayi (N30), perispore. 

14. Athyrium delavayi (N30), perispore, detail of the spore wall. 

15. Athyrium delavayi (N30), exospore, proximal face. 

16. Diplazium australe (O34,3), high focal plane.  

17. Diplazium australe (O34,3), low focal plane.  
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Plate 19. 
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PLATE 20 

ATHYRIACEAE 

1. Athyrium appendiculiferum (U38), low focal plane.  

2. Athyrium appendiculiferum (U38), detail of the spore wall.  

3. Athyrium appendiculiferum (U38), high focal plane. 

 

THELYPTERIDACEAE 

4. Macrothelypteris polypodioides (Q44,2), high focal plane. 

5. Macrothelypteris polypodioides (Q44,2), detail of the spore wall.  

6. Macrothelypteris polypodioides (Q44,2), low focal plane.  

7. Oreopteris limbosperma (H36), equatorial view, low focal plane.  

8. Oreopteris limbosperma (H36), equatorial view, detail of the spore wall.  

9. Oreopteris limbosperma (H36), equatorial view, high focal plane. 

10. Cyclosorus interruptus (S61), high focal plane.  

11. Cyclosorus interruptus (S61), low focal plane. 

 

DIDYMOCHLAENACEAE 

12. Didymochlaena truncatula (J27), perispore. 

13. Didymochlaena truncatula (J27), perispore, detail of the spore wall.  

14. Didymochlaena truncatula (N34), exospore.  

 

HYPODEMATIACEAE 

15. Hypodematium crenatum (T38), low focal plane, with perispore. 

16. Hypodematium crenatum (T38), high focal plane, with perispore. 
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17. Hypodematium crenatum (M37), exospore.  

18. Leucostegia immersa (Q44), equatorial view. 

19. Leucostegia immersa (Q44), equatorial view, detail of the spore wall. 

 

DRYOPTERIDACEAE 

20. Rumohra adiantiformis (V36,1), exospore, equatorial view, detail of the spore wall. 

21. Rumohra adiantiformis (V36,1), exospore, equatorial view. 

22. Rumohra adiantiformis (K42), with perispore. 

23. Bolbitis appendiculata (N66), high focal plane. 

24. Bolbitis appendiculata (N66), low focal plane. 

25. Polybotrya goyazensis (P49), equatorial view, exospore, high focal plane.  

26. Polybotrya goyazensis (P49), equatorial view, exospore, low focal plane.  

27. Polybotrya goyazensis (J50), perispore, high focal plane. 

28. Polybotrya goyazensis (J50), perispore, low focal plane.  
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Plate 20. 
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PLATE 21 

DRYOPTERIDACEAE 

1. Mickelia guianensis (D51), perispore, high focal plane 

2. Mickelia guianensis (D51), perispore, low focal plane.  

3. Mickelia guianensis (G51), exospore, high focal plane.  

4. Mickelia guianensis (G51), exospore, low focal plane. 

 

NEPHROLEPIDACEAE 

5. Nephrolepis undulata (U35), perispore, low focal plane.  

6. Nephrolepis undulata (U35), perispore, detail of the spore wall. 

7. Nephrolepis undulata (U35), perispore, high focal plane.  

8. Nephrolepis undulata (K31,1), exospore, equatorial view, detail of the spore wall. 

9. Nephrolepis undulata (K31,1), exospore, equatorial view.  

10. Nephrolepis cordifolia var. pumicicola (Q32), distal face. 

11. Nephrolepis cordifolia var. pumicicola (Q32), detail of the spore wall.  

12. Nephrolepis cordifolia var. pumicicola (Q32), equatorial view.  

13. Nephrolepis cordifolia var. pumicicola (Q32), equatorial view, detail of the spore wall.  

 

LOMARIOPSIDACEAE 

14. Lomariopsis guineensis (R38), with perispore, detail of the spore wall. 

15. Lomariopsis guineensis (R38), with perispore. 

16. Lomariopsis guineensis (C56), exospore, proximal face. 

17. Dracoglossum plantagineum (R70), low focal plane.  

18. Dracoglossum plantagineum (R70), high focal plane. 
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DAVALLIACEAE 

19. Davallia solida (C64), equatorial view. 

20. Davallia solida (G69), proximal face.  

21. Davallia hymenophylloides (G71), equatorial view, low focal plane. 

22. Davallia hymenophylloides (G71), equatorial view, high focal plane. 

23. Davallia hymenophylloides (K69), proximal face. 
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Plate 21. 
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PLATE 22 

POLYPODIACEAE 

1. Lepisorus mucronatus (R75,1), proximal face.  

2. Lepisorus mucronatus (R75,1), distal face.  

3. Lepisorus mucronatus (P57,2), equatorial view.  

4. Agalomorpha laurentii (O64), equatorial view, high focal plane. 

5. Agalomorpha laurentii (O64), equatorial view, low focal plane. 

6. Agalomorpha laurentii (M65), proximal face.  

7. Microsorum scolopendria (C52,4), equatorial view. 

8. Microsorum scolopendria (Q40), high focal plane.  

9. Microsorum scolopendria (Q40), low focal plane.  

10. Grammitis havilandii (R32,2), low focal plane.  

11. Grammitis havilandii (R32,2), detail of the spore wall. 

12. Grammitis havilandii (R32,2), proximal face.  

13. Scleroglossum minus (K60), detail of the spore wall.   

14. Scleroglossum minus (K60), proximal face. 

15. Dictymia brownii (P39,4), exospore, detail of the spore wall. 

16. Dictymia brownii (P39,4), exospore, proximal face.  

17. Dictymia brownii (H42), perispore, low focal plane. 

18. Dictymia brownii (H42), perispore, high focal plane.  

19. Pecluma chnoophora (L39,4), equatorial view, detail of the spore wall. 

20. Pecluma chnoophora (M36,2), proximal face.  

21. Pecluma chnoophora (L39,4), equatorial view.  

22. Pecluma chnoophora (M36,2), detail of the spore wall.  
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Plate 22. 
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3.4. Discussion  

The atlas provides detailed descriptions of 156 species of fern and lycophyte spores with 424 light 

microscopy (LM) images in polar and equatorial view when possible. There is currently a dearth of 

atlases containing morphological descriptions that focus solely on the spores of ferns or 

lycophytes. The purpose of this atlas is to contribute to the existing literature and to fill in this 

gap.  This atlas displays a variety of morphology that is present in extant fern and lycophytes. 

Spore sizes range from 26 µm - 119 µm; however, most spores within this study are between 30 

µm – 50 µm. All spores from Lycopodiopsida have a trilete aperture, with the exception of 

Isoëtaceaes, which are monolete. Sixty-five spores from Polypodiopsida are trilete, fifty are 

monolete, and ten are described here as alete, meaning no laesurae mark is evident.  There is a 

slight trend towards an increase in monolete apertures in more derived groups, with the majority 

of Polypodiales spores being monolete. 

Thirty types of ornamentation are described (including micro and macro types) within the spores 

included in this study (see Section 4.2.2).  Some familial groups appear to be morphologically 

conservative, e.g. Osmundaceae (Plate 6, figs 9-21; Plate 7, figs 1-6), Hymenophyllaceae (Plate 7, 

figs 7-17; Plate 8, figs 1-3), Marsileaceae (Plate 11, figs 3-9; Plate 12, figs 1-15), Onocleaceae (Plate 

19, figs 1-9) and Davalliaceae (Plate 21, figs 19-23), whereas others show far more morphological 

diversity, e.g. Dipteridaceae (Plate 8, figs 6-11), Gleicheniaceae (Plate 8, figs 12-20; Plate 9, figs 1-

12) Schizaeaceae (Plate 10, figs 1-8), Dicksoniaceae, (Plate 15, figs 1-12), Polypodiaceae (Plate 22, 

figs 1-22).   

 

3.4.1. Application of the atlas 

The images and descriptions provided here serve as a comprehensive reference for the consistent 

morphologically and taxonomically identification of fossil fern and lycophyte spores. As the 

material for this study was sourced from the Royal Botanic Gardens, Kew herbarium, it has been 

collected from a variety of global habitats and from plants with a range of ecologies (see appendix 

A, B) and is therefore applicable to spores from wide-ranging ecologies and habitats.  

Although they are taxonomically distinct from Polypodiopsida (ferns) (Raubeson and Jansen, 

1992; Pryer et al. 2001), Lycopodiopsida has been included in this study as, (1) they are the only 

other extant spore-producing vascular plants and (2), there is uncertainty in the fossil record 

concerning the taxonomic affinity of some spore taxa (Kenrick et al., 2011; Mander and 

Punyasena, 2014). This is because the fragmented nature of the plant fossil record means that 

fossil spores are rarely found in situ with their parent plant, and the shared life cycle of the two 
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clades has resulted in similarities in the overall morphology of their spores. To provide further 

pertinence to the application of the atlas to the fossil record, it is beneficial that the lycophytes 

are included to provide a comprehensive overview of spore morphology in order to distinguish 

between the two clades.  

 

3.4.2. Limitation of the atlas  

3.4.2.1. Taxonomic resolution under light microscopy 

Under LM, spores and pollen from many living plants can usually be determined with certainty to 

genus level and rarely to the species level due to their heteromorphic nature (Lindström et al., 

1997; Traverse, 2007). In some cases, the taxonomic resolution of palynological material can only 

be affirmed at the family level under LM (e.g. Chenopodiaceae, Poaceae and Cyperaceae, 

Traverse 2007; (Mander et al., 2013).  Because of the low resolution in LM, important but subtle 

differences in morphology cannot be observed (see Section 2.3.3), and therefore sometimes taxa 

from lower taxonomic levels cannot be distinguished from one another. This poor taxonomic 

resolution can hinder the identification of material from the fossil record, which can have 

implications for palaeoecology reconstructions and biostratigraphy.  

3.4.2.2. Morphological resolution under light microscopy  

Descriptions of some spores presented here differ slightly from descriptions provided from 

scanning electron microscopy (SEM) imaged spores from Tyron and Lugardon (1991). For 

example, Helminthostachys zeylanica (Plate 5, figs 10-13) is described here as having reticulate-

heterobrochate ornamentation. However, under SEM Tryon and Lugardon (1991) have described 

the spore as having bacula that are fused into a reticulum (Fig.3.2. a & b). It is reasonable to 

assume that under LM, individual baculae from this taxon are too small to be observed in the 

spores described here, and only the reticulum produced by the fused baculae is observable 

(Fig.3.2.c). Ornamentation also slightly differs in Adiantum pedatum (Plate 17, figs 4-6), where it is 

described as rugulate in Tyron and Lugardon (1991; Fig.3.2. d). However, under LM, the perispore 

appears reticulate (Fig.3.2. e). 
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Figure 3.2: (a & b) SEM images of Helminthostachys zeylanica from Tyron and Lugardon (1991). a) 
showing reticulate ornamentation, b) finer surface detail of spore showing bacula which are fused 
forming the reticulate surface, c) LM image of Helminthostachys zeylanica taken in this study showing 
reticulate-heterobrochate ornamentation. Resolution is too poor under LM to distinguish bacula which 
form the reticulum. d) SEM image of Adiantum pedatum from Tyron and Lugardon (1991) showing a 
rugulate surface, e) LM image of Adiantum pedatum taken in this study showing a reticulate 
ornamentation 

 

The observed differences in morphology under LM and SEM highlighted here demonstrate the 

importance of using the same techniques when comparing morphology, particularly when 

comparing subtle differences. However, providing that these limitations are understood, LM and 

SEM used in conjunction can be useful when cross-referencing gross morphology, e.g., spore 

shape, size, or large, clear features. To obtain greater resolution, scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) can be used to distinguish between nuances in 

morphology. However, these techniques are less accessible as they are more costly and time-

consuming and are therefore rarely used in routine palynological research compared to LM. 

There are 35 taxa from this atlas that do not have a perispore which are reported to have one 

under SEM and TEM in Tyron and Lugardon (1991) (Table 3.1). Most are described as thin and 

conforming to the contours of the exospore and are therefore only visible under TEM where 

ultrathin sections allow the ultrastructure characteristics to be visualised (Van Uffelen 1991; Jai, Li 

and Yang, 2017).  
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Table 3.1: Taxa included in the atlas where the perispore is either missing or cannot be determined under 
light microscopy. 

List of spores where the perispore is missing or not visible under light 
microscopy 

Danaea moritziana Histiopteris incisa 

Ptisana ternatea Dennstaedtia distenta 

Eupodium kaulfussii Didymochlaena truncatula 

Claytosmunda claytoniana Leucostegia immersa 

Leptopteris alpine Nephrolepis cordifolia var. pumicicola 

Hymenophyllum tunbrigense Davallia solida 

Dicranopteris linearis Davallia hymenophylloides 

Plagiogyria euphlebia Lepisorus mucronatus 

Anemia angolensis Grammitis havilandii 

Anemia ferruginea Pecluma chnoophora 

Cibotium barometz Austrolycopodium magellanicum 

Cibotium cumingii Diphasium jussiaei 

Lophosoria quadripinnata Dendrolycopodium obscurum 

Metaxya rostrata Pseudodiphasium volubile 

Sphaeropteris aramaganensis Diphasiastrum sitchense 

Sphaeropteris aeneifolia Diphasiastrum thyoides 

Lindsaea malayensis Palhinhaea cernua 

Blotiella lindeniana 

 

Under LM, when perispores are thin and conform to the exospore, it can be challenging to 

differentiate between the perispore and exospore unless; 1) the perispore is broken, 

distinguishing it from the exospore (Fig.3.3. a & b), or, 2) it is entirely missing from a spore where 

it is present in other spores in the same sample (Fig.3.3. c & d).  
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Conversely, there are 24 taxa in this atlas where the exospore is obscured by perispore (Table 

 3.2). For such taxa, it is challenging under LM to determine whether the contours of the 

exospore govern the shape of the perispore or whether or whether the two differ entirely. 

 
 
 
 
 
 

Figure 3.3: Examples of spores where the perispore and exospore can be differentiated by 
broken or detached perispores (a & b), or by comparison of spores within the same sample 
where the perisore has remained intact and those where it has been entirely destroyed (c 
& d). a) spore of Matteuccia struthiopteris with partially attached rugulate and 
microechinate perispore revealing psilate exospore below, b) Equisetum giganteum with a 
compete detached perispore, c & d) Sphaeropteris polypoda, c) with intact verrucate 
perispore, d) perispore is missing revealing a psilate exospore 
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Table 3.2: Taxa included in the atlas where a perispore obscures the exospore 

List of spores where the exospore is obscured by the perispore under light 
microscopy 

Psilotum complanatum Monachosorum henryi 

Tmesipteris parva Cystopteris fragilis 

Botrychium formosanum Acystopteris tenuisecta 

Matonia pectinata Athyrium filix–femina 

Dipteris lobbiana Macrothelypteris polypodioides 

Actinostachys digitate Oreopteris limbosperma 

Actinostachys inopinata Dracoglossum plantagineum 

Loxsoma cunninghamii Selaginella galeottii 

Plagiogyria glauca Selaginella eublepharis 

Dicksonia herbertii Selaginella grisea 

Alsophila henryi Selaginella mittenii 

Lindsaea integra Selaginella radiata 

  

 
An additional limitation to the use of LM in palynology is the possibility that aspects of 

morphology can be obscured depending on spore orientation. In this atlas, spores have been 

described from polar view, but images and descriptions have been included where necessary, of 

morphology from the equatorial view, e.g., Austrolycopodium magellanicum (Plate 1, fig. 4). There 

are also instances where the laesurae cannot be observed due to the orientation of the spore, e.g. 

Histiopteris incisa (Plate 17, figs. 15-16), Acystopteris tenuisecta (Plate 17, figs. 21-22), Bolbitis 

appendiculata (Plate 20, figs. 23-24), Rumohra adiantiformis (Plate 20, figs. 20-22), or because it is 

obscured by features of the perispore such as the microechinate folds in Diplaziopsis javanica 

(Plate 18, figs. 5-7), large galeate spines in Asplenium scolopendropsis (Plate 18, figs. 1-2) and 

dense baculae in Marsilea drummondii (Plate 11, figs. 5-6). 

The limitations presented by the use of LM stated above can hinder the identification of living and 

fossil material if there is an inability to distinguish between the exospore and perispore, i.e., if the 

perispore is missing or cannot be determined under LM, or if the exospore cannot be described 

because the perispore obscures it. It is advantageous to have images and descriptions of spores 

with and without a perispore (where applicable) so that both the exospore and perispore can be 

distinguished. Therefore, spores that have perispores attached or detached can be 

morphologically compared. Where possible, images of spores that have both the perispore 

attached and detached have been included in this atlas for this reason. 
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3.4.2.3. Damage and alteration to spores by acetolysis  

3.4.2.3.1 Perispore 

Some diagnostic features are lost or damaged during acetolysis (Devi 1980; Jones 2014). The most 

significant damage caused by acetolysis in this study was to the perispore, the outer layer situated 

around the exospore of some spores, and previous research has also indicated that acetolysis 

selectively degrades the perispore (Large and Braggins, 1990). There are some examples in this 

study where the perispore has been damaged but is still present to varying degrees (Fig. 3.4).  

 

 
Figure 3.4: Spores of Matteuccia struthiopteris (a-b) and Heminthostachys zeylandica (c-d) showing 
varying degrees of perispore damage. a) perispore is intact, b) perispore is partially damaged, c) 
perispore is absent, d) intact perispore. 

 
 

There are 35 taxa in this atlas where the perispore is absent, in which it is reported present in 

Tryon and Lugardon (1991) (Table 3.1). As discussed in the previous section, perispores can be 

inconspicuous if they are thin and conform to the contours of the exospore. In such cases, they 

are typically visible under TEM (Van Ufflen, 1991). Furthermore, there are also instances where 
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the perispore has been completely destroyed in all spores, leaving no evidence of a perispore 

within that taxon. This can significantly hinder identifications as direct morphological comparisons 

cannot be made, particularly when a perispore and exospore have vastly different ornamentation 

(Fig.3.4). For example, Heminthostachys zeylandica (Fig.3.4. c & d) has a psilate exospore and a 

reticulate perispore. The morphologies of the perispore and exospore in this taxon are not 

comparable. However, as this spore has been described and imaged both with and without a 

perispore in this atlas, a spore from this species could be identified whether it is intact or 

damaged during extraction (e.g., acetolysis), or through fossilization processes. However, there 

are taxa within this atlas that do not have evidence for a perispore but are reported to in Tyron 

and Lugardon (1991) (Table 3.2), e.g., Blotiella lindeniana and Plagiogyria euphlebia (Fig. 3.5. a & 

c). Therefore, only a description of the exospore is provided here. Spores from these species show 

distinctly different ornamentations on the perispore and exospore. Consequently, a spore with an 

intact perispore would not be analogous to one of the same species where the perispore has been 

destroyed. Blotiella lindeniana has been described here as having an exospore with a faint striate 

pattern (Fig.3.5. b), and according to Tryon and Lugardon (1991), a perispore with coarse 

tubercles (Fig.3.5. a). Plagiogyria euphlebia has been described here as having a psilate exospore 

(Fig.3.5. d), and according to Tryon and Lugadron (1991), a densely echinate perispore (Fig.3.5. c).  
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Figure 3.5: Examples of spores with distinctly different exospore and perispore morphologies. (a and b) 
Plagiogyria euphlebia, a) SEM image from Tyron and Lugardon (1991) of perispore with coarse 
tubercles, b) LM image from this study showing the exospore with a faint striate ornamentation (c and 
d) Blotiella lindeniana c) SEM image from Tyron and Lugardon (1991) showing coarse echinate 
perispore, d) LM image from this study showing a psilate exospore. 

 

3.4.2.3.2 Ornamentation  

In this study, spores with ornamentation that protrudes from the spore surface were more prone 

to acetolysis damage, notably the cicatricose ornamentation in Cibotium barometz and Cibotium 

cumingii (Plate 14, figs. 3-6), and also the lack of a kyrtome which is present in Tryon and 

Lugardon (1991), but not observed here (Fig. 3.6).  
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Figure 3.6: Spores of (a & b) Cibotium cumingii and (c & d) Cibotium barometz. a) SEM images from 
Tyron and Lugardon (1991) showing distal face with thick cicatricose marks and proximal face with a 
kyrtome, b) LM image from this study, c) SEM image from Tyron and Lugardon (1991) showing distal 
face with thick cicatricose marks and proximal face with a kyrtome, d) LM image from this study. 

 
Elaters are a key feature of Equisetaceae spores but are absent from Equisetum fluviatile and 

Equisetum palustre (Plate 5, figs 3-5). However, they have remained on Equisetum giganteum 

(Plate 5, figs 1-2) (Fig.3.7.) 

 

Figure 3.7: Spores from Equisetaceae showing varying degrees of damage and loss of elaters due to 
acetolysis. a) Equisetum gigantium with intact granulate elaters coiled around the spore. Spores from b) 
Equisetum fluviatile and c) Equisetum palustre do not have elaters preserved. 
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Echinate spines such as those observed in Lomariopsis guineensis (Plate 21, figs. 15-16) were 

preserved to varying degrees on individual spores, with some entirely lost (Fig.3.8).  

 
Figure 3.8: Varying degrees of acetolysis damaged to spores from Lomariopsis guineensis. a) echinate 
spines are mostly present, b) only one echinate spine is present, c) echinate perispore is absent. 

 

3.4.2.3.3 Size 

Spores from Callistopteris apiifolia, Matonia pectinata and Loxsoma cunninghamii are ~10 µm 

larger than spores of the same genus in Tryon and Lugadon (1991), and spores from Onoclea 

orientalis are ~50 µm larger. There are several reasons as to why differences in spore sizes may 

occur. Firstly, differences in sizes may result from differences in spore development. The spores 

used from this study and Tyron and Lugardon (1991) were mature, collected from un-dehisced 

sporangia. However, it is possible that spores were at different stages of development. 

Secondly, the overall size of individual spores may have been affected by acetolysis and the use of 

glycerine jelly for mounting (Reitsma 1969; Sluyter, 1997; Meltsov et al., 2008) (see Section 2.4.1 

for greater detail). Both techniques were employed for the atlas, so they may account for the 

larger sizes reported here. Thirdly, measurements and descriptions in this atlas are based on one 

representative spore from a sample. Although efforts were made to ensure that the spore 

described reflected the morphology of all spores from the same sporangium, it is possible that the 

spore measured here is not representative. Finally, the differences in size may reflect real 

variability in spore size. 

 Damage and alterations to extant spores caused by extraction and mounting methods can have 

considerable implications when such material is used as a comparative reference for the fossil 

record. The applicability of atlases illustrating extant spores to the fossil record is varied and 

dependent upon how well extant material is preserved after undergoing procedures such as 

acetolysis. There are varying degrees of acetolysis damage to some of the spores in this study, 

most notably, the alteration and loss of the perispore (Table 3.1). Preliminary experiments were 

carried out in order to better understand the degree to which acetolysis affects perispore 
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preservation across different spore taxa. Spores were acetolysised across a range of times so that 

an ideal timeframe for acetolysis could be identified to ensure minimal damage to the perispore. 

However, because of restricted laboratory availability due to Covid-19, it was not possible to 

continue with these experiments, and no meaningful results could be reported here.  

It is necessary to consider the potential alterations to morphology caused by such methods when 

using modern reference material and consider that significant features may be lost or altered in 

fossil material due to fossilization processes. Additionally, changes to morphology due to 

fossilisation processes should be taken into consideration. The spore atlas provided here goes 

some way to interpret the morphology of fossilised spores; however, many significant features 

are lost or distorted, most significantly the perispore, which can be an important feature in 

facilitating identification. There have been relatively fewer studies and taphonomic experiments 

designed specifically with plants in mind (e.g., Briggs, 1999; Spicer 1991; Brock, Parkes and Briggs, 

2006; Locatelli, 2014; Locatelli, McMahon and Bilger, 2017) the vast majority focus on animal 

groups (e.g., Briggs and Kear, 1993; Sansom, Gabbott and Purnell, 2010, 2013; Sansom, 2014). Far 

more work is needed to fill in this knowledge gap to understand the patterns of fossilisation and 

taphonomy in plants in order to better understand their morphology. 

 

3.5. Conclusions  

This atlas consists of morphological descriptions with 424 light microscopy images, illustrating 156 

species of spores from Polypodiopsida and Lycopodiopsida. Images show morphological features 

of proximal and distal faces from polar view, with equatorial views when possible.  

The atlas will facilitate the identification of extant spores and can also be applied to the fossil 

record, where morphological comparisons can be made to infer taxonomic identification.  

However, there are several caveats that should be taken into consideration when using the atlas; 

1) because of the relatively low resolution of light microscopy, subtle but important differences in 

morphology cannot be observed, which can subsequently result in poor taxonomic resolution; 2) 

extraction and mounting techniques can result in the loss and alteration of diagnostic 

morphological features, most notably the perispore; 3) mature and immature spores differ 

morphologically. Therefore, the developmental stage of a spore must be considered; 4) fossil and 

extant spores from the same taxon may not be morphologically comparable, and changes to 

morphology due to fossilization should be taken into consideration. Despite these caveats, light 

microscopy is an effective and accessible technique that is routinely used by palynologists. 
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Compared to other plant groups, notably the angiosperms which are well represented in the 

literature, atlases detailing the morphology of fern and lycophyte spores are considerably 

underrepresented. The reliable identification of fossil fern and lycophyte spores is essential in 

understanding the origin and evolution of their ancient lineage. This will underpin our ability to 

reconstruct past biodiversity changes and provide us with further insights regarding evolutionary 

processes in land plants. This work presents a contribution towards the existing literature to 

taxonomically broaden the number of available and accessible atlases that illustrate the 

morphological diversity of fern and lycophyte spores. 
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4. The Functional Significance of Spore Morphology 

4.1. Introduction  

The morphology of pollen and spores is extremely diverse, and this is illustrated by the range of 

morphologies present in the sample of spores investigated in Chapter Three (e.g., section 3.1 – 

3.3.2, Plates 1-22). However, it is currently unclear whether either this diversity reflects an 

adaptation to optimise the morphology of spores for specific functions (e.g. Punt 1986), or 

evolutionary descent and the retention of ancestral features (e.g. Mander et al., 2020), or a 

middle ground in which spores can be thought of as "structures which work with varying 

efficiency in a specific ecological and evolutionary context" (Crane 1986, p. 184, see also Chaloner 

2013). The overall goal of this chapter is to investigate the degree to which the morphology of the 

spores examined in Chapter Three can be related to the ecology and the phylogeny of their parent 

plants.  

 

4.1.1. Current explanations for the diversity of pollen and spore morphology  

The relationship between pollen and spore morphology and plant phylogeny indicates that for 

certain groups, pollen and spore morphology can be highly diagnostic. For example, among 

grasses, a key morphological character that separates the Poales is the micron-scale channels in 

the pollen exine (Linder & Ferguson, 1985), and similarly, the morphology of spores is a key 

character used to distinguish different hornwort taxa (Duff et al., 2007). However, convergent 

evolution in plants is high (Hemsley, Lewis and Griffiths, 2004; Christenhusz and Chase, 2014; 

Contreras et al., 2017; Kriebel, Khabbazian and Sytsma, 2017), and it is the case that in some 

groups, the morphology of pollen and spores is largely invariant among a large number of genera, 

such as the figs (Moraceae) which all produce oval diporate pollen grains (e.g. Mander 2016).  

The link between pollen and spore morphology and ecology has been explored in considerable 

detail, and much work has focussed on the potential for certain morphologies to facilitate a 

variety of dispersal and pollination methods. For example, it is generally considered that the 

smooth ornamentation (e.g., psilate in Table 4.1) observed in gymnosperm and anemophilous 

angiosperm (flowering plants) pollen is suited for anemophily (wind-pollination) as any surface 

sculpture would serve no functional role and likely cause more friction than a smooth surface 

(Wodehouse 1935; Salgado-Labouriau, Nilsson and Rinaldi, 1993; Chaloner, 2013). However, 

psilate Araceae pollen grains are pollinated by beetles (Grayum, 1986), and psilate pollen from 

Viola is also insect-pollinated (Beattie, 1971), indicating that smooth ornamentation does not 
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always equate to anemophily. Surface sculpture has also been shown to enable long-distance 

dispersal and promote buoyancy in saccate pollen grains, increasing surface area with minimal 

addition of mass (Tomlinson, 1994; Salter, Murray and Braggins, 2002; Schwendemann et al., 

2007). Tryon (1985) found that there may be evidence that some myrmecophytic ferns outer 

spore walls differentiate in response to forces external to the plants, suggesting an ecological 

adaptation to specific environmental conditions. In pollen grains, there is also evidence to suggest 

a link between surface ornamentation and the type of pollination mechanism (Ferguson and 

Skvarla, 1982; Ferguson, 1985; Tanaka, Uehara and Murata, 2004; Banks and Rudall, 2016). In 

particular, pollen grains that are biotically pollinated are more morphologically diverse than those 

pollinated abiotically (Mander et al., 2020). Exine sculpture is also thought to have a role in static 

electrical charge in transferring pollen from pollinator vector to stigma (Corbet et al., 1982; 

Chaloner, 1986; Bowker and Crenshaw, 2007a, 2007b). Furthermore, Kramer (1977) hypothesised 

that surface sculpture of the perispore could be a significant contributor to what he termed 

‘synaptospory’. This is the dispersal of a group of adhered spores; in heterosporous taxa, this 

enables microspores to adhere to megaspores, allowing them to be in close enough proximity to 

allow for successful fertilisation, e.g., bifurcated echinate spines of some Selaginella microspores 

enable it to cling to the megaspore (Tryon, 1986). Coherence of some spores enhances the chance 

of cross-fertilisation and therefore maintaining genetic variability (Lloyd, 1974) as spores from one 

sporangium will not all be genetically identical unless the mother plant is 100% homozygous. 

Wang, Zhang and Liu (2018) found that surface ornamentation on heterosporous Selaginella 

megaspores are complementary to corresponding microspores, allowing them to adhere to one 

another, supporting Kramer’s synaptospory hypothesis.   

Spores may be exposed to a range of aerial extremes during airborne dispersal, such as extreme 

dryness, cold temperatures, and irradiation, and specific morphological features may enable 

spores to survive in such extremes. Page (2002) suggests that spores may have resistance to these 

conditions, enabling them to travel far, which may account for high proportions of pteridophytes 

(ferns and lycophytes) in the floras of oceanic islands (Tryon, 1970; Smith, 1972; Kreft et al., 2010; 

De Groot et al., 2012; Hennequin et al., 2014; Meza Torres et al., 2015). Intricate sculpturing of 

walls in some pollen can also prevent the surface from mirror buckling during harmomegathy 

(Katifori et al., 2010), a process where pollen walls fold inwards to prevent desiccation during 

dispersal in dry environments. Other structures also serve to minimise desiccation, such as 

opercula covering apertures and reduced aperture size in Caesalpinioideae (legumes) (Banks and 

Rudall, 2016). 
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Although there has been much research concerning the possible function surface ornamentation 

plays in dispersal and pollination, relative to pollen, little has been inferred about the role surface 

ornamentation has in facilitating long-distance dispersal in pteridophyte spores. Considering that 

wind-dispersal is the primary mechanism used in pteridophytes (Tryon, 1970; Smith, 1972), it is 

possible, if not likely, that their high diversity in ornamentation may have specific characteristics 

that play a role in airborne dispersal. Spores from the fern Lophosoria quadripinnata have a distal 

air cavity, and Gómez-Noguez et al., (2016) suggest that this may serve as air-filled space 

comparable to the sacci of Pinus pollen to enable long-distance dispersal.  One of Chaloner’s 

(2013) ‘palynological puzzles’ is the reoccurring similarity in ornamentation between angiosperm 

pollen and pteridophyte spores. Given that the functional biology between these two plant 

groups is so fundamentally different, the destination and means of getting there differ entirely 

(see Section 1.5), the similarity of architecture between the two confounds our understanding of 

the role that surface ornamentation may play in facilitating reproduction. Although it is not 

necessary for morphology to have any known biological function (Mander and Punyasena, 2018), 

it is argued that the mechanisms that produce surface ornamentation are likely to be governed by 

genotype to some extent, but could also be as a result of physical and chemical interactions 

during development (Hemsley, Lewis and Griffiths, 2004) 

Size is also considered to be a contributing factor in dispersal mechanisms. Smaller size and mass 

are suggested to increase buoyancy in air by reducing wind loading; the larger the surface area 

per unit mass, the lower the velocity required to overcome static friction (Cousens et al., 2008). 

Previous research has highlighted the difference in the distribution of fern spores of different 

sizes, with notable variation in sizes between taxa from continuous and discontinuous habitats 

(Barrington, Paris and Ranker, 1986; Barrington, Patel and Southgate, 2020). It is suggested that 

larger spores have evolved to be larger than their congeneric as an adaptation to limit dispersal to 

unfavourable surrounding forest areas in discontinuous habitats, whereas smaller spores and 

pollen grains have greater potential for wider dissemination (Carlquist, 1966; Ferguson, 2006). In 

angiosperms, there is also some evidence to suggest a correlation of pollen size to pollinator, with 

the pollen of bat pollinated plants being bigger than plants pollinated by other means (Taylor and 

Levin, 1975; Stroo, 2000), and larger beetles pollinating plants with larger pollen grains than 

smaller beetles (Grayum, 1986). 

Furthermore, previous research has indicated that genome size variation at the species level has 

significant phenotypic consequences (Henry, Bainard and Newmaster, 2015). Barrington, Patel 

and Southgate (2020) found that genome size and spore size were strongly correlated in 

Polystichum and Adiantum, suggesting that genome size is a fundamental determinant of spore 



Chapter 4 – The Functional Significance of Spore Morphology  C.Walker 2022 
 

184 
 

size. Other studies have found little correlation, highlighting that genome size is not necessarily 

the primary factor contributing to size variation (Knight et al., 2010; Dyer et al., 2013). However, 

ferns are underrepresented in genome size research, with < 1% analysed (Henry, Bainard and 

Newmaster, 2015), and there is therefore currently not enough chromosome counts for ferns to 

infer a correlation between spore size and ploidy levels (Passarelli et al., 2010; Gómez-Noguez et 

al., 2016), although it has been estimated that around 31% of fern speciation is accompanied by 

ploidy increase (Wood et al., 2009). 

Spore size has also been thought to relate to environmental factors. The large spore size of 

Ceratopteris richardii is considered to be species-specific and related to reproduction in aquatic 

environments. Additionally, spore size and mass are correlated with the number of spores per 

sporangium; generally, larger numbers of spores per sporangium causes spores to be of smaller 

size (Wagner, 1974; Gómez-Noguez et al., 2016). There is also evidence that biogeography and 

evolutionary history has some influence on spore and pollen size. There is a negative latitudinal 

gradient in seed size, with more species with large seeds at the equator than towards the poles 

(Baker, 1972; Rockwood, 1985; Leishman, Westoby and Jurado, 1995; Lord et al., 1997; Sims, 

2012). There is also evidence for an evolutionary trend of increasing seed size (Wagner, 1974), 

with the oldest seed plants producing relatively small seeds (Sims, 2012) and many fossil 

angiosperm pollen grains from early in their evolution are very small, but increase in size later in 

the fossil record. Muller (1979, p.610) suggests that "this increase in size was primarily caused by 

increased adaptation to different systems of animal pollination”. 

 

4.1.2. Morphospaces 

Morphospaces are multidimensional spaces in which the greater the distance between data 

points (representing taxa), the greater the morphological dissimilarity between taxa.  They are 

“spatial depictions of morphological variation among biological forms” (Gerber, 2017) in which 

the proportion of morphospace that taxa occupy and the distribution of clades within it can be 

used to examine various aspects of diversity. 

In order to reduce dimensionality, data reduction techniques are used (e.g., multivariate 

ordination such as principal components analysis or principal coordinates analysis) (see section 

4.2.3). From this reduced space, the relative variation within and between individual taxa can be 

visualised and quantified more readily from a low-dimensional representation (Fig.4.1).  
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Figure 4.1: Hypothetical 3D morphospace showing three features of Euclidean floral morphology. Axes 
represent petal width, petal length and petal union. Points represent individual flowers used in the analysis. 
Taken from Chartier et al., (2014). 

 

Early theoretical morphospace analyses of coiled shells  (Raup and Michelson, 1965; Raup, 1966, 

1967) revealed that clades group in discrete clusters and occupy narrow areas of the 

morphospace, indicating different functional, ecological and phylogenetic constraints (Chartier et 

al., 2014), a pattern that has been repeated in many groups. Previously, morphospaces have been 

largely applied to animal groups, most notably marine invertebrates (Raup and Michelson, 1965; 

Raup, 1966, 1967; Briggs, Fortey and Wills, 1992; Foote, 1993, 1994, 1999; Tursch, 1997; Tyszka, 

2006; Erwin, 2007; Gerber, Neige and Eble, 2007; Korn et al., 2020), but are now increasingly 

common throughout the animal kingdom (Weiser and Kaspari, 2006; Brusatte et al., 2008, 2012; 

Pierce, Angielczyk and Rayfield, 2008; Claverie and Wainwright, 2014; Deline et al., 2018; Price et 

al., 2019). In contrast, morphospace analyses have been largely disregarded in plant studies, with 

a few exceptions, e.g., exploring the relationship between flowers and pollinators (Peng et al., 

2019), examining pollen morphology through time (Lupia, 1999), theoretical morphospace of 

plant growth (Niklas, 1997), vegetive architecture (Niklas and Kerchner, 1984), leaf shape (Boyce 

and Knoll, 2002) and floral morphology (Chartier et al., 2014, 2017; Van De Kerke et al., 2020). 

Pteridophytes have been included in some of these analyses (e.g., Oyston et al., 2015); however, 

within the relatively small select studies examining plant morphospace, none have exclusively 

focused on pteridophytes or ferns. This paucity of data is detrimental to a complete 

understanding of the biodiversity of plants. Pteridophytes have been a consistent and dominant 

component of terrestrial ecosystems for hundreds of millions of years (Niklas, Tiffney and Knoll, 
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1983). Many fern clades are important primary colonisers of landscapes disturbed by fire and 

volcanic activity (Walker et al., 1996; Arens and Sanchez Baracaldo, 1998; Russell, Raich and 

Vitousek, 1998; DiMichele and Phillips, 2002; Vajda, Linderson and Mcloughlin, 2016; Brock et al., 

2018) and are among the first plants to reappear after such disturbances (Vajda, Raine and Hollis, 

2001). This ecological niche exploited by many taxa within this group may be key to 

understanding the patterns of morphological diversity in ferns.  

 

4.1.3. Aims of this chapter 

Chapter Three of this thesis highlighted the tremendous morphological diversity of extant 

pteridophyte spores. However, despite this, almost nothing is known about the adaptive and 

ecological significance of their varying morphological characteristics (Page, 2002). The question of 

whether spore surface ornamentation, size, or other morphological features contribute to 

biological functions or whether they are entirely unrelated to function is still unanswered. This 

chapter aims to determine the degree to which extant pteridophyte spore morphology relates to 

phylogeny and ecology, using morphological descriptions produced in Chapter Three, with 

additional information from the literature where morphology could not be observed. 

This chapter will: 

(1) Explore how fern spore morphospace is organised and determine which morphological 

characters are responsible for patterns within the morphospace.  

(2) Test whether taxa within the data set are organised into discrete clusters relating to their 

phylogeny. 

(3) Test to see if taxa group according to gross reproductive biology (heterosporous and 

homosporous). 

(4) Test to see if spore morphology is related to ecology by analysing the morphospace 

occupation of different growth habits.  
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4.2. Methods 

One hundred and fifty-six species of spores from Polypodiopsida and Lycopodiopsida have been 

imaged under light microscopy and described using terminology from Punt et al., (2007) (See 

Chapter 3). From these descriptions, discrete morphological characters have been scored and 

used to analyse morphospace occupation.  

 

4.2.1. Quantifying spore morphology with discrete characters 

Morphological features can be measured as: (i) discrete morphological characters which record 

either, the absence or presence of a chosen character, or, continuous characters that have been 

discretised (Deline et al., 2018); (ii) continuous measurements of characters (Testo and Sundue 

2018), which are the measurements of features. Because of high levels of morphological 

convergence in ornamentation in palynology (Chaloner, 2013), it is appropriate to not only record 

the absence and presence of features but to also measure features to capture the morphological 

variation within spores (Guillerme et al., 2020). For this study, morphological characters have 

been coded for discrete scores. Continuous characters and qualitative characters were discretised 

in order that they can be used as discrete characters. (For discrete scores of all extant taxa 

included within this study, see appendix D and E).  

 

4.2.2. Discrete characters used to quantify spore morphology  

In total, twenty-four discrete characters (Table 4.1.) with 313 states (see appendix D) have been 

examined to quantify the morphology of the spore taxa analysed in this study.  
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Table 4.1: Illustrations and images of features described. Images taken from plates in Chapter 3. Line 
drawings were taken from (Punt et al., 2007). 
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Table 4.1: Continued. 
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Table 4.1: Continued. 
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Table 4.1:  Continued. 
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Table 4.1:  Continued. 
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Table 4.1: Continued.  
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Characters measured in this study were not chosen for any ecological or functional significance 

rather, they provided a broad coverage of morphology. Both binary and multistate characters 

have been included. Binary states consist of the absence or presence of a character, whereas 

multistate characters relate to 1) quantitative measurements that have been discretised from 

continuous characters and 2) qualitative observations based on ornamentation and shape. 

List of characters and character state with numerical score in brackets.  

Amb: Spherical (0); Oval (1); Triangular (2); Triangular convex (3); Triangular concave (4); 

Subcircular (5). 

Polarity: Heteropolar (0); Isopolar (1); Subisopolar (2). 

Spore size (μm): > 20 ≤ 30 (0); > 31 ≤ 40 (1); > 41 ≤ 50 (2); > 51 ≤ 60 (3); > 61 ≤ 70 (4); > 71 ≤ 80 (5); 

> 81 ≤ 90 (6); > 91 ≤ 100 (7); > 101 ≤ 110 (8); > 111 ≤ 120 (9): > 121 ≤ 130 (10); > 131 ≤ 140 (11); > 

141 ≤ 150 (12); > 151 ≤ 160 (13). 

Perispore: Absent (0); Present (1). 

Perispore fit: N/A (0); Close fit (1); Loose (2). 

Camerate: N/A (0); Acavate (1); Camerate (2). 

Exospore thickness(μm): > 0.1 ≤ 1 (0); > 0.1 ≤ 1 (1); > 2.1 ≤ 3 (2); > 3.1 ≤ 4 (3); > 4.1 ≤ 5 (4); > 5.1 ≤ 6 

(5); > 6.1 ≤ 7 (6); > 7.1 ≤ 8 (7); > 8.1 ≤ 9 (8); > 9.1 ≤ 10 (9). 

Aperture: Monolete (0); Trilete (1); Alete (2). 

Aperture variation: N/A (0); None (1); Margo (2) 

Margo percentage of spore: N/A (0); 0-10 (1); 11-20 (2); 21-30 (3). 

Kyrtome: N/A (0); Absent (1); Present (2). 

Kyrtome width: N/A (0); <0.5 (1); 0.5-0.9 (2); 1-1.4 (3); 1.5> (4) 

Laesura reaches equator: N/A (0); No (1); Yes (2). 

Laesura percentage of spore: N/A (0); 0-20 (1); 21-40 (2); 41-60 (3); 61-80 (4); 81-100 (5). 

Equatorial variation: None (0); Patina (1); Cingulum (2); Valvae (3). 

Elaters: Absent (0); Present (1). 

Primary proximal perispore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); 

Baculate (4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate (1-4 μm 
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diameter) (7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-

4μm) (11); Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 

μm height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29). 

Secondary proximal perispore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); 

Baculate (4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate(1-4 μm 

diameter) (7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-

4μm) (11); Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 

μm height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate  (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29). 

Primary distal perispore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); Baculate 

(4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate(1-4 μm diameter) 

(7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-4μm) (11); 

Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 μm 

height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate  (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29). 

Secondary distal perispore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); 

Baculate (4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate(1-4 μm 

diameter) (7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-

4μm) (11); Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 

μm height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate  (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29). 

Primary proximal exospore ornamentation: Psilate (0); Scabrate (1); Granulate (2); Baculate (3); 

Gemmate (4); Micro-verrucate (<1 μm diameter) (5); Medium-verrucate(1-4 μm diameter) (6); 

Large-verrucate (4> μm) (7); Clavate (8); Micro-rugulate (<1 μm) (9); Rugulate (1-4μm) (10); Large-
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rugulate (1-4 μm) (11); Hamulate (12); Striate (13); Cicatricose (14); Echinate (1-4 μm height) (15); 

Micro-echinate (<1 μm height) (16); Large-echinate (4-10 μm height) (17); Macro-echinate (10> 

μm height) (18); Fossulate (19); Foveolate (20); Perforate (21); Reticulate (22); Micro-reticulate  

(<1 μm) (23); Heterobrochate (24); Irregular folds (25); Galeate (26); Regular folds (27); Cristate 

(28). 

Secondary proximal exospore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); 

Baculate (4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate(1-4 μm 

diameter) (7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-

4μm) (11); Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 

μm height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate  (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29). 

Primary distal exospore ornamentation: Psilate (0); Scabrate (1); Granulate (2); Baculate (3); 

Gemmate (4); Micro-verrucate (<1 μm diameter) (5); Medium-verrucate(1-4 μm diameter) (6); 

Large-verrucate (4> μm) (7); Clavate (8); Micro-rugulate (<1 μm) (9); Rugulate (1-4μm) (10); Large-

rugulate (1-4 μm) (11); Hamulate (12); Striate (13); Cicatricose (14); Echinate (1-4 μm height) (15); 

Micro-echinate (<1 μm height) (16); Large-echinate (4-10 μm height) (17); Macro-echinate (10> 

μm height) (18); Fossulate (19); Foveolate (20); Perforate (21); Reticulate (22); Micro-reticulate  

(<1 μm) (23); Heterobrochate (24); Irregular folds (25); Galeate (26); Regular folds (27); Cristate 

(28). 

Secondary distal exospore ornamentation: N/A (0); Psilate (1); Scabrate (2); Granulate (3); 

Baculate (4); Gemmate (5); Micro-verrucate (<1 μm diameter) (6); Medium-verrucate(1-4 μm 

diameter) (7); Large-verrucate (4> μm) (8); Clavate (9); Micro-rugulate (<1 μm) (10); Rugulate (1-

4μm) (11); Large-rugulate (1-4 μm) (12); Hamulate (13); Striate (14); Cicatricose (15); Echinate (1-4 

μm height) (16); Micro-echinate (<1 μm height) (17); Large-echinate (4-10 μm height) (18); Macro-

echinate (10> μm height) (19); Fossulate (20); Foveolate (21); Perforate (22); Reticulate (23); 

Micro-reticulate  (<1 μm) (24); Heterobrochate (25); Irregular folds (26); Galeate (27); Regular 

folds (28); Cristate (29) 

 

4.2.2.1. Clarification of character states 

The amb refers to the shape of the spore seen in polar view as described in Punt (et al., 2007). 

Perispore fit refers to how a perispore is attached to the exospore. Perispores that fit (scored as 1) 
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lie close to the exospore. Perispores that are loose (scored as 2) do not lie close to the exospore 

and have a diaphanous appearance. Spores that have diaphanous perispores that fit to the 

exospore, have been scored as having the same ornamentation as the exospore as their primary 

ornamentation, with the assumption that they follow the contours of the exospore. Spores that 

did not exhibit a perispore were assigned as N/A (scored as 0) for proximal or distal perispore 

ornamentation. Spores that did not have secondary ornamentation were assigned N/A (scored as 

0). 

All scores represent measurements taken from one representative spore. This was due to the 

varying success rates of acetolysis in providing slides with a sufficient amount and quality of 

spores, and because surface ornamentation can appear to vary between individuals (Mander, 

2016). In cases where the margo varies in size from its centre to the apical regions (e.g., 

Ophioglossum vulgatum, Gleichenia microphylla), measurements were always taken from the 

centre. If a spore is described as having two wall layers, it is the outermost exospore layer that 

has been measured, and the thickest part of the exospore was used for scoring spores with 

varying exospore thickness (e.g., Dicksonia antarctica). The character ‘spore size’ represents a 

measurement of the equatorial diameter of the exospore and is a measurement of the longest 

axis; it does not include the perispore if this extends beyond the spore body's length. 

 

4.2.2.2. Handling missing data and NA characters 

Due to either 1) the loss and alteration of morphological features during extraction and mounting 

processes, 2) the orientation of the spore obscuring features, or 3) limitations of morphological 

resolution under light microscopy, some morphological features could not be recorded (see 

Section 3.4.2).  Such characters could be scored as missing (?); however, this would result in an 

incomplete data set. To resolve this, features from spores that could not be observed under light 

microscopy, have been taken from SEM descriptions in Tryon and Lugardon (1991), with the 

exception of D. herbertii, which was taken from Jordan, Macphail and Hill (1996). Missing 

characters include the aperture, and its features which could not be observed in the following:  

Danaea mortiziana, Marsilea drummondii, Histopteris incisa, Acystopteris tenuisecta, Asplenium 

scolopendropsis, Diplaziopsis javanica, Rumohra adiantiformis, Bolbitis appendiculata, but were 

recorded as either monolete or trilete in Tryon and Lugardon (1991). The complete loss of and 

damage to the perispore and obscured features of the exospore (See Table.3.1 & 3.2) resulted in 

the most missing characters. Six taxa that have been described in Chapter Three have been 

excluded from this study because essential information regarding their perispore and exospore 

morphology could not be observed under light microscopy or be found in the available literature. 
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They include two Cyatheaceae species, Sphaeropteris aramaganensis and Sphaeropteris 

aeneifolia, which have missing perispores, and four Selaginellaceae species; Selaginella 

eublepharis, Selaginella grisea, Selaginella mittenii, Selaginella radiata, which have exospores 

obscured by their perispores. Despite this, species from both Sphaeropteris and Selaginella 

genera are included in this study.  

Additionally, some characters describe only a subset of taxa in the analyses and are inapplicable 

(N/A) to the rest and, therefore, have been assigned a score representing this. Inapplicable 

characters differ from missing characters as, unlike missing characters, they are not states 

representing the unknown state of a character but rather a character that does not apply to a 

specific taxon. Thus, for example, a spore that does not have a perispore, such as Huperzia spp. 

would be assigned a N/A score for all perispore characters, or a spore that does not have a margo 

(the area surrounding the aperture that is differentiated from the rest of the exospore, either in 

ornamentation or thickness) would be assigned a N/A score for margo width.  

 

4.2.3. Visualising morphological space: Principal Components Analysis (PCA) 

Multivariate analyses are used to capture the complex multidimensionality of a dataset in a 

reduced space (morphospace) that is interpretable (Guillerme et al., 2020). The character data set 

has been ordinated, and a morphospace generated using Principal Components Analysis (PCA). 

PCA creates a low-dimensional ordination that maximises the variation between the discretely 

coded character scores. When dealing with more than three characters, as is the case here, 

ordination methods reduce the number of variables enabling relationships between taxa to be 

adequately represented in 2-dimensions (Chartier et al., 2014). The first principal component (PC) 

is the axis that maximises the amount of variation expressed by all the characters in a single 

dimension, therefore providing the best discrimination among the taxa (the major axis line 

through the points). The second PC is orthogonal to the first and therefore has the second-most 

variation. Each subsequent PCs are orthogonal linear combinations of the original variables that 

summarise the information and describe progressively less variation (Dray, 2008). Hence, PC1 and 

PC2 describe most of the variation within the data set.  

PCA is a standard method employed in morphometric studies (e.g., Mander et al., 2014). This is 

largely because it benefits from having a good degree of interpretability through loadings which 

can be used to determine which morphological features have the largest effect on principal 

components (e.g., Mander et al., 2014, Legendre and Legendre, 2012). Other multivariate 

methods include computing principal coordinates (PCoA) from a distance matrix. With a Euclidean 

distance metric, PCoA produces the same results as PCA, however, unlike PCA, descriptor loadings 
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are not obtained (Legendre and Legendre, 2012). Non-metric multidimensional scaling (NMDS) is 

a non-metric alternative method of PCoA analysis, and is also based on a dissimilarity matrix 

(Guillerme et al., 2020). However, it does not use the raw dissimilarity values as PCoA does but 

converts the values into ranked differences (Guillerme et al. 2020). PCoA and NMDS were 

explored in preliminary analyses and these produced results that did not impact on primary 

ordination patterns that were obtained when using PCA. For example, as discussed above, PCA 

and PCoA with Euclidean distance metric produced the same results, PCoA with other distance 

metrics produced very similar ordinations, and although NMDS yielded ordinations with 

qualitatively different distributions of individual datapoints, there were no first-order differences 

in terms of the distribution and overlap of different fern groups (e.g., different Orders and 

heterosporous versus homosporous ferns).  

Ordinations produced by PCA are a direct result of how characters are coded. For binary state 

characters (such as the perispore or elaters), scoring is categorised objectively by the absence or 

presence of a feature. However, the analyses here include both binary and multistate characters. 

Multistate characters include quantitative measurements that have been discretised from 

continuous characters (e.g., size, wall thickness etc.) and qualitative observations based on 

ornamentation and shape that have been discretised; therefore, they can be highly subjective to 

interpretation. As this process discretises what is essentially a continuation in form, a somewhat 

arbitrary decision has to be made concerning how continuous, and qualitative characters are 

categorised for scoring. This can have significant implications for how they are coded, which in 

turn can result in a range of different configurations in morphospaces. Multistate characters can 

be ‘lumped’ together to form binary states; for example, surface ornamentation can be coded 

into two states, state 1 representing ornamentations that project from the surface, state two 

representing ornamentations that do not project from the surface. However, this would not 

reflect a true representation of morphological form, particularly as spore morphology is so diverse 

(as evidenced in Chapter Three), and in many cases, differences between taxa are subtle. 

Therefore, morphological nuances must be considered when scoring characters, hence the 

justification for not limiting character scores to binary states but rather scoring morphological 

form at the finest scale that is possible under light microscopy.     

PCA was performed in R version 4.0.4, using the ‘prcomp’ function. As the data set was discretely 

coded, a variance-covariance matrix was used, and the data was not standardised (Wills, Briggs 

and Fortey, 1994). PCA was performed on the data set to (a) characterise the density of 

morphospace occupation to determine which morphological characters are responsible for 

patterns within that morphospace; (b) determine whether there is any segregation between 
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phylogenetic groups, (i) Class (Lycopodiopdisa and Polypodiopsida), (ii) between pteridophyte 

orders (Lycopodiales, Sellaginales, Isoetales, Psilotales, Equisetales, Ophioglossales, Marattiales, 

Osmundales, Hymenophyllales, Gleicheniales, Schizaeales, Salvinales, Cyatheales and 

Polypodiales); (c) determine whether taxa group according to gross reproductive biology 

(heterosporous spores and homosporous spores); (d) examine whether spore occupation within 

the morphospace relates to life habit (climbing, epiphytic, herbaceous, shrub/tree). Information 

regarding growth-form was sourced from DELTA/Intkey (https://www.delta-intkey.com/), Plants 

of the World Online (http://powo.science.kew.org/), Biodiversity Heritage Library 

(https://www.biodiversitylibrary.org/), eFloras.org (http://www.efloras.org/), the Online Atlas of 

the British and Irish Flora (https://www.brc.ac.uk/plantatlas/), Ferns of the world 

(http://www.fernsoftheworld.com/), JSTOR Global Plants (https://plants.jstor.org/), Camus, Jermy 

and Thomas (1991), and Yu and Li (2007).  

 

4.2.4. Nonparametric statistical tests 

Statistical significance tests were performed in R (version 4.0.4) and PAST (PAleontological 

STatistics version 4.09). As the data set is not normally distributed and groups within it are 

independent of one another, nonparametric statistical tests are appropriate.  

In cases where multiple groups were present, the Kruskal-Wallis H test (Kruskal and Wallis, 1952) 

has been used to test the equality of medians between groups. It tests the null hypothesis that 

there is no difference in the median for at least two of the groups. In this test, statistical 

significance is established using a chi-squared test to determine whether all groups examined 

have the same ordinal distribution (McKnight and Najab, 2010). Kruskal-Wallis H tests were 

computed in R using the ‘kruskal.test’ function. Differences in PC1 and PC2 scores were tested for; 

(a) between all thirteen pteridophyte orders with all morphological characters examined included 

(Lycopodiales, Sellaginellales, Psilotales, Equisetales, Ophioglossales, Marattiales, 

Hymenophyllales, Gleichenales, Schizaeales, Salviniales, Cyatheales and Polypodiales); (b) 

between all pteridophyte orders without ornamentation; and (c) between growth habit groups 

(climbers, epiphytic, herbaceous and tree/shrub). Dunn’s post-hoc tests (Dunn, 1964) that correct 

for multiple pair-wise comparisons were used to determine which group(s) statistically differ from 

one-another (Ruxton and Beauchamp, 2008). Dunn’s post-hoc tests were performed using PAST. 

In cases where only two groups were compared, Wilcoxon’s rank sum test (Mann Whitney U test) 

(Wilcoxon 1945; Mann and Whitney, 1947) has been used to test the difference of medians. This 

tests the null hypothesis that two groups have equal medians. If the p-value is less than 0.05, the 

means of the distributions of these two groups differ. Values from both groups are ranked from 
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low to high, the smallest number being 1, the largest number is ranked n, where n is the total 

number of values in the two groups. The rank sum for each group is calculated by adding together 

their respective ranks. To determine whether the difference between the two groups is 

statistically significant, a z-test is calculated from the mean and standard deviation of W, which is 

the difference between the smallest rank sum and the expected rank sum (Boslaugh and Watters, 

2008). Wilcoxon rank-sum tests were computed in R using the ‘wilcox.test’ function with 

confidence interval computed. Differences in PC1 and PC2 scores were tested for between 

homosporous and heterosporous taxa. 

 

4.3. Results 

4.3.1. Principal components analysis (PCA)  

4.3.1.1. PCA with all taxa and all characters  

The PCA contained all taxa and all morphological characters from the data set. The majority of 

variance in morphology is captured by the first PC axis with 43% of the variance explained, 

followed by the second PC axis with 25%. Bivariate plots for this analysis presented here explain 

68% of the total variation in the morphospace (Fig. 4.2). 
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Figure 4.2: Scatter plots showing principal component analyses' results that included all taxa from the data 
set and all morphological characters. 

 

On axis PC1, primary distal perispore ornamentation had the largest loadings values, followed by 

primary proximal perispore ornamentation (Table 4.2). Primary exospore ornamentation and 

secondary perispore ornamentation provide minimal information. The remaining characters had 

low eigenvector values (between 0.00-0.01) and were therefore not informative. On axis PC2, 

primary distal exospore ornamentation had the largest loadings values, followed by primary 

proximal exospore ornamentation. Primary exospore ornamentations provide minimal 

information. The remaining characters had low eigenvector values (between 0.00-0.05) and were 

therefore not informative.  

 

 

 

 

 



Chapter 4 – The Functional Significance of Spore Morphology  C.Walker 2022 
 

204 
 

Table. 4.2: Principal component loadings for morphological characters that were used in the analysis of 
pteridophyte spores with all morphological characters included.   

Character PC1 Character PC2 

Primary distal perispore 
ornamentation 

0.67443 Primary distal exospore 
ornamentation 

0.78859 

Primary proximal perispore 
ornamentation 

0.66121 Primary exospore 
ornamentation 

0.53906 

Primary exospore 
ornamentation 

0.19214 Primary distal exospore 
ornamentation 

0.10016 

Secondary distal perispore 
ornamentation 

0.16589 Secondary distal exospore 
ornamentation 

0.09565 

Secondary proximal 
perispore ornamentation 

0.16513 Amb shape 0.051026 

Primary distal exospore 
ornamentation 

0.12046 Margo % of spore 0.017261 

Perispore fit 0.019512 Aperture 0.01709 

Secondary distal exospore 
ornamentation 

0.014755 Kyrtome 0.016937 

Secondary exospore 
ornamentation 

0.012581 Aperture variation 0.011432 

Perispore 0.010421 Camerate 0.0089381 

Polarity 0.0021406 Elaters -0.0013069 

Camerate 0.0097913 Laesura reach equator -0.0037656 

Laesura % of spore 0.0082008 Kyrtome width -0.0043035 

Equatorial variation -0.0010354 Spore size 0.0088424 

Margo % of spore -0.0013458 Perispore -0.0093121 

Spore size -0.0017724 Laesura % of spore  -0.012064 

Laesura reach equator -0.002099 Exospore thickness -0.013704 

Elaters -0.0026967 Polarity -0.013971 

Aperture variation -0.0043346 Perispore fit  -0.020036 

Kyrtome width -0.0077272 Primary distal perispore 
ornamentation 

-0.067826 

Exospore thickness -0.0081847 Secondary distal perispore 
ornamentation 

-0.12089 

Amb shape -0.011676 Secondary proximal perispore 
ornamentation 

-0.12094 

Aperture -0.013574 Primary proximal perispore 
ornamentation 

-0.17231 

Kyrtome -0.014568 Equatorial variation 9.4698E-05 
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PCA plots (Fig 4.2 a & b) indicate no distinct clustering of taxonomic groups either at the class or 

order levels. Taxa also do not group according to gross reproductive biology or growth habit (Fig. 

4.2 c & d). Figure 4.2a shows that Polypodiopsida occupies a region of the morphospace 

Lycopodiopsida does not (except for one outlier Isoëtes storkii). Convex hulls illustrate that all 

clades occupy the same regions in morphospace (Fig. 4.3). 

The data points in PCA plots (Fig 4.2 a, b, c, d) have three almost linear distributions, one that 

follows the horizontal PC1 axis, one that follows the vertical PC2 axis, and one that lies in 

between. Primary distal perispore ornamentation and primary distal exospore ornamentation 

have the largest PC loadings values. Perispore and exospore surface ornamentation characters 

have by far the highest number of character states (see Appendix D), and it is likely that the high 

number of character states coded for these characters are responsible for the spread of this data 

points presented within the morphospace. 
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Figure 4.3: Scatter plots showing the results of principal component analyses of all taxa with all 
morphological characters included in the analysis, with convex hulls. 

 

4.3.1.2. PCA with perispore ornamentation and exospore ornamentation characters excluded 

The PCA contained all taxa from the data set, with all perispore and exospore ornamentation 

characters excluded. The majority of variance in morphology is captured by the first PC axis with 

38% of the variance explained, followed by the second PC axis with 20%. Bivariate plots for this 

analysis presented here explain 58% of the total variation in the morphospace (Fig. 4.4). 
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Figure 4.4: Scatter plots showing the results of principal component analyses that included all taxa from the 
data set with perispore and exospore ornamentation excluded. 
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On axis PC1, spore size had the largest loadings values (Table 4.3). Perispore and perispore fit, 

exospore thickness and polarity provide minimal information. The remaining characters had low 

eigenvector values (between 0.00-0.06) and were therefore not informative. On axis PC2, amb 

had the largest loadings values, followed by margo percentage of spore, aperture variation, 

laesura percentage, kyrtome, size and kyrtome width. The remaining characters had low 

eigenvector values (between 0.00-0.04) and were therefore not informative. 

 

Table. 4.3: Principal component loadings for morphological characters used in the analysis of all taxa with 
perispore and exospore ornamentation excluded.  

Character PC1 Character PC2 

Spore size 0.96286 Amb shape 0.84015 

Exospore thickness 0.23101 Margo % of spore 0.33279 

Perispore 0.024763 Aperture variation 0.26807 

Perispore fit 0.024763 Laesura % of spore 0.23096 

Camerate 0.059304 Kyrtome 0.13044 

Polarity 0.022062 Spore size 0.1186 

Aperture variation 0.00076385 Kyrtome width 0.10192 

Elaters -0.0022321 Laesura reach equator 0.086794 

Equatorial variation -0.0029307 Camerate 0.0031787 

Aperture -0.0081336 Equatorial variation -0.0026166 

Laesura % of spore -0.0091261 Exospore thickness -0.012175 

Kyrtome width -0.021107 Aperture -0.012845 

Laesura reach equator -0.022695 Perispore 0.023665 

Kyrtome -0.034621 Perispore fit 0.023665 

Margo % of spore -0.051623 Elaters -0.036545 

Amb shape -0.096534 Polarity -0.080045 
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PCAs without ornamentation characters present a cloud of data points. Lycopodiopsida and 

Polypodiopsida classes are occupied on a gradient (Fig. 4.4 a), the two clades cluster centrally, and 

each occupies a region of the morphospace that the other does not. Homosporous and 

heterosporous taxa (Fig. 4.4 c) and taxa in all four growth habits (Fig. 4.4 d) show no district 

groupings and fall within the same regions of morphospace as each other. There are several 

distinct, but faint vertical lines of data points within the morphospace. The high loading values of 

the spore size character indicate that this pattern may have resulted from the nature in which this 

character has been scored. Some pteridophyte orders, however, do cluster into distinct groups 

when viewed separately (Fig. 4.5). Lycopodiales, Selaginellales, Isoetales, Ophioglossales, 

Psilotales, Gleicheniales and Cyatheales cluster more closely than they do in analyses with surface 

ornamentation and, Mariatiales and Salviniales form distinct clusters. However, Equisetales, 

Osmundales, and Hymenophyllales range increase along the trajectory of the PC1 axis, suggesting 

spore size is influencing this distribution.  Schizaeales and Polypodiales occupy a large region of 

the morphospace and do not form distinct clusters. 
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Figure 4.5: Scatter plots showing the results of principal component analyses of all taxa with perispore and 
exospore ornamentation characters removed, with convex hulls. 
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4.3.2. Scores from PC1 and PC2: Phylogeny  

In order to support PCA findings, scores from PC1 and PC2 between groups have been plotted to 

illustrate differences in principal component values. Kruskal-Wallis rank sum tests have been used 

to test for statistical significance between multiple groups.  

 

4.3.2.1. Analyses with all morphological characters: PC1 

Results show that Polypodiales has the highest and lowest PC1 scores. Schizaeales has the highest 

median PC1 scores, Equisetales and Hymenophyllales have the lowest (Fig. 4.6). Ophioglossales 

has the highest mean PC1 scores, Equisetales have the lowest (Table. 4.4).  

 

 

Figure 4.6: Boxplot of PC1 scores for all pteridophyte orders with all morphological characters. 
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Table. 4.4: Table showing the mean and median of PC1 scores. 

Order Mean Median 

Cyatheales -1.94  -5.11 

Equisetales  -12.5 -12.1  

Gleicheniales -3.72 0.390  

Hymenophyllales -11.8  -12.0 

Lycopodiales -0.642 -2.68  

Marattiales 5.67  7.01 

Ophioglossales 7.74  7.36  

Osmundales -5.65  -4.55    

Polypodiales  2.67 -2.26   

Psilotlaes -1.39 -0.459  

Salviniales -2.42 -10.4  

Schizaeales   5.48 8.59 

Selaginellales -2.98  -10.5  

 

Kruskal Wallis rank sum tests indicate that there is statistical significance between groups, and 

medians are not equal (p-value = 0.01851). However, in order to determine which group(s) differ, 

Dunn’s post-hoc tests have been applied to taxonomic groups. Results indicate that there are 

statistically significant differences in PC1 values between some groups (Table 4.5), the most 

notable is Hymenophyllales which has statistically significant differences to seven pteridophyte 

orders regarding PC1 values, and Equisetales shows significant differences to five.   
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Table 4.5: Table showing the results of Dunn’s post-hoc test of pteridophyte groups with all morphological 

characters. Taxa with statistically significant PC1 values (p-value =<0.05) are highlighted.  
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4.3.2.2. Analyses with all morphological characters: PC2 

Results show that Cyatheales has the highest PC2 scores, Polypodiales has the lowest. 

Selaginellales has the highest median PC2 scores, Equisetales and Polypodiales have the lowest 

(Fig. 4.7). Selaginellales has the highest mean PC1 scores, Salviniales has the lowest (Table 4.6).  

 

 

Figure 4.7: Boxplot of PC2 scores for all pteridophyte orders with all morphological characters. 
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Table. 4.6: Table showing the mean and median of PC2 scores 

Order Mean Median Order Mean Median 

Cyatheales 3.63  -2.21 Osmundales 0.275  1.01   

Equisetales -5.97 -6.48  Polypodiales -5.86  -6.49  

Gleicheniales 1.26 4.23   Psilotlaes -1.19  -0.0694  

Hymenophyllales -1.38  -1.30 Salviniales -7.70  -6.27  

Lycopodiales 10.2 10.7    Schizaeales 5.47  8.72  

Marattiales 6.77  8.59  Selaginellales 11.9     15.3      

Ophioglossales 1.69   -0.178   

 

Kruskal-Wallis sum rank tests indicate that there is statistical significance between groups, and 

medians are not equal (p-value = 7.025e-10). Dunn’s post-hoc tests indicate that there are 

statistically significant differences in PC2 values between multiple groups (Table 4.7). However, 

there are only statistically significant differences in morphology regarding PC1 and PC2 values 

between Hymenophyllales and Lycopodiales (PC1 p-value = 0.01464, PC2 p-value = 0.0209) and 

Equisetales and Marattiales (PC1 p-value = 0.01275, PC2 p-value = 0.03987) (Tables 4.5, 4.7) 
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Table 4.7: Table showing the results of Dunn’s post-hoc test of pteridophyte groups with all morphological 

characters. Taxa with statistically significant PC2 values (p-value =<0.05) are highlighted.  
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4.3.2.3. Analyses with surface ornamentation characters removed: PC1  

Boxplots have been produced to illustrate the differences between PC1 and PC2 in pteridophyte 

orders with perispore ornamentation and exospore surface ornamentation excluded. Results 

show that Schizaeales has the highest scores for PC1, Lycopodiales has the lowest. Schizaeales has 

the highest median PC1 scores, Lycopodiales has the lowest. (Fig. 4.8). Schizaeales has the highest 

mean PC1 scores, Osmundales has the lowest (Table 4.8).  

 

 

Figure 4.8: Boxplot of PC1 for all pteridophyte orders with surface ornamentation characters excluded. 
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Table. 4.8: Table showing the mean and median PC1 scores. 

Order Mean Median Order Mean Median 

Cyatheales 0.942 0.414 Osmundales 1.78 0.847 

Equisetales 0.0262 -0.688 Polypodiales -0.214 -0.609 

Gleicheniales 0.0458 -0.177 Psilotlaes 2.99 2.49 

Hymenophyllales -0.449 -0.649 Salviniales -0.0118 - 0.0205 

Lycopodiales -1.46 -1.88 Schizaeales 4.84 4.24 

Marattiales -2.02 -1.83 Selaginellales -0.869 -0.921 

Ophioglossales -1.16 -1.20 

 

Kruskal Wallis sum rank tests indicate that there is statistical significance between groups, and 

medians are not equal (p-value = 5.594e-10). Dunn’s post-hoc tests indicate that there are 

statistically significant differences in PC1 values between multiple groups (Table 4.9). The 

Schizaeales order differs the most regarding PC1 values and shows statistical significance between 

ten other groups.  
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Table 4.9: Table showing the results of Dunn’s post-hoc test of pteridophyte groups with surface 

ornamentation characters excluded. Taxa with statistically significant PC 1 values (p-value =<0.05) are 

highlighted.  
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4.3.2.4. Analyses with surface ornamentation characters removed: PC2  

Results show that Polypodiales has the highest PC2 scores (excluding Lycopodiales outliers), 

Equisetales has the lowest PC2 scores. Cyatheales has the highest median PC1 scores, Equisetales 

has the lowest. (Fig. 4.9). Lycopodiales has the highest mean PC1 scores, Equisetales has the 

lowest (Table 4.10).  

 

Figure 4.9: Boxplot of PC2 scores for all pteridophyte orders with surface ornamentation characters 
excluded. 

 

Table. 4.10. Table showing the mean and median of PC2 scores. 

Order Mean Median Order Mean Median 

Cyatheales 1.02 1.58 Osmundales -0.649 -0.727 

Equisetales -3.04 -3.12 Polypodiales -0.252 -0.496 

Gleicheniales 0.630 0.726 Psilotlaes 0.318 0.388 

Hymenophyllales -1.39 -1.43 Salviniales -2.06 -2.08 

Lycopodiales 1.71 1.53 Schizaeales 0.275 0.443 

Marattiales -2.05 -1.86 Selaginellales 0.420 1.32 

Ophioglossales -0.0876 0.143 
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Kruskal Wallis sum rank tests indicate that there is statistical significance between groups, and 

medians are not equal (p-value = 1.949e-11). Dunn’s post-hoc tests indicate that there are 

statistically significant differences in PC2 values between multiple groups (Table 4.11). Salviniales 

and Lycopodiales differ the most regarding PC2 values and shows statistical significance between 

eight other groups.  

However, out of 78 pairwise groups, there are statistically significant differences in morphology 

regarding PC1 and PC2 between 11 orders. They are the following: Gleicheniales and Marattiales 

(PC1 p-value = 0.004734, PC2 p-value = 0004182), Lycopodiales and Salviniales (PC1 p-value = 

0.00333, PC2 p-value = 7.003E-09), Lycopodiales and Schizaeales  (PC1 p-value = 0.009615, PC2 p-

value = 0.001573), Polypodiales and Lycopodiales (PC1 p-value = 0.002884, PC2 p-value = 2.546E-

06), Polypodiales and Marattiales (PC1 p-value = 0.004755, PC2 p-value = 0.005697), Lycopodiales 

and Schizaeales  (PC1 p-value = 1.26E-09, PC2 p-value = 0.04967), Lycopodiales and Osmundales 

(PC1 p-value = 5.317E-05, PC2 p-value = 0.001539), Marattiales and Cyatheales (PC1 p-value = 

0.002434, PC2 p-value = 1.834E-05), Marattiales and Schizaeales  (PC1 p-value = 2.097E-07, PC2 p-

value = 0.00357), Marattiales and Psilotales (PC1 p-value = 3.917E-05, PC2 p-value = 0.01405), and 

Schizaeales  and Equisetales (PC1 p-value = 0.02511, PC2 p-value =0.00458).  
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Table 4.11. Table showing the results of Dunn’s post-hoc test of pteridophyte groups with surface 

ornamentation characters excluded. Taxa with statistically significant PC 2 values (p-value =<0.05) are 

highlighted.  
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4.3.3. Scores from PC1 and PC2: Ecology and gross reproductive biology  

Scores from PC1 and PC2 between groups have been plotted to illustrate differences in principal 

component values in (i) different growth habits and (ii) between heterosporous and homosporous 

taxa. Kruskal-Wallis rank sum tests have been used to test for statistical significance between 

multiple groups.  

4.3.3.1. Analyses with all morphological characters: PC1 & PC2 

Boxplots have been produced to illustrate the differences between PC1 and PC2 in four different 

growth habits of pteridophyte taxa. All morphological characters scored have been included.  

Results show that climbing taxa have the highest scores for PC1, herbaceous taxa have the lowest. 

Climbing taxa have the highest median PC1 scores; however, only slightly higher than herbaceous 

and tree taxa (Fig. 4.10). Trees have the highest mean PC1 scores; herbaceous taxa have the 

lowest. Herbaceous taxa have the highest and lowest PC2 scores. Epiphytes have the highest 

median PC2 scores, and herbaceous taxa have the lowest (Fig. 4.10). Trees have the highest mean 

values; climbing taxa have the lowest (Table 4.12).  

 

Figure 4.10: Boxplot of PC1 and PC2 scores pteridophyte growth habits. Climbers (pink), epiphytes (yellow), 
herbaceous (green) and trees (blue). 
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Table. 4.12: Table showing the mean and median of PC1 and PC2 scores. 

 

 

 

 

 

 

 

 

Kruskal Wallis sum rank tests indicate that there is no statistical significance between groups, and 

medians are not equal in either PC1 (p-value = 0.2405) and PC2 analyses (p-value = 0.1175). 

However, Dunn’s post-hoc tests indicate that there are statistically significant differences in PC1 

and PC2 values, but only between herbaceous and epiphytic taxa (PC1 p-value = 0.04212, PC2 p-

value = 0.03145) (Table 4.13., 4.14.). 

 

Table. 4.13. Table showing the results of Dunn’s post-hoc test of growth habit groups with all morphological 

characters included. Taxa with statistically significant PC1 values (p-value =<0.05) are highlighted. 

Growth habit Climber Epiphyte Herbaceous Tree 

Climber  * * * 

Epiphyte 0.2153  * * 

Herbaceous 0.9553 0.04212  * 

Tree 0.9732 0.3013 0.9295  

 

Table. 4.14. Table showing the results of Dunn’s post-hoc test of growth habit groups with all morphological 

characters included. Taxa with statistically significant PC2 values (p-value =<0.05) are highlighted. 

Growth habit Climber Epiphyte Herbaceous Tree 

Climber  * * * 

Epiphyte 0.2274  * * 

Herbaceous 0.8571 0.03145  * 

Tree 0.3369 0.9717 0.1788  

 

 

4.3.3.2. Analyses with surface ornamentation characters removed: PC1 & PC2 

For the following analyses, perispore and exospore surface ornamentation characters have been 

removed. Results show that epiphytes have the highest scores for PC1, herbaceous taxa have the 

lowest. Epiphytes also have the highest median PC1 scores; trees have the lowest (Fig. 4.11). 

Trees have the highest median PC2 scores; epiphytes and herbaceous taxa have the lowest. 

Growth habit PC1 PC2 

Mean Median Mean Median 

Climber 0.802   -2.10 -0.943  -2.54 

Epiphyte -5.01  -4.60 2.33   2.09  

Herbaceous 0.977  -2.39  -0.748  -4.02 

Tree 1.65 -2.85  3.96  2.07 
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Herbaceous taxa have the highest and lowest PC2 scores. Epiphytes have the highest median PC2 

scores, epiphytes and herbaceous taxa have the lowest (Table 4.15).   

 

Figure 4.11: Boxplot of PC1 and PC2 scores for pteridophyte growth habits with surface ornamentation 
characters removed from analyses. Climbers (pink), epiphytes (yellow), herbaceous (green) and trees (blue). 

 

Table. 4.15: Table showing the mean and median of PC1 and PC2 scores. 

Growth habit PC1 PC2 

Mean Median Mean Median 

Climber 0.120 -0.631 0.0283 0.269 

Epiphyte 0.341 0.217 -0.0649 -0.164 

Herbaceous -0.0242 -0.600 0.00533 -0.132 

Tree -0.928 -1.34 0.0905 0.501 

 

Kruskal Wallis sum rank tests indicate that there is statistical significance between groups in PC1 

(p-value = <2.2e-16). However, there is no statistical significance between groups in PC2 analyses 

(p-value = 0.9967). However, Dunn’s post-hoc tests indicate that there are no statistically 

significant differences in PC1 and PC2 values between ecological groups when surface 

ornamentation characters are excluded from analyses (Table 4.16, 4.17). 
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Table. 4.16: Table showing the results of Dunn’s post-hoc test of growth habit groups with surface 

ornamentation characters removed. There are no statistically significant PC1 values (p-value =<0.05). 

Growth habit Climber Epiphyte Herbaceous Tree 

Climber  * * * 

Epiphyte 0.5264  * * 

Herbaceous 0.9896 0.3262  * 

Tree 0.2954 0.0848 0.1892  

 

Table. 4.17: Table showing the results of Dunn’s post-hoc test of growth habit groups with surface 

ornamentation characters removed. There are no statistically significant PC2 values (p-value =<0.05). 

Growth habit Climber Epiphyte Herbaceous Tree 

Climber  * * * 

Epiphyte 0.7462  * * 

Herbaceous 0.7866 0.8882  * 

Tree 0.9784 0.8429 0.8932  

 

 

4.3.3.3. Analyses with all morphological characters: Homosporous and heterosporous taxa 

Boxplots have been produced to illustrate the differences between PC1 and PC2 in heterosporous 

and homosporous pteridophyte taxa. For the following analysis, all morphological characters have 

been included. Results show that homosporous taxa have the highest and lowest PC1 and PC2 

scores (Fig. 4.12). However, heterosporous taxa have the highest median and mean scores for PC1 

and PC2 (Table 4.18). Wilcoxon’s rank sum tests indicate that the two groups have different 

medians in both analyses. However, there is no statistical significance between the two groups in 

PC1 (p-value = 0.6187). There is statistical significance between groups in PC2 analysis (p-value = 

5.652e-06). 

 

Figure 4.12: Boxplot of PC1 and PC2 scores for heterosporous (pink) and homosporous (green) 
pteridophytes. 
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Table. 4.18: Table showing the mean and median of PC1 and PC2 scores. 

 

 

 

 

 

 

4.3.3.4. Analyses with surface ornamentation characters removed: Homosporous and 

heterosporous taxa 

For the following analysis, all surface ornamentation characters have been removed. Results show 

that homosporous taxa have the highest and lowest scores for PC1 and PC2 (Fig. 4.13). However, 

heterosporous taxa have the highest median and mean scores for PC1 and PC2 (Table.4.19), 

although PC1 median values are similar. Wilcoxon’s rank sum tests indicate that the two groups 

have different medians in both analyses. However, there is no statistical significance between the 

two groups in PC1 (p-value = 0.5213). There is statistical significance between the groups in PC2 

analysis (p-value = 0.005023).  

 

Figure 4.13: Boxplot of PC1 and PC2 scores for heterosporous (pink) and homosporous (green) 
pteridophytes. 

 

Table. 4.19: Table showing the mean and median of PC1 and PC2 scores. 

Reproductive 

biology 

PC1 PC2 

Mean Median Mean Median 

Heterosporous 0.606 0.634 1.12 1.88 

Homosporous -0.0575 0.613 -0.103 0.012 

 

Reproductive 
biology 

PC1 PC2 

Mean Median Mean Median 

Heterosporous  0.516 3.02   11.5 10.7 

Homosporous -0.0490   -2.87  -1.09   -2.40 
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4.4. Discussion  

4.4.1. Biases within morphological characters used and the way in which they are 

coded  

Character choice and the manner in which characters are coded ultimately informs morphospace 

occupation (Chartier et al., 2014; Deline and Ausich, 2017). Characters used in this study were 

chosen to cover the broad morphology of spores and compare overall morphological differences 

and similarities. Although this approach is comprehensive in the sense that it covers the entire 

range of morphological features, it is likely that not all features were included here. Resolution 

under light microscopy (LM) is lower than other methods such as scanning electron microscopy 

(SEM) (Sivaguru et al., 2012), which enables finer morphological detail to be observed (see 

Section 2.3.3 and 3.4.2.2). Because of this, there are likely to be discrepancies between spores 

scored from the two different methods. For example, a perispore is not always visible under LM, 

especially if the perispore is thin and lies close to the contours of the exospore (e.g., most taxa 

from Lycopodiaceae, see Section 3.3.2). 

Additionally, surface ornamentation may appear different under LM and SEM, e.g., Thyrsopteris 

elegans perispore appears to be hamulate under LM but papillate in SEM according to Tryon and 

Lugardon, (1991), under LM, many micro-morphological features cannot be captured. However, 

the characters used for these analyses are based on LM descriptions from Chapter Three, which 

reflect the more common use of LM for palynology relative to other methods such as SEM. 

Furthermore, descriptive terminology is mostly composed of terms for morphological features 

that can be seen in LM with brightfield illumination (Mander and Punyasena, 2018) (see section 

3.1.3).  

Therefore, only primary and secondary ornamentation was scored for in this study, despite the 

possibility that some taxa may have more than this. The scale of discrete characters used 

influences the structure of a morphospace (Mander et al., 2020), and therefore, the use of LM, as 

opposed to SEM, limits the number of characters that can be applied to a morphospace analysis. 

When morphological descriptions are too coarse in resolution, essential information is lost. Subtle 

variations between surface ornamentation (such as those which cannot be captured under LM) 

may be significant, particularly when the aim is to compare morphology, and the inability to 

record these variations can influence morphospace occupation. For example, this can be due to a 

difference in how surface ornamentation features are distributed, e.g., the dense distribution of 

spines in some Asteraceae pollen grains versus the sparse distribution in others (Mander et al., 

2020), or the presence of smaller secondary ornamentation superimposed on larger 

ornamentation, e.g., under LM Cheiropleuria bicuspis appears to be psilate and has been scored 
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as such here, however, under SEM it appears faintly rugulate (Tryon and Lugardon, 1991).  

However, the characters used for the analyses in this study are based on LM descriptions from 

Chapter Three, which reflect the more common use of LM for palynology relative to other 

methods such as SEM (see section 3.1.3). Finally, laboratory methods used to extract and mount 

spores used in this analysis can result in the distortion and destruction of morphological features, 

which can also determine the number and type of features included within the analysis (see 

Section 2.33 and 3.4.2). 

 

4.4.2. Morphological characters responsible for patterns within morphospaces 

4.4.2.1. Analyses with surface ornamentation included  

Results suggest that primary perispore ornamentation accounts for the most variance in 

morphospace of pteridophyte spores included in this analysis when all morphological characters 

are included, followed by primary exospore ornamentation (Table 4.2). There are three almost 

linear trends within the morphospace (Fig. 4.14, blue, red, yellow lines). This distribution of data 

points (Fig. 4.14) is likely a consequence of the way in which this character has been coded, 

reflecting the high number of surface ornamentation characters for the perispore (30 characters) 

and the exospore (29 characters) that have been used in this analysis (see Appendix D). As 

discussed previously (Section 4.2.3), characters with high numbers of character states assigned to 

them (such as surface ornamentation) can be grouped into coarser categories to produce fewer 

character states, thereby limiting the morphological space that is available. However, in order to 

reflect the true diversity of morphological form and to capture all nuances in spore 

ornamentation, all morphological features that have been recorded at the finest scale that is 

possible under light microscopy in Chapter Three have been included. 
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Figure 4.14: Scatter plot showing the results of principal component analyses that included all taxa from the 
data set and all morphological characters with biplot. The points are colour coded by pteridophyte class 
Polypodiopsida (blue), Lycopodiopsida (orange). Yellow, red and blue lines highlight patterns in the 
morphospace. Dots indicate exemplary taxa from the line of the same colour and demonstrate the variey of 
surface ornamentation in pteridophyte spores. Yellow line shows (from left to right) Cheriopleuria bicuspis, 
Saccoloma inaequale and Hemidictyum marginatum. Red line shows (from left to right) Lindsaea 
malayensis, Anemia angolensis and Calochlaena stramina. Blue line shows (from top to bottom) Dicksonia 
herbertii, Lophosoria quadripinnata and Coniogramme africana. The figure illustrates the high levels of 
diversity and convergence of surface ornamentation in spores across the Polypodiopsida and 
Lycopodiopsida. 

 

The distribution of taxa within the morphospace demonstrates that there are high levels of 

diversity in surface ornamentation within living pteridophytes spores, but also that there are high 

levels of convergence throughout these groups (Fig. 4.14). The high levels of morphological 

convergence and diversity demonstrated here support previous authors (e.g., Chaloner, 2013). 

Taxa from different taxonomic groups occupy the same regions of morphospace and share similar 

surface ornamentation, for example reticulate ornamentation is found repeatedly in both the 

Lycopodiopsida (e.g., Diphasium jussiaei, Pseudodiphasium volubile, Lycopodium paniculatum etc) 

and Polypodiopsida (e.g., Calochlaena straminea, Bolbitis appendiculata, Mickelia guianensis etc) 

within this study. However, the analyses in this study show there is also ornamentation that is 

unique to specific clades. The fossulate character is only scored in Lycopodiaceae, cicatricose 
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ornamentation is only found on spores from Schizaeales and Cyatheales from Polypodiopsida, and 

taxa with folded perispore ornamentation are unique to the polypodiopsida in this analysis. 

 

4.4.2.2. Analyses with surface ornamentation removed 

When all surface ornamentation characters are removed from the analysis, morphospace reduces 

and taxa are arranged as a cloud of data points (Fig. 4.15). The reduction in morphospace and 

closer clustering of data points indicates less variability of morphology between taxa. Again, this 

supports previous findings of high levels of morphological convergence in spores (e.g., Chaloner, 

2013). This decrease in morphospace occupation also suggests that surface ornamentation is a 

key character in providing morphological variability in pteridophyte spores.  

The spore size character has the largest loading values and therefore has the most influence on 

the distribution of data points within the morphospace. The vertical distributions of data points 

(Fig. 4.15) are likely a consequence of the way in which this character has been coded. Spore size 

has been classified into 11 categories with increments of 10 μm. However, most of the taxa (72%) 

included in the study belong to only three of the size categories, while the rest (28%) of the taxa 

belong to the other eight size categories. In order to more evenly distribute the character scores, 

the range of spore sizes within each category can be increased, thereby reducing the number of 

scores for this character. However, the scoring was applied here with the aim of providing an 

accurate representation of morphological form, and this involves discretising what is essentially a 

continual variation in form when features such as size are considered. Therefore, morphological 

features must be categorised and, depending on the nature of the feature, the number of 

categories assigned can vary (e.g., surface ornamentation and size have many categories, whereas 

features such as camerate and perispore only have binary present or absent categories). To 

reflect a more accurate representation of morphological form, the number of size categories here 

has been maximised so that finer distinctions of size are recognised within the data, i.e., 

increments of 10 μm have been applied rather than 20 μm or more. 
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Figure 4.15: Scatter plot showing the results of principal component analyses that included all taxa from the 
data set with perispore and exospore ornamentation removed. Taxa are colour coded by pteridophyte 
class. Red and blue lines highlight bioplot patterns in the morphospace. Dots indicate exemplary taxa from 
line of the same colour. Red line illustrates differences in spore sizes increasing from left to right (left to 
right) Isoetes storckii, Lomariopsis guineensis, Tmesipteris parva and Onoclea orientalis. Blue line illustrates 
differences in the amb character (from top to bottom) Palhinhaea cernua, Diplopterygium laevissimum, 
Alsophia henryi and Equisetum giganteum. 

 

Whilst the data shows that spore size and amb shape account for most of the variance once the 

surface ornamentation is removed, there is currently no consensus on the function of amb shape 

and spore size. However, there is some evidence to suggest that amb shape may affect dispersal 

and deposition. For example, non-spherical shapes usually fall slower than spherical ones of the 

same density and volume (McCartney, 1994), and the high occurrence of pteridophytes in oceanic 

islands (Tryon, 1970; Smith, 1972; Kreft et al., 2010; De Groot et al., 2012; Hennequin et al., 2014; 

Meza Torres et al., 2015) indicates that adaptations for long-distance dispersal is prevalent in 

pteridophytes, and therefore such taxa may have adapted to have non-spherical ambs. There is 

evidence for such adaptation here as most spores (81%) included in this analysis were not 

spherical.  Additionally, large spore size may represent a means by which a plant could limit 

dispersal distance, which may prevent dispersal to unfavourable surrounding areas (Barrington, 

Paris and Ranker, 1986; Barrington, Patel and Southgate, 2020).  
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4.4.3. The organisation of taxa according to phylogeny  

4.4.3.1. Analyses with surface ornamentation included 

Polypodiopsida, occupies a much larger area of the morphospace than Lycopodiopsida, and 

dominates the lower portions of the morphospace (below -5 on axis PC2, Fig. 4.16) and, except for 

Isoëtes cubana, are the only clade along the lowest line of the trajectory (yellow line in Fig. 4.14). 

The PCA with biplot shows that the perispores ornamentation are the characters influencing the 

distribution of taxa along this trajectory, indicating that perispores in Polypodiales have greater 

surface ornamentation variability than the Lycopodiales.   

 

Figure 4.16: Scatter plot showing the results of principal component analyses that included all 
morphological characters. Convex hulls of Lycopodiopsida (orange) and Polypodiopsida (purple). 

 

The tighter clustering of the Equisetales, Osmundales and Hymenophyllales in morphospace 

relative to other pteridophyte orders (Fig. 4.3 and 4.5) highlights the homogenous nature of 

surface ornamentation in these groups. Equisetales described in this study all have scabrate to 

granulate perispores, Osmundales have baculate and verrucate ornamentation, and 

Hymenophyllales are characterised by gemmate and baculate ornamentation. 
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There is no distinct segregation of taxa into their phylogenetic groups, either at class, order, or 

the genus level when surface ornamentation is included in analyses. The lack of clustering and 

wider distribution of all other phylogenetic groups indicates that there is no significant 

relationship between phylogenetic affinity and surface ornamentation within these orders. Scores 

for PC1 and PC2 (Fig. 4.6. and 4.7.) show different medians for groups, and statistical tests support 

this. However, most boxplots representing each order overlap within the same interquartile 

range, which suggests that, although group medians differ, morphology in between most groups 

also share similarities.  

The lack of differentiation in taxonomic groups examined in this study, which is largely due to 

similar surface ornamentation, suggests that either; (i) surface ornamentation is not conserved 

within clades (Chaloner, 2013), or; (ii) is representative of new morphologies produced during 

evolutionary radiations early in a clade's history, which have enabled greater areas of 

morphospace to become occupied (Lupia, 1999; Foote, 2002; Lowery and Fraass, 2019). In both 

instances, convergence in surface ornamentation may be as a result of functional necessity; a 

requirement for dispersal or biological reproduction (Punt 1986; Wiltshire 2010), or may be 

random; unrelated to function and a result of developmental or phylogenetic constraints (Barnes 

and Blackmore 1986; Hemsley, Lewis and Griffiths, 2004). However, in order to test for this, the 

morphospace occupation of the pteridophyte groups tested here needs to be explored through 

evolutionary time so that any changes in occupation through time can be tracked and correlated 

with this group’s evolutionary history. This will be explored further in Chapter Five, where the 

morphological disparity of spores through the Triassic to the Early Jurassic will be measured. 

 

4.4.3.2. Analyses with surface ornamentation excluded 

Although Lycopodiopsida and Polypodiopsida populate some shared regions of morphospace, 

each class range extends beyond where it centrally clusters with the other, creating a gradient 

upon which the two classes lie in a reduced morphospace. This gradient suggests that there is 

more phylogenetic organisation in morphospace when surface ornamentation characters are 

excluded from the analysis (Fig. 4.17).  
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Figure 4.17: Scatter plot showing the results of principal component analyses without ornamentation 
characters. Convex hulls of Lycopodiopsida (orange) and Polypodiopsida (purple). 

 

Convex hulls show that although morphospace is organised as a continuous cloud of data points, 

some clades at the order level occupy more distinct regions within it than they do when surface 

ornamentation characters are included (e.g., Lycopodiales, Isoetales, Ophioglossales, Marattiales, 

Osmundales, Glecheniales and Salviniales, Fig. 4.3, 4.5). Scores for PC1 and PC2 for all orders (Fig. 

4.8 and 4.9) show different medians for groups, and statistical tests support this.  

The contraction in morphospace occupation and increase of discrete clustering of taxonomic 

groups in these analyses indicates that there is a greater level of organisation according to 

phylogeny in morphospace when surface ornamentation characters are removed from analyses 

suggesting that surface ornamentation is a very labile character that evolves repeatedly in 

different groups. By contrast, spore size and amb shape appear to be characters that are more 

specific to certain groups within the pteridophytes, particularly in Salviniales and Marattiales.  

This reflects previous research from Tryon (1986) in which fossil and extant spores in 

myrmecophytic ferns Anemia and Selaginella were compared. Evidence for character stasis in 

spore structural components, especially in the lower part of the wall was found. However, the 
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outer part of the spore wall was found to be malleable, and surface features differentiated in 

response to forces external to the plants.  

When grouped into subgroups of taxonomic orders, overall, pteridophytes show differences in 

spore morphology. With the exceptions of Equisetales, Osmundales and Hymenophyllales, clades 

cluster into tighter formations within morphospace compared to analyses where surface 

ornamentation is included (Fig. 4.3 and 4.5). Notably, Marattiales and Salviniales are clustered 

into relatively tight groups indicating that they are particularly morphologically homogenous. Taxa 

within Salviniales are characterised by circular ambs, trilete apertures and measure between 36-

67 µm.  Marattiales are characterised by; circular ambs, and are small, measuring between 25-31 

µm. By contrast, Schizaeales and Psilotales have significantly different morphologies to 

Marattiales and Salviniales and therefore occupy distinct regions of morphospace. They are 

characterised by oval ambs, and both are much larger, measuring between 72-96 µm (Psilotales) 

and 81-94 µm (Schizaeales).  

By contrast, there are some clades that are widely distributed throughout morphospace in both 

analyses, most notably the Polypodiales, and to a lesser extent Schizeales and Cyatheales (Fig. 4.3 

and 4.5). There are no morphological features that are specifically characterised by these groups. 

All groups have a range of surface ornamentation. In Polypodiales, amb shape varies from 

spherical, oval, triangular-convex, triangular-concave and subcircular, and size varies greatly from 

27 µm (Lindsaea integra) to 118 µm (Onoclea orientalis). Schizaeales have oval and triangular 

convex ambs and have a large size variation between 17 µm (Lygodium circinnatum) and 140 µm 

(Anemia ferruginea). Cyatheales are characterised by triangular, triangular convex and triangular 

concave ambs; their spore sizes vary, measuring between 38 µm (Alsophila henryi) and 96 µm 

(Cibotium cumingii).   

 

4.4.4. Morphospace occupation of gross reproductive biology and ecology traits 

Taxa do not group within the morphospace according to either gross reproductive biology or 

growth habit. This suggests that morphological similarity among taxa does not reflect shared 

reproductive life cycles or ecological similarity.  

Convergence of surface ornamentation across the pteridophytes is evident here, and surface 

ornamentation and its functional significance in spores and pollen, in light of their reoccurring 

similarity, has been considered in the past (Chaloner, 2013). The high levels of morphological 

convergence in spores from this study do not support the hypothesis that morphology has any 

specific function related to gross reproductive biology or ecology. Previous studies have 
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highlighted potential relationships between reproductive biology, ecology and morphology (e.g., 

Grayum, 1986; Tryon, 1985), and some studies have also shown that morphological traits in 

pollen are partitioned among pollination ecologies (Mander et al., 2020), indicating that there 

may be some relationship between ecology and morphology. However, little has been discussed 

regarding the function of surface ornamentation in pteridophyte spores specifically, although, 

considering that wind-dispersal is their main mechanism, ornamentation has been generally 

considered to have a significant role in airborne dispersal (e.g., Wodehouse, 1935; Corbet et al., 

1982; Salgado-Labouriau, Nilsson and Rinaldi, 1993). Despite this, there is little evidence to 

support any relationship between morphology and ecology here. The only findings within this 

research that lend any support to any such relationship is the statistically significant differences in 

spore morphology of epiphytic and herbaceous taxa when surface ornamentation is included 

(Tables 4.13, 4.14). These findings suggest that spore surface ornamentation may have some 

contribution towards ecological adaptations to the environment in these specific growth habits. 

Although differences between other growth habits were not significantly different, suggesting 

that morphology is not a crucial factor for ecological adaptations.   

Homosporous and heterosporous taxa are organised as a continuous cloud of data, occupying the 

same regions of morphospace, and no significant differences in morphology between the two 

groups were found. Therefore, there is no evidence in this study to support the hypothesis that 

spore morphology is related to gross reproductive biology.  

 

4.4.5. Evolutionary context 

Although it is possible that the taxonomic orders examined here have always occupied the same 

regions of morphospace as each other throughout their evolutionary history, these patterns could 

also have resulted from a recent diversification event (Mander et al., 2020). During the Late 

Cretaceous, the Polypodiales rapidly diversified, and it is from this group where the majority of 

living ferns species originate (Schneider et al., 2004; Watkins and Cardelús, 2012). Such events 

may homogenise a previous distribution that was once more segregated (Erwin, 2007), and there 

may be evidence for this here (Fig.4.3 and 4.5).  In both morphospace analyses where surface 

ornamentation was included and excluded, Polypodiales occupy the largest area of the 

morphospace and are the only group to overlap with every other taxonomic group (with the 

exception of Isoetales when ornamentation is removed, however, there are only two taxa from 

this group included). It is possible that the relatively recent radiation of Polypodiales may have 

resulted in this overlap and the apparent homogenisation of all extant orders. 
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Furthermore, during this diversification, ferns diversified into a new angiosperm epiphytic niche 

(Watkins and Cardelús, 2012; Sundue, Testo and Ranker, 2015). In this study, pairwise comparison 

of epiphytic and herbaceous taxa in analyses where all morphological characters were included 

were the only groups to show statistically significant differences in spore morphology (Tables 

4.13, 4.14). Most of the epiphytic taxa included in this study were polypods; hence, it is possible 

that this differentiation of surface ornamentation may be related to different modes of life that 

have their evolutionary origins in the Cretaceous radiation of ferns. 

Additionally, developmental constraints (e.g., pleiotropy, section 1.2) may play a role in restricting 

the morphological characteristics that can be produced in spores, and further work is needed to 

determine this. Furthermore, the differences in morphological features between spores may be 

too small or subtle to be recorded. The role of surface morphology in small objects such as spores 

may only provide any traceable interaction with the physical world at a level beyond what can be 

observed under a microscope, e.g., the role of surface ornamentation in small object has been 

shown to affect the drag force acting upon them (Kabir et al., 2015). 

 

4.5.  Conclusions  

1. Taxa group together within the morphospace when all morphological characters are 

included and do not form distinct clusters (Fig. 4.3 and 4.4.). Surface ornamentation has 

the greatest influence on morphospace occupation, with primary perispore 

ornamentation accounting for most variation, followed by primary exospore 

ornamentation (Table 4.2.). This supports high levels of evolutionary convergence of 

surface ornamentation in pteridophyte spores (Chaloner, 2013). However, PC1 and PC2 

scores vary among different groups (Figs. 4.6 and 4.7), and nonparametric post-hoc 

statistical tests show the fern spores of two pairs of orders; Equisetales and Marattiales, 

and Hymenophyllales and Lycopodiales (Tables 4.5, 4.7), have a statistically significant 

separation from each other in morphological space. 

 

2. When all perispore and exospore ornamentation characters are removed from PCA 

analyses, spore size has the greatest influence on morphospace occupation, followed by 

the shape of the amb (Table 4.3). In this reduced character space, Lycopodiopsida and 

Polypodiopsida taxa fall within the same region of morphospace; however, the two 

classes lie on a gradient, and Polypodiopsida occupies a greater area of morphospace (Fig. 

4.15). Many taxa are somewhat organised into morphospace according to their 

phylogeny. Most pteridophyte orders (Lycopodiales, Selaginellales, Isoetales, 
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Ophioglossales, Psilotales, Gleicheniales, Cyatheales) cluster in a tighter formation 

compared to analyses with ornamentation, Mariatiales and Salviniales in particular, form 

clusters that are distinct (Fig. 4.5). Medians of PC1 and PC2 scores vary, and Kruskal-Wallis 

tests show that PC scores of each group are not drawn from the same population (Fig. 4.8 

and 4.9). Additionally, nonparametric post-hoc statistical tests show that there are 

multiple groups that have a statistically significant separation from each other in 

morphological space (Tables 4.9, 4.11). Therefore, the separation of pteridophyte spores 

into taxonomic groups within morphospace is clearer when surface ornamentation 

characters are removed. This finding suggests that for certain groups such as Marattiales 

and Salviniales, characters such as the amb shape and spore size may be phylogenetically 

conserved within each order and emphasise that surface ornamentation is evolutionary 

labile in the spores investigated here.  

 

3. Taxa do not group in morphological space according to their gross reproductive biology: 

heterosporous and homosporous taxa fall within the same regions of morphospace as 

each other, and neither cluster into distinct groups (Fig. 4.2c and 4.4c). Similarly, there is 

no evidence to suggest that spore morphology is related to pteridophyte ecology: taxa do 

not group according to growth habit (Fig. 4.2d and 4.4d). Taxa with different ecologies 

often have similar spore morphologies, which suggests that spore morphology likely does 

not play a role in the ecological differentiation of pteridophyte species. Although 

relatively little has been discussed regarding the function of surface ornamentation in 

pteridophyte spores, it has previously been suggested that morphology may have a 

functional role in wind-dispersal (Wodehouse, 1935; Salgado-Labouriau, Nilsson and 

Rinaldi, 1993). Results here indicate that there is no evidence for this. 

In general, post-hoc statistical tests support findings that taxa from all four growth habits 

analysed here have similar spore morphology (Fig. 4.10 and 4.11). The only exception was 

a comparison of PC2 and PC2 scores in epiphytic and herbaceous taxa in analyses where 

all morphological characters were included, which indicated statistically significant 

differences in the spore morphology of these groups (PC1 comparison p-value = 0.04212, 

PC2 comparison p-value = 0.03145) (Tables 4.13, 4.14.). 
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5. The Morphological Evolution of Spores Throughout the 

Triassic 

5.1. Introduction 

As the following review highlights, the Triassic interval was a period characterised by biotic 

change associated with recovery from the Permian-Triassic mass extinction, environmental 

change such as the Carnian Pluvial Episode, and the Triassic-Jurassic mass extinction. It marks a 

period in time that records significant floristic turnover following the largest mass extinction 

event recorded on Earth and therefore provides an evolutionary interesting time frame in which 

conceptual models of morphological evolution in plants can be tested 

 

5.1.1. The Triassic: A time of major environmental and biotic change 

The Triassic represents one of the warmest periods in Earth history, a hot-house world with ice-

free poles, marking the origin of Mesozoic ecosystems and the end of the Palaeozoic (Miller and 

Baranyi, 2019). The Triassic is delineated by two of the five major mass extinction events in 

Earth's history: the end Permian extinction and the Triassic-Jurassic extinction event. It also bore 

witness to the recovery of terrestrial and marine ecosystems during the early Late Triassic Carnian 

Pluvial Episode (CPE), which combined severe biodiversity losses with high diversification and 

origination rates (Dal Corso et al., 2020). By contrast, the Norian of the Late Triassic is a period of 

relative stability, despite being nearly three times the duration of the entire Early Triassic (Ogg et 

al., 2020). The following discussion reviews the general environmental and biotic changes globally 

throughout the Triassic, with a focus on the Alpine and Germanic facies of central and 

northwestern Europe.  

5.1.1.1. Early - Middle Triassic recovery from the end Permian extinction event 

The Early Triassic spans c. 5 Ma (Fig. 5.1). It is an interval characterised by high biotic turnover and 

climatic and environmental variability. The end Permian extinction event was the most 

catastrophic biotic crisis of the Phanerozoic (Erwin, 1994; Jin et al., 2000; Wignall, 2007, 2015; 

McGhee et al., 2013; Cascales-Miñana et al., 2016), accounting for >90% loss of species globally 

(Chen and Benton, 2012), with the cause attributed to several factors including; the eruption of 

the Siberian Trap volcanic complex (Ogden and Sleep, 2012; Grasby, Beauchamp and Knies, 2016), 

bolide impacts (Kaiho et al., 2001, Yin et al., 2007) and catastrophic methane release due to 

pronounced negative excursions in δ13C (Rampino and Caldeira, 2005; Knoll et al., 2007). 



Chapter 5 – The Morphological Evolution of Spores Throughout the Triassic  C.Walker 2022 
 

242 
 

Rapid climate change marked by increased CO2 and global warming (Wignall 2007; Bottjer et al., 

2008; Payne and Clapham, 2012; Trotter et al., 2015), oceanic anoxia (Wignall and Twitchett, 

1996; Penn et al., 2018), and the release of SO2 which may have resulted in brief, but severe 

cooling effects triggered the largest mass extinction event in Earth's history. Global warming is 

indicated by increased weathering rates in high palaeolatitude soils (Retallack, 1999; Michaelsen 

and Henderson, 2000), and geochemical modelling suggests temperature increases of 6-8°C at the 

P-T boundary (Royer et al., 2004). Lower Triassic red beds indicate an arid climate; however, a 

strongly seasonal or semi-arid climate is evidenced by co-occurring palaeosols (e.g., Retallack et 

al., 1996; Linol et al., 2009).  Environmental stress continued throughout the Early Triassic. 

Oscillations in C isotope indicate that greenhouse conditions prevailed due to major pulses of 

Siberian Trap volcanism (Payne et al., 2004). This likely influenced biotic recovery throughout this 

period, particularly in marine groups (Campbell et al., 1992; Schubert and Bottjer, 1992; Woods et 

al., 1999; Pruss et al., 2006; Bottjer, 2007; Chen and Benton, 2012; Miller and Baranyi, 2019) (Fig. 

5.1). 

 

Figure 5.1: Graph summarising environmental and biodiversity changes during the Late Permian to the 
Middle Triassic. Significant fluctuations in carbon isotopes are observed at the end Permian boundary and 
throughout the Early Triassic interval coinciding with eruptions from the Siberian Traps large igneous 
province. Simultaneously, with the exception of ammonoids and conodonts, marine biodiversity declines 
rapidly and does not recover fully until the Middle Triassic. Tetrapod diversity in the earliest Triassic 
increases. However, their diversity fluctuates through the remaining Early-Middle Triassic, and they do not 
regain high levels of diversity until the late Middle Triassic. A decline in plant diversity is also recorded after 
the end Permian boundary, although it is not as severe as that see in most marine groups. Plants recover 
rapidly by the Smithian stage, and their overall diversity is not affected by 13C fluctuations. However, they 
did not return to their pre-extinction levels until the Late Triassic. A notable coal gap throughout the Early 
Triassic interval reflects the drastic decline in peat-forming woody plants (Figure taken from Chen and 
Benton, 2012). 
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During the end Permian extinction event, an estimated 68% of marine genera and 92% of species 

went extinct (Sepkoski, 1992; 2002). Groups including brachiopods, crinoids, trilobites and 

tabulate and rugose corals were severely affected and replaced by groups such as bivalves, 

gastropods, malacostracans (crabs and lobsters), echinoids (sea urchins), scleractinian corals and 

bony fishes, marking the end of the Palaeozoic marine fauna and the rise of modern fauna (Gould 

and Calloway, 1980; Sepkoski, 1981; Chen and Benton, 2012). Stable marine ecosystems did not 

re-emerge until the early to middle Anisian, 8–9 Myr after the crisis, identifiable by the end of the 

coral gaps (Fig. 5.1) (Chen and Benton, 2012). Widespread ocean anoxia is reported to have 

prolonged biotic recovery following the end Permian mass extinction event (Hallam, 1991), and 

there is evidence to support this in large sea-floor carbonate cements from the Lower Triassic 

Union Wash Formation in east-central California. These cements indicate harsh environmental 

conditions during this period, at least at the regional level, providing support for evidence of 

anoxic waters near the edge of the continental margin (Woods et al., 1999). 

However, the terrestrial record of this time is less understood, although it is becoming more 

apparent that some terrestrial biota were also severely affected by the end Permian extinction 

(Benton, Tverdokhlebov and Surkov, 2004; Irmis and Whiteside, 2012; Miller and Baranyi, 2019). 

Key tetrapod groups had changed, and new clades, the archosaurs and cynodonts, became 

dominant with dinosauromorphs originating during the Spathian to Anisian recovery (Brusatte et 

al., 2010; Nesbitt et al., 2010). The end Permian mass extinction event is the only interval 

currently known to have had a devastating effect on terrestrial vegetation on a global scale 

(Cascales-Miñana et al., 2016; 2018). Plants declined during the end Permian; however, they 

rebounded in the Smithian, although not returning to pre-extinction levels until the Late Triassic 

(Fig.5.1) (Chen and Benton, 2012). The spore spike observed before the end Permian is seen as an 

indication of early signs of environmental stress as gymnosperm dominated floras were replaced 

by opportunistic pioneer taxa such as ferns and lycopods (Kürschner and Herngreen, 2010), and 

this decline in peat-forming woody plants resulted in the Early Triassic coal gap. A further spore 

spike occurred in the Early Triassic Smithian, preceding the end-Smithian extinction. Following 

this, gymnosperm dominated assemblages began replacing lycopod dominated ones, highlighting 

a change from warm and equable climates to latitudinally differentiated climates and resulting in 

the recovery of peat forests in high latitudes, ending the Early Triassic coal gap (Fig.5.1) (Retallack, 

Veevers and Morante, 1996; Looy et al., 1999; Rees, 2002; Grauvogel-Stamm and Ash, 2005; 

Galfetti et al., 2007; Retallack et al., 2011).  

During the Middle Triassic, there is evidence that Pangea at this time had large seasonality, 

characterised by high aridity in the continental interiors, with evidence for extreme monsoon 
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conditions (Kutzbach and Gallimore, 1989; Parrish, 1993). Terrestrial successions of Europe and 

North America from the western Tethys, record an arid to semi-arid environment with humid 

phases (van der Zwanand Spaak, 1992; Ziegler et al., 1993), and this is supported by palynological 

data ((e.g., the Upper Anisian of Southern Alps in Hungry (Kustatscher et al., 2010)). The east 

Tethys record more warm and temperate conditions which supported forests (Ziegler et al., 1993; 

Cúneo et al., 2003). There is also evidence for alternating warmer cycles, with three rapid 

warming events in the late Anisian, early Ladinian and latest Ladinian, and more favourable 

cooling cycles (Trotter et al., 2015). The vegetation across Pangea during this period consisted of 

low diversity assemblages dominated by lycopods and conifers. Plants with small leaves and 

needle leaves indicate adaptation to low water availability during arid conditions (Miller and 

Baranyi, 2019; Wang et al., 2019) and a high abundance of xeromorphic assemblages (e.g. 

Triadispora) throughout this period support this (Kürschner and Herngreen, 2010). 

In the Germanic basin and Alpine realm of central and northwest Europe, the Late Permian 

palynofloral assemblages from Zechstein deposits represent highly diverse bisaccate pollen 

assemblages with c. 80 sporomorph taxa typified by gymnosperms ((similar to Jugasporites, 

Limitisporites, Lueckisporites, Lunatisporites, Protohaploxypinus and Strotersporites (Kürschner 

and Herngreen, 2010)). Macrofossils of conifers described from the Zechstein of west Europe (see 

Kürschner and Herngreen, 2010, and refereneces therein) have xenomorphic features suggesting 

a warm and dry climate at this time. During the Permian-Triassic transition, there was a major 

floristic turnover with an almost 70% decrease in pollen diversity, with the dominant bisaccate 

pollen assemblages being replaced by spore ones throughout the Early Triassic (Fig. 5.2)  (Visscher 

and Brugman, 1988), in well-drained floodplains which were colonised by herbaceous pioneer 

vegetation, particularly lycopsids such as Isoetales and Selaginellales  (Van der Zwan and Spaak, 

1992). Following this, during the late Olenekian, there is a renewal of gymnosperms and an 

increase in pollen flora (e.g., Angustisulcites, Triadispora crassa and Voltziaceaesporites 

heteromorphus) (Fig.5.2.b) in northwest Europe (in the Hardegsen and Solling Formations in), 

whereas spore species diversity, remained relatively stable until the Ladinian (Fig. 5.2.c) 

(Kürschner and Herngreen, 2010). 
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Figure 5.2: Graphs showing the changes in palynofloral diversity from the Late Permian (Changhsingian) to 
the Early Jurassic (Hettangian) in the Germanic and Alpine facies for (a) pollen and spores, (b) pollen only 
and (c) spores only. Lines with dots represent standing diversity, diamonds indicate the number of 
originations, and squares show the number of extinctions. The red vertical line indicates the Permian-
Triassic transition. Pollen diversity rapidly declines, whereas spores show a slight increase. The yellow 
vertical line highlights the Ladinan, where an increase in both spore and pollen taxa is seen. This coincides 
with intermitted cooling cycles leading to more biologically favourable conditions. The blue vertical line 
indicates the Carnian Pluvial Episode. Pollen diversity declines, whereas spore diversity rapidly increases. 
The green vertical line highlights the Triassic-Jurassic extinction event, where both spore and pollen taxa 
diversity decreases (Figure taken from Kürschner and Herngreen, 2010). 
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Apart from the P-T transition, the Mid Triassic was the most dynamic time in the entire Triassic in 

terms of floristic turnover in the Germanic basin. This period would signify the beginnings of many 

new pollen and spore types that became significant components of the later Triassic and even 

later in the Mesozoic. The early Anisian represents a reoccupation of pollen and the retreat of 

lycophyte dominated pioneer taxa at the Solling-Röt Formation transition in northwest Europe 

(Looy et al., 1999). The appearance of pollen taxa (e.g., Illinites spp., Protodiploxypinus doubingeri, 

P. fastidioides, Stellapollenites thiergartii, Tsugaepollenites  oriens and Triadispora  plicata) 

reflects the final reforestation by Triassic gymnosperms such as Voltziales (conifers) and 

pteridosperms (seed-ferns), brought on by drier, semi-arid climatic conditions and evidenced by 

increasing xeromorphic taxa (Kürschner and Herngreen, 2010). Pollen diversity at this point 

increases; however, it is still only about half the amount of diversity that is reached in Zechstein 

deposits of the late Permian (Fig.5.2b).  

The early Ladinian is characterised by assemblages of low spore diversity and increases in pollen 

However, diversity rapidly increases and reaches a maximum in the late Ladinian in central Europe 

(Fig. 5.2) (Kürschner and Herngreen, 2010). This rise reflects an increase in the production of 

spore taxa (e.g., Anapiculatisporites, Asseretosporitesgyrate, Aulisporitesastigmosus, 

Camarazonosporites rudis, Echinitosporites iliacoides, Heliosaccus dimorphus, Keuperisporites 

baculatus, Lycopodiacidites and Porcellispora longdonensis) from wetland floras formed after the 

retreat of the Muschelkalk Sea. 

 

5.1.1.2. Late Triassic Carnian Pluvial Episode (CPE) 

The Late Triassic Carnian stage represents a time of significant changes in global biodiversity, 

climate and environment (Simms and Ruffell, 1989; Benton, 1986; Miller et al., 2017; Dal Corso et 

al., 2020). The Carnian Pluvial Episode (CPE) occurred around 234 to 232 million years ago, lasting 

for up to 1.7 Ma (Fig. 5.3) (Dal Corso et al., 2020). 

Drastically different from the Early Triassic's arid to semi-arid conditions, it was characterised by 

major increases in rainfall and humidity (Simms and Ruffell, 1989, 1990; Dal Corso et al., 2009). 

Evidence for highly seasonal precipitation patterns is consistent with a highly monsoonal climate. 

In England, a rapid increase in precipitation is recorded in red evaporative mudstones and 

siltstones terrestrial sections (Sidmouth Mudstone Formation) which are replaced by lacustrine 

mudstone and dolomitic limestones (Dunscombe Mudstone Formation) (Gallois, 2001, 2008; 

Gallois and Porter, 2006). Contemporaneously, in the Germanic basin, sabkha sediments are 

replaced by the fluvial deposits of the Stuttgart Formation (Kozur and Bachmann, 2010). 
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Additionally, there is also evidence for increased siliciclastic and the shutdown of carbonate 

systems across the Tethyan realm, suggesting oxygen-depleted conditions in marginal basins 

(Hornung et al., 2007; Roghi et al., 2010). Marine sedimentary records in the Tethys show the 

rapid accumulation of siliciclastic material in conjunction with anoxic conditions and a temporary 

shutdown of carbonate systems in the western Tethys realm (e.g., Simms and Ruffell 1989; 

Hornung et al., 2007; Rigo et al., 2007; Preto et al., 2010; Sun et al., 2016). 

C-isotope (13C) records show C cycle repeated perturbations and injections of 13C-depleted 

carbon into the ocean-atmosphere system increased the pCO2, which may likely have resulted in 

global warming (Dal Corso et al., 2009; 2018; Trotter et al., 2015; Sun et al., 2016; Belcher and 

Hudspith, 2017) (Fig. 5.3). 

 

 

Figure 5.3: Graph showing changes in diversity in floristic assemblages throughout the Carnian to the 
Norian. The Carnian Pluvial Episode (CPE) is identified along the horizontal orange mark. Temperature and 

13C fluctuates significantly during this period. The Carnian is the basal stage of the Late Triassic. Its lower 
boundary is dated at c. 237 Ma ago, and its upper boundary at c. 227 Ma ago. Julian-Tuvalian boundary c. 
233 Ma ago (Figure taken from Dal Corso et al., 2020). 

 

The exact cause of the CPE is not fully understood (Dal Corso et al., 2018) although it has been 

linked to increase in rainfall and changes in atmospheric or oceanic circulation driven by plate 

tectonics such as the uplift of the Cimmerian orogeny (Hornung and Brandner, 2005) and a peak 

of the global monsoon due to maximum continental aggregation  (Parrish, 1993; Colombi and 

Parrish, 2008). The Wrangellia Large Igneous Province (LIP) has also been considered a potential 

cause (Furin et al., 2006; Greene et al., 2009; Dal Corso et al., 2012). Biostratigraphic, 

radioisotopic, and geochemical data indicate that this volcanic activity ranged from the Ladinian 

to the early late Carnian (Greene et al., 2010; Xu et al., 2014), and there is evidence to suggest 

that carbon isotopes remain relatively constant from the middle Anisian to the middle Norian, 

with the exception pronounced negative excursions that coincide with the CPE (Dal Corso et al., 
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2012; 2018). Other volcanic events, e.g., the Huglu-Pindos series in Greece, the Kara Dere basalts 

in Turkey and the Taimyr Complex in Russia, could have enhanced the effects of Wrangellia 

(Mueller et al., 2016a, 2016b; Sun et al., 2016), and contributed to the release of volcanic gases 

which may have resulted in rapid temperature and δ13C changes, ocean anoxia, and major 

ecosystem changes.  

Whatever the cause, there is an apparent link between the onset and termination of the CPE and 

the timing of major biotic turnover (Simms and Ruffell, 1990). These climatic and environmental 

changes resulted in widespread extinction and diversification throughout the Carnian. One of the 

largest marine losses in the Mesozoic is marked by the Carnian extinction, where it has been 

estimated that ~33% of marine genera became extinct during the Julian Tuvalian boundary 

(Sepkoski, 1996). Oxygen-isotopes from conodont apatite from this period suggest an increase in 

sea-surface temperatures, which may have been a contributing factor to changes in biodiversity 

during this time (Hornung et al., 2007; Trotter et al., 2015; Sun et al., 2016). This period negatively 

affected both marine invertebrate groups, e.g., crinoids (Simms and Ruffell, 1989; Simms and 

Ruffell, 1990), ammonoids and conodonts (Zhang et al., 2018; Dal Corso et al., 2020), and 

vertebrate groups, e.g., bony fish (Osteichtyes) (Romano et al., 2016) all of which declined in 

taxonomic diversity throughout this interval. By contrast, the Carnian is also noted for major 

evolutionary diversifications, e.g., ammonoids and conodonts declined in the Julian but diversified 

in the Tuvalian during the latter CPE (Simms and Ruffell, 1990; Dal Corso et al., 2020), the first 

known calcareous  nannoplankton occur in the record shortly following the CPE (Furin et al., 

2006), and reef communities began to recover from the end Permian mass extinction with the 

emergence of scleractinia coral reefs and the rise of calcispheres (Stanley, 2003, 2006; Pruss and 

Bottjer, 2005) 

The Carnian Pluvial Episode also significantly impacted terrestrial biodiversity and marked a major 

macroecological shift in tetrapod ecosystem structure. High extinction rates have been recorded 

in many terrestrial animal groups (e.g., Benton, 1986). Conversely, many groups diversified and 

radiated during this time, e.g., possible radiation of turtles (Reolid et al., 2018), and 

crocodylomorphs appeared during the late Carnian (Irmis, Nesbitt and Sues, 2013; Lecuona, 

Ezcurra and Irmis, 2016), there is also some evidence for the diversification of mammals (Lucas 

and Luo, 1993; Datta, 2005), and insects (Labandeira, 2006; Kustatscher et al., 2018) and most 

notably, the diversification of dinosaurs immediately after the Carnian Pluvial Episode (Benton, 

Bernardi and Kinsella, 2018; Bernardi et al., 2018).  

The Carnian also signifies an important period of radiation and diversification in many plant 

groups. Subsequently, many of these groups would become important components of Mesozoic 
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and modern floras such as the Bennettitales (Pott and McLoughlin, 2009), ferns groups 

Hymenophyllaceae, Matoniaceae, and Dipteridaceae, and seed ferns Peltasperma and 

corystosperms (Kustatscher et al., 2018; Dal Corso et al., 2020). There is also evidence for a floral 

shift from arid-loving to humid-loving microflora and macroflora where hygrophytic taxa such as 

ferns and sphenophytes become more abundant (Pott, Krings and Kerp, 2008; Kustatscher et al., 

2018). Abundant major amber deposits, which likely resulted from changes towards moist 

conditions, which increases resin production in conifers are found (Roghi, Ragazzi and Gianolla, 

2006; Seyfullah et al., 2018), and the overall decline in palynofloral diversity, which is contrary to 

a rapid and significant increase in spore-producing plants (Fig. 5.2). Despite this, however, there is 

a rapid diversification of Circumpolloid genera (e.g., Cirilli, 2010), a significant step for the 

evolving Cheirolepidaceae that later became an important conifer group in the Late Triassic and 

most of the succeeding Mesozoic (Kürschner and Herngreen, 2010). 

In the Germanic basin of central and northwest Europe, the early Carnian period represents an 

arid phase evidenced by evaporitic sediments in the Lower Gipskeuper Formation, a dominance of 

xeromorphic elements e.g., taeniate bisaccates and Triadispora and a decline in spores (Fig.5.2.c). 

However, with the onset of the CPE during the early Late Triassic Carnian, spore diversity rapidly 

increases and reaches its highest level of the entire Triassic (Fig. 5.2.a) (Kürschner and Herngreen, 

2010; Kustatscher et al., 2018), signifying a change from palaeophytic plant assemblages to 

mesophytic ones (Kustatscher et al., 2018). The presence of fluviatile, lacustrine facies within the 

Germanic basin suggests wetter environmental conditions, which likely resulted in lycopod 

dominated assemblages (e.g., Aratrisporites spp.) (Kürschner and Herngreen, 2010). 

 

5.1.1.3. The Late Triassic-Jurassic extinction event 

Following the climatic and biotic upheaval of the Early and Middle Triassic, the remainder of the 

Late Triassic was relatively climatically stable (Tanner, 2018, Sun et al., 2020), this is supported by 

monotonous successions of dolomitised peritidal carbonates, the Dolomia Principale, indicating 

no variability in climate (Hass and Demény, 2002). However, Preto et al., (2010) suggest that this 

apparent stability could be due to a lack of studies, with most research focused on data from 

northwest Europe and northeast America, where the regional effects of the Central Atlantic 

magmatic province (CAMP) are likely to have been at their most intense. The Earth generally 

experienced hothouse conditions with low equator-to-pole temperature gradients through the 

Late Triassic (Kustatscher et al., 2018). δ18O records also show some cooler periods of sustained 

climate stability with biologically favourable sea surface temperatures during this time (Trotter et 

al., 2015). However, towards the end of this interval, rifting in the North Atlantic region resulted 
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in the opening of the Atlantic along the Central Atlantic ridge, signalling the initial breakup of the 

supercontinent (Bortolotti et al., 2005; Schettino and Turco, 2009). Increased CO2 levels (Royer et 

al., 2001; Beerling and Berner, 2002; Schaller, Wright and Kent, 2011; Steinthorsdottir, Jeram and 

McElwain, 2011; Hesselbo, Robinson and Piasecki, 2002) and negative excursions in δ13C followed 

(e.g., Hesselbo et al., 2002; Galli et al., 2007; Götz et al., 2009; Ruhl, Kürschner and Krystyn, 2009). 

These are postulated to be linked with eruptions from the Central Atlantic magmatic province 

(CAMP) (Hesslbo et al., 2002; Deenen et al., 2010; Whiteside et al., 2010), which are estimated to 

have begun c. 100, 000 years before the Triassic-Jurassic (Davies et al., 2017), and continued in 

episodic pulses for 700,000 years (Blackburn et al., 2013). Increased CO2 levels during this interval 

caused by eruptions of CAMP flood basalts may have induced global warming, ocean acidification, 

and an environmental catastrophe in both marine and terrestrial environments (e.g., McElwain, 

Beerling and Woodward, 1999; Marzoli et al., 1999; Hesselbo et al., 2002; Huynh and Poulsen, 

2005; Ruhl et al., 2011; Capriolo et al., 2020). The development of kaolinite-rich boundary clays in 

north-western Europe evidence intense weathering in a hot, humid climate (Ahlberg et al., 2003), 

and this is supported by stable isotope geochemistry (Korte et al., 2009). There is also evidence 

for short-lived cooling and acid rain caused by volcanic SO2 fluxes (Van de Schootbrugge et al., 

2009), which is supported by an algae (prasinophyte) spike observed by Heunisch et al., (2008). 

Characterised by both increased extinction rates and decreased origination rates (Bambach, Knoll 

and Wang, 2004), biodiversity patterns across the Triassic-Jurassic boundary are still relatively 

under-explored (Hallam and Wignall, 1997), and our understanding of extinction patterns at this 

time rely heavily on Sepkoski's compendia listing the stratigraphic ranges of marine taxa 

(Sepkoski, 1992; 2002). It is still unclear whether this extinction event was a sudden and 

catastrophic global event or whether it was an interval of prolonged elevated extinction rates and 

low origination rates resulting in localised extinctions (Lucas and Tanner, 2015). However, it is 

widely accepted that this event affected marine biota more than terrestrial (Preto et al., 2020; 

Lucas and Tanner, 2008). Overall, it is estimated that 50% of all species went extinct (Sepkoski, 

1996). In the marine realm, this span of time sees the extinction of conodonts (Clark, 1983), 

radiolarian groups and monotid bivalves (Hesselbo, Robinson and Piasecki, 2002), and the almost 

complete extinction of ammonites (Willis and McElwain, 2002). Important components of reef 

ecosystems disappeared during this time. Kiessling et al.,(2007) estimated that 41% of all 

mesobenthic and macrobenthic genera crossing the Norian–Rhaetian boundary became extinct, 

within the Rhaetian bivalves, sponges, brachiopods and corals all declined in diversity over this 

span in time (Hallam, 1981). Extreme greenhouse warming triggered by the release of CO2 from 

flood basalt volcanism has been linked to this extinction event. There is evidence for anoxic 
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bottom waters on the western Tethys shelf basin, evidenced by the black shale deposition in the 

Kendlbach Formation in the Northern Calcareous Alps, Austria (Bonis, Ruhl, and Kurschner, 2010). 

Terrestrial ecosystem collapse during this time coincides with major mass extinction in the marine 

realm. On land, there is an extinction peak of tetrapods at this interval (Olsen, Shubin and Anders, 

1987; Benton and King, 1989). Dinosaurs began the domination of terrestrial ecosystems and all 

Triassic archosaurs, apart from dinosaurs, pterosaurs and crocodiles, went extinct (Olsen et al., 

1969). There is evidence from marine and terrestrial organic carbon isotope data that links the 

biodiversity loss during this interval to the eruption of the first Central Atlantic magmatic province 

lavas, (Hesselbo et al., 2002). Further evidence for this is found in geochemical analyses of spores 

and pollen from across the Triassic-Jurassic boundary in Germany and Sweden. Van de 

Schootbrugge et al., (2009) found that fern and fern-associated vegetation rapidly replaced 

gymnosperm forests in northwest Europe at the Triassic-Jurassic boundary. Palynomorphs from 

this boundary show a marked darkening suggested to be caused by soil acidification from 

sulphuric acid deposition during CAMP eruptions. They conclude that because vegetation changes 

were so rapid and widespread that it could not have been triggered by greenhouse warming 

alone, instead pollutants such as SO2, which was likely injected into the atmosphere by CAMP 

volcanic activity, may have played a significant role (Bacon et al., 2013). Further evidence for 

volcanogenic pollutants contributing to this biotic crisis comes from increased levels of mercury 

which correlate with high occurrences of abnormal fern spores in southern Scandinavia and 

northern Germany, indicating environmental stress (Lindström et al., 2019). 

However, there is little evidence to suggest that this interval caused severe extinction in plants 

globally (Niklas and Tiffney, 1994). Palynofloral diversity was more affected by the end Permian 

extinction event and the Carnian Pluvial Episode than at the end Triassic-Jurassic (Kürschner and 

Herngreen, 2010). However, some groups were known to be affected, e.g., seed ferns (with the 

loss of the families Glossopterideae, Peltaspermaceae and Corystospermaceae) (Götz et al., 

2009), and many spore-producing plants also declined (Fig. 5.2) (Kürschner and Herngreen, 2010).  

Overall, the end Triassic did not induce mass extinction in plants; however, it is linked to abrupt 

changes in their ecology and diversity; for example, temperature increases caused by increases in 

CO2 at this interval is linked to injury to plant species with large leaves in Greenland and Sweden. 

Related taxa replaced these taxa with smaller and more dissected leaves after the boundary 

(Beerling and Woodward, 1999; Willis and McElwain, 2002; McElwain). In the Newark Basin USA, 

there is evidence for an extinction of 60% of sporomorph taxa followed by a sharp spore spike 

(Fowell and Olsen, 1993). Boundary sections from Hochalplgraben in the Austrian Alps show 

gymnosperm dominated forests which are replaced by ferns, club mosses and liverworts as the 
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climate changed to warmer and wetter conditions. In contrast, boundary sections from St. 

Audrie's Bay in the UK show mixed gymnosperm forests replaced by homogenous vegetation 

consisting mainly of Cheirolepidiaceae as conditions here become warmer and arid. This non-

uniform change in diversity is proposed to have resulted from contrasts between continental and 

marine with a drier continental interior attributed to the monsoon system (e.g., St. Audrie's Bay) 

and a wetter environment (e.g., Hochalplgraben) near the margins of the Tethys Ocean (Tanner, 

2018; Bonis and Kurschner, 2012).The incompleteness of the fossil record at this time 

compromises the understanding of floristic compositions and their changes during this period 

(Hallam, 2002; Kustatscher et al., 2018; Dal Corso et al., 2020). The lack of a reliable and widely 

applicable biostratigraphic framework has also hampered the understanding of events during this 

time. Complete marine sediment successions are few and far apart, which is suggestive of low 

global sea levels (Hesselbo, McRoberts and Pálfy, 2007). However, turnovers in global floras are 

apparent in both macrofossils and palynofloras across the Triassic-Jurassic boundary, especially in 

the North Atlantic and Gondwanan regions (Kustatscher et al., 2018).  

Palynological assemblages from the Norian stage of the Germanic basin are not well understood 

due to the scattered nature of the palynomorph record here, although it is recognised that pollen 

diversity decreases by 50% between the early Carnian and Norian, largely due to conditions 

becoming more favourable towards spore-producing plants (Kürschner and Herngreen, 2010). 

This marks the second most serve loss of pollen taxa since the P-T. The following Rhaetian stage 

represents a more diverse assemblage with new species and a greater abundance of spores 

reappear, indicating wetter conditions. These assemblages are dominated by ferns and 

lycophytes, likely representing opportunistic, pioneer taxa recolonising disturbed ecosystems (Van 

De Schootbrugge et al., 2009), although pollen diversity remains stable during this time (Fig.5.2. 

b). At the T-J transition, palynofloral diversity in the Germanic basin decreases by about 20% 

(Kürschner and Herngreen, 2010), most of this loss is from spore taxa (Fig.5.2). By the early 

Hettangian, species richness is at similar levels to pre-Rhaetian. Despite this decline in diversity, 

the changes in palynofloral assemblages from the Carnian into the Hettangian in the Germanic 

basin are gradual compared to the dynamic biodiversity patterns seen earlier at the P-T transition 

and the end-Carnian decline (Fig. 5.2) (Cirilli, 2010; Hesselbo et al., 2020). Changes in plant 

diversity seen across East Greenland at this time, i.e., that of a Late Triassic high diversity 

assemblage to lower diversity Early Jurassic (e.g., McElwain et al., 1999; Mander et al., 2010; 

Bacon et al., 2013), are not reflective of changes globally. It is likely that changes in vegetation 

during the Late Triassic, and across the Triassic-Jurassic boundary were localised and not 

indicative of a mass extinction of land plants (Cascales-Miñana and Cleal, 2012). 
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5.1.2. Aims of this chapter 

The overall goal of this chapter is to use the Triassic time period as a natural laboratory in which 

to test conceptual models of morphological evolution in plants. In particular, fossil spores and 

data from living spores are used to examine whether morphological evolution in spores from this 

time interval is best described by the 'Traditional' model of morphological evolution, where 

taxonomic diversity and morphological diversity increase together through evolutionary time, 

whether there is evidence that an 'Inverted' model may be more appropriate (Gould 1989), one 

where morphological disparity reaches a maximal peak early, followed by a rapid contraction and 

morphological stasis through time, or whether there is evidence for relatively high morphological 

disparity early in this time period that remains through time (Fortey et al., 1996) (Fig.1.4) (see 

section 1.2).  

The specific aims of this chapter are:  

1. To quantify the morphological evolution of spores through the Triassic–Jurassic interval, with a 

focused study of spores from the Alpine and Germanic facies of central and northwestern Europe, 

using Kürschner and Herngreen's (2010) data set.    

2. To determine whether any climatic events during this interval can be linked to the 

morphological evolution of spores. 

3. To compare how the morphospace occupation and morphological disparity of fossil Triassic–

Jurassic spores compare with extant spores in order to determine which of the three conceptual 

models of morphological evolution outlined in Oyston et al., (2016) (Fig.1.4) best fit the available 

data.  

 

5.2. Methods  

5.2.1. A database of fossil spores 

A database of fossil spores ranging from the Triassic to the Early Jurassic (Hettangian) has been 

compiled from Kürschner and Herngreen's (2010) database of spores from the Alpine and 

Germanic facies of central and northwestern Europe. Following this, the database was filtered to 

only include spore taxa that are described in Jansonious and Hills genera file of fossil spores and 

pollen database (1976), which was accessed from the University of Calgary's online digital 

collections. From these descriptions, discrete morphological characters were scored in sixty-seven 

spore taxa (see Appendices F and G).  
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5.2.1.1. Discrete characters used to quantify fossil spore morphology 

Methods used to quantify spore morphology have been replicated from Section 4.2.1. In total, 

eight discrete characters with 53 states have been examined to quantify the morphology of the 

fossil spore taxa analysed in this study. As with characters chosen for living taxa in Chapter Four, 

characters measured in this study were not chosen for any ecological or functional significance; 

rather, they provided a broad coverage of genus morphology, and both binary and multistate 

characters have been included. Spores with unclear or missing morphological information were 

removed from the database to ensure that the data set was not incomplete.  

 

List of characters and character state with the numerical score in brackets.  

Amb: Spherical (0); oval (1); triangular (2); triangular convex (3); triangular concave (4); 

subcircular (5); triangular to subcircular (6); triple anchor-shaped (7); triangular convex (8); 

polygonal-lenticular (9). 

Aperture: monolete (0); trilete (1); alete (2) 

Primary proximal surface ornamentation: psilate (0); scabrate (1); granulate (2); baculate (3); 

gemmate (4); verrucate (5); clavate (6); rugulate (7); hamulate (8); striate (9); cicatricose (10); 

echinate (11); fossulate (12); foveolate (13); perforate (14); reticulate (15); irregular folds (16); 

maculate (17); circular ribs (18).  

Primary distal surface ornamentation: psilate (0); scabrate (1); granulate (2); baculate (3); 

gemmate (4); verrucate (5); clavate (6); rugulate (7); hamulate (8); striate (9); cicatricose (10); 

echinate (11); fossulate (12); foveolate (13); perforate (14); reticulate (15); irregular folds (16); 

maculate (17); circular ribs (18). 

Perispore: absent: (0); present (1). 

Exine layers: 1-layered (0); 2 or more-layered (1). 

Equatorial features: none (0); patinate (1); cingulate (2); valvate (3); zonate (4). 

Camerate: N/A (0); acamerate (1); camerate (2). 

 

 

 

 



Chapter 5 – The Morphological Evolution of Spores Throughout the Triassic  C.Walker 2022 
 

255 
 

5.2.2. Visualising morphological space through time: PCA 

PCA was performed in R version 4.0.4, using the 'prcomp' function (see section 4.2.3). PCA was 

used on the data set to (a) characterise the density of morphospace occupation to determine 

which morphological characters are responsible for patterns within that morphospace, and (b) 

explore changes in morphospace occupation throughout the Triassic to the Early Jurassic. The 

same multivariate method has been applied here as in Chapter Four so that morphospace 

occupation can be compared.  

As discussed previously, PCA is a standard method employed in morphometric studies (e.g., 

Mander et al., 2014), largely because it enables interpretability through loadings. This is ideal for 

the analyses produced in this thesis because the degree to which morphological features affect 

principal components can be identified. As with analyses in Chapter Four, the scoring applied to 

morphology in this chapter includes both binary and multistate characters. The process of scoring 

morphology discretises what is, in reality, a continuation in morphological form. Therefore, the 

way in which multistate and binary characters are coded is subjective to interpretation. As 

discussed in Section 4.2.3, removing multistate characters may limit subjectivity; however, it 

would compromise a true representation of morphology (see Section 4.2.3 for more detailed 

information regarding the justification of PCA and implications of the scoring applied).  

Because each geological stage within this timeframe is not of equal length, the Triassic interval 

was divided into nine geological stages and substages in order to ensure a more even distribution 

(Fig. 5.4). For this, the Carnian and Norian stages were subdivided into their composite substages, 

and the Induan and Olenekian were combined. The time intervals that were used were as follows: 

i) the Early Triassic Induan to Olenekian stages (5.2 Myr), (ii) Middle Triassic Anisian stage (5.2 

Myr), (iii) Middle Triassic Ladinian stage (4.45 Myr), (iv) Late Triassic Julian substage from the 

Carnian stage (3.4 Myr), (v) Late Triassic Tuvalian substage from the Carnian stage (6.3 Myr), (vi) 

Late Triassic Alaunian substage from the Norian stage (3.5 Myr), (vii) Late Triassic Lacian substage 

from the Norian stage (9.4 Myr), (viii) Late Triassic Sevatian substage from the Norian stage (4.5 

Myr), (ix) Late Triassic Rhaetian stage (4.4 Myr) and (x) the Early Jurassic Hettangian stage (1.9 

Myr). Ages for the Triassic period were taken from Ogg et al., (2020), and from Hesselbo et al., 

(2020) for the Jurassic period. 
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Figure 5.4: Time scale of the Triassic and Early Jurassic showing the time intervals that have been used in 
analyses here to optimise an even distribution. Amended from (Hesselbo et al., 2020; Ogg et al., 2020) 
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5.2.3. Measuring morphological distance 

In order to compute the morphological distance between taxa pairwise Hamming distances  

(Hamming, 1950) have been used. Following scoring for each of the eight discrete characters, the 

morphology of each spore was encoded in a string of length eight. The Hamming distance 

between two strings of equal length is equal to the number of positions at which the 

corresponding character differ. For example, two taxa from the data set and the strings that 

encode their morphology: 

Triancoraesporites (2,6,3,8,0,1,0,0) 

Laevigatosporites (1,3,3,3,1,0,0,2) 

In the language of formal descriptive palynology (Punt et al., 2007) Triancoraesporites (Fig.5.5) 

has a trilete aperture (2); a triple anchor-shaped amb (6); primary proximal surface 

ornamentation is psilate (3); primary distal surface ornamentation is reticulate (8); has a no 

perispore (0); has two or more exine layers (1); has no equatorial variation (0); is acamerate (0). 

Laevigatosporites (Fig.5.6) has a monolete aperture (1); an oval amb (3); primary proximal surface 

ornamentation is psilate (3); primary distal surface ornamentation is psilate (3); has a perispore 

(1); has one exine layers (0); has no equatorial variation (0); camerate N/A (2).  

 

 

Figure 5.5: Morphological descriptive card for the spore Triancoraesporites from Jansonius and Hills genera 
file of fossil spores and pollen database. 
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Figure 5.6: Morphological descriptive card for the spore Laevigatosporites from Jansonius and Hills genera 
file of fossil spores and pollen database. 

 

The spores from these taxa are visually distinctive, and these morphological differences can be 

quantified with pairwise Hamming distances. The two strings that encode the morphology of 

these species differ in six positions, giving them a Hamming distance of six, reported as 

proportions this is 0.75, meaning that these spores differ 75%. 

Applying character state selection methods (67
2
) or, 67 choose 2, results in 2211 combinations of 

unique pairs measured within the data set (Mander, 2016). Pairwise Hamming distances were 

measured using a script written in Python programming language (following Mander, 2018; 

Mander et al., 2020). Pairwise Hamming distances were measured between time intervals 

throughout the Triassic; (i) the Early Triassic Induan to Olenekian stages (5.2 Myr), (ii) Middle 

Triassic Anisian stage (5.24 Myr), (iii) Middle Triassic Ladinian stage (4.46 Myr), (iv) Late Triassic 

Julian substage from the Carnian stage (3.4 Myr), (v) Late Triassic Tuvalian substage from the 

Carnian stage (96.3. Myr), (vi) Late Triassic Alaunian substage from the Norian stage (9.81 Myr), 

(vii) Late Triassic Lacian substage from the Norian stage (3.46 Myr), (viii) Late Triassic Sevatian 

substage from the Norian stage (4.52 Myr), (ix) Late Triassic Rhaetian stage (4.38 Myr) and (x) the 

Early Jurassic Hettangian stage (1.9 Myr) (see Fig. 5.5). Additionally, the mean pairwise Hamming 

distances of groups have also been reported for comparison as this has been found to be 

insensitive to sample size (Foote, 1992, 1995; Lupia, 1999).  
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5.2.4. Comparison of living and fossil spore morphology 

Extant pteridophyte spores analysed in Chapter Four have been included as a comparator to fossil 

spores from the Triassic to Early Jurassic (Table 5.1, 5.2) (see Appendix H and I). In total, this is 

one hundred and fifty extant spore species from one hundred and ten genera of Lycopodiopsida 

and Polypodiopsida. Eight discrete characters have been used (aperture, amb shape, proximal 

surface ornamentation, distal surface ornamentation, perispore, exine layers, equatorial features 

and camerate) (see Appendix I) with 63 character states. Additionally, a subset of taxa comprising 

fifty-three species of Polypodiales from forty-six genera of spores analysed in Chapter Four has 

been used as a morphological comparator for a recently diverged taxonomic group (Schneider et 

al., 2004). 

Fossil spores used in the analysis have been collated from Kürschner and Herngreen's (2010) 

database of spores from the Alpine and Germanic facies of central and northwestern Europe. The 

original palynological data set contained 364 taxa. Using genus type descriptions from Jansonious 

and Hills genera file of fossil spores and pollen database ((accessed from the University of 

Calgary's online digital collections (https://digitalcollections.ucalgary.ca/asset-

management/2R340807EMIQ?FR_=1&W=1920&H=969)), the data set was filtered to remove all 

pollen taxa and grouped all species into genera resulting in 67 spore taxa (Table 5.1). Eight 

discrete characters, with a total of 63 states (see Appendix I), have been examined to quantify the 

morphology of fossil taxa analysed in this study.   

These analyses will serve to determine (i) how morphological disparity from the Triassic-Jurassic 

relates to current disparity and (ii) to compare the patterns of spore morphospace occupation 

during the Triassic evolutionary radiation, to that of extant taxa. In order to ensure the extant and 

extinct data sets are comparable, morphological characters used are broader and reflective of 

genus morphology rather than species level. Living spores have been re-scored according to the 

eight characters applied to the fossil data set in this chapter. 
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Table.5.1: List of genera of fossil spores included in analyses 

Fossil genera 

Anapiculatisporites Cyclotriletes Keuperisporites Pseudenzonalasporites 

Annulispora Cycloverrutriletes Kraeuselisporites Punctatisporites 

Aratrisporites Deltoidospora Laevigatosporites  Reticulatisporites 

Aulisporites Densoisporites Leschikisporis Retitriletes 

Bocciaspora Densosporites Limbosporites Rogalskaisporites 

Calamospora Discisporites Lundbladispora Sellaspora 

Camerosporites Duplicisporites Lycopodiacidites Spiritisporites 

Camarozonosporites Echinitosporites Lycospora Taurocusporites 

Carnisporites Ellipsovelatisporites Neochomotriletes Todisporites 

Cingulizonates Endosporites Nevesisporites Toroisporis 

Conbaculatisporites Foveolatitriletes Partitisporites Trachysporites 

Concavisporites Gibeosporites Peromonolites Triancoraesporites 

Concentricisporites  Gleicheniidites Perotrilites Triplexisporites 

Conosmundasporites Gordonispora Polycingulatisporites Vallasporites 

Cornutisporites Guttatisporites Porcellispora Verrucosisporites 

Corrugatisporites Heliosporites Proprisporites Zebrasporites 

Perinosporites Platyptera Apiculatisporites  
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Table.5.2: List of genera of extant spores included in analyses 

Order Extant genera 

 

 

 

 

 

Polypodiales 

 

Saccoloma Cystopteris Diplazium Lomariopsis 

Lindsaea Acystopteris Macrothelypteris Dracoglossum 

Odontosoria Gymnocarpium Oreopteris Davallia 

Coniogramme Asplenium Cyclosorus Lepisorus 

Acrostichum Diplaziopsis Didymochlaena Aglaomorpha 

Myriopteris Hemidictyum Hypodematium Microsorum 

Adiantum Telmatoblechnum Leucostegia Grammitis 

Adiantopsis Sadleria Rumohra Scleroglossum 

Monachosorum Anchistea Bolbitis Dictymia 

Blotiella Matteuccia Polybotrya Pecluma 

Histiopteris Onoclea Mickelia Dennstaedtia 

Nephrolepis Athyrium   

 

Cyatheales  

 

Cibotum Lophosoria Dicksonia Metaxya 

Alsophila Calochlaena Sphaeropteris Thyrsopteris 

Plagiogyria Loxsoma  

Salviniales  Marsilea Pilularia Regnellidium  

Schizaeales  Actinostachys Schizaea Lygodium Anemia 

 

Gleicheniales  

Matonia Dipteris Cheiropleuria Diplopterygium 

Dicranopteris Gleichenella Gleichenia Stromatopteris 

Sticherus  

Hymenophyllales 

 

Callistopteris Abrodictyum Crepidomanes Vandenboschia 

Trichomanes Hymenophyllum   

Osmundales 

 

Todea Osmunda Leptopteris Claytosmunda 

Plenasium Osmundastrum   

Marattiales 

 

Danaea Angiopteris Eupodium Christensenia 

Ptisana  

Ophioglossales 

 

Ophioglossum Helminthostachys Botrychium  

Equisetales  Equisetum  

Psilotales  Psilotum Tmesipteris  
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Selaginellales Selaginella  

Isoëtales Isoëtes  

Lycopodiales 

 

Phlegmariurus Pseudolycopodiella Palhinhaea Lycopodiastrum 

Lycopodiella Diphasiastrum Lycopodium Austrolycopodium 

Pseudodiphasium Huperzia Lateristachys Dendrolycopodium 

Diphasium  

 

5.2.5. Nonparametric statistical tests  

Statistical significance tests were performed in R and PAST. Dunn’s post-hoc tests (Dunn 1964) 

were computed using PAST to test for differences in the disparity between age intervals and 

determine which group(s) differ (see section 4.2.4.).  

Pearson's Product-Moment Correlation Coefficient (Pearson, 1957) has been used to test the 

strength and direction of the linear relationship between the mean pairwise Hamming distance 

(morphological disparity) and the number of genera (taxonomic diversity) in each time bin. The 

more the relationship between two variables is similar to a line of best fit, the more correlated 

the variables are. Values for r between +1 and -1 indicate that there is variation around the line of 

best fit. The closer the value of r to 0, the greater the variation around the line of best fit. A 

correlation of 1.00 means that two values are completely positively correlated; -1.00 means 

perfectly negatively correlated, 0.00 means there is no relationship between the two variables. If 

the p-value is less than 0.05, the correlation coefficient is different from zero, and a linear 

relationship between the two variables exists. The purpose of the Pearson's r test here is to 

determine whether there is a statistically significant linear relationship between morphological 

disparity and taxonomic diversity, i.e., when diversity increases or decreases, so too does 

disparity. Pearson's r test was performed in R using the 'cor.test' function with the 'Pearson' 

method. 

 

 

 

 

 

 



Chapter 5 – The Morphological Evolution of Spores Throughout the Triassic  C.Walker 2022 
 

263 
 

5.3. Results 

5.3.1. The morphological evolution of spores through the Triassic-Jurassic interval  

5.3.1.1. Morphospace occupation of Triassic - Jurassic spores 

Principal component analysis (PCA) performed on spores ranging from the Early Triassic (Induan) 

to the Early Jurassic (Hettangian) (Figure 5.7) show that morphospace occupation is the smallest 

during the Early Triassic (Induan to Olenikian). However, as taxonomic diversity increases to the 

Middle Jurassic (Anisian and Ladinian), so too does morphospace occupation, which peaks during 

the Ladinian and begins to decline slightly through the Julian and Tuvalian (Carnian stage). 

Morphospace occupation increases again in the Alaunian, and following this, occupation is largely 

static throughout the rest of the Norian stage (Alunian, Lacian and Sevatian). Again, there is a 

subtle increase during the Rhaetian interval, followed by a small decline in occupation during the 

Jurassic Hettangian stage (Fig. 5.7)  

On axis PC1, distal surface ornamentation had the largest positive loading values, followed by 

proximal surface ornamentation (Table 5.3). Amb shape, equatorial variation and camerate 

provide minimal information. The remaining characters had low values (between 0.00 – 0.01) and 

were therefore not informative. On axis PC2, amb shape had the largest positive loading values, 

followed by proximal surface ornamentation and distal surface ornamentation (Table 5.3). The 

remaining characters had low values (between 0.00 – 0.01) and were therefore not informative. 
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Figure 5.7: Scatterplots stacked to show the results of principal component analysis of spore 
morphology throughout ages of the Triassic to the Early Jurassic Hettangian. n = the number of taxa 
within each time interval. 
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Table.5.3: Principal component loadings of spore morphology. 

Character PC1 

Distal surface ornamentation 0.7987891890 

Proximal surface ornamentation 0.5980535545 

Amb shape 0.0461709212 

Equatorial variation 0.0378623430 

Camerate 0.0245573493 

Exine layers -0.0092531405 

Perispore -0.0036408277 

Aperture -0.0007258901 

Character PC2 

Amb shape 0.894114579 

Proximal surface ornamentation  0. 377731330 

Distal surface ornamentation 0.228801813 

Equatorial variation 0.062416953  

Aperture 0.035512308 

Exine layers 0.011835079 

Perispore 0.004919656 

Camerate -0.014374300 

 

5.3.1.2. The morphological disparity of Triassic – Jurassic spores 

The pairwise Hamming distances measured show quantifiable differences in the morphological 

disparity between spore taxa in different geological ages. Results are presented here as mean 

pairwise Hamming distances (mean morphological disparity) for each age interval. Taxonomic 

diversity has been recorded as the number of spore genera within each age interval. 

Generally, there is an overall trend for mean morphological disparity to decline throughout the 

Triassic interval to the Early Jurassic (Fig. 5.8b). Mean disparity is highest during the Early Triassic 

Induan to Olenekian ages and the Early Middle Triassic Anisian age, and lowest at the Jurassic 

Hettangian, followed by the Late Triassic Tuvalian. Disparity significantly declines in the Middle 

Triassic Ladinian age following the Early Triassic but increases slightly in the following Late Triassic 

Julian stage. Again, there is a significant decline in disparity at the Tuvalian. Following this, mean 

disparity increases slightly; however, it never regains levels of disparity that were reached during 

the Early or Middle Triassic. Disparity remains largely static throughout the Norian stages 
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(Alaunian, Lacian, Sevatian) until it declines to its lowest value in this interval during the 

Hettangian.  

By contrast, taxonomic diversity is lowest during the Early-Middle Triassic Induan, Olenekian and 

Anisian ages and rapidly increases into the Middle Triassic Ladinian, and again into the early Late 

Triassic Julian age where peak diversity is reached (Fig. 5.8a). Following this, taxonomic diversity 

declines slightly in the Tuvalian stage and remains largely static throughout the Norian (Alaunian, 

Lacian, Sevatian) until it decreases in the Hettangian to the lowest taxonomic diversity levels since 

the Early Triassic (Fig.5 8a). A Pearson correlation test shows that there is no significant linear 

relationship between the mean pairwise Hamming distances (mean morphological disparity) and 

the number of genera (taxonomic disparity) within each age interval (p-value = 0.06359). 

Therefore, taxonomic diversity and morphological disparity do not track each other through time. 

 

Figure 5.8: Graph showing morphological and taxonomic diversity changes from the Early Triassic (Induan to 
Olenekian) to the Early Jurassic (Hettangian). (a) Changes in taxonomic diversity as recorded by the number 
of genera in each age interval. (b) Changes in morphological disparity as recorded as mean pairwise 
Hamming distances. Induan (0.563), Anisian (0.550), Ladianian (0.501), Julian (0.520), Tuvalian (0.462), 
Alaunian (0.484), Lacian (0.490), Sevatian (0.482), Rhaetian (0.486) and Hettagian (0.455).  
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5.3.2. Comparison of the morphology of fossil and living spores 

5.3.2.1. Morphospace occupation of modern versus fossil spores 

The PCA contained one hundred and fifty extant Lycopodiopsida and Polypodiopsida species from 

110 genera that were used for analyses in Chapter Four (see Appendix H and I) and sixty-seven 

fossil genera collated from Kurschner and Herngreen (2010) (see Table 5.1, 5.2). The majority of 

variance in morphology is captured by the first PC axis, with 76% of the variance explained, 

followed by the second PC axis with 18%. Bivariate plots for this analysis presented here explain 

94% of the variation in morphospace (Fig. 5.9). 

 

 

Figure 5.9: Scatterplot with convex hulls showing principal component analysis results of extant 
Lycopodiopsida (orange) Polypodiopsida (blue) and fossil (green) spore morphology. 

 



Chapter 5 – The Morphological Evolution of Spores Throughout the Triassic  C.Walker 2022 
 

268 
 

The PCA presents a cloud of data points (Fig. 5.10). Clades are not organised into discrete groups 

but rather occupy the same region of morphospace. Fossil groups occupy the largest area of 

morphospace, followed by extant Lycopodiopsida. Extant Polypodiopsida occupy the smallest 

area in morphospace. 

On axis PC1, proximal surface ornamentation had the largest negative loading values, followed by 

distal surface ornamentation (Table 5.4). Equatorial features and amb shape provide minimal 

information. The remaining character had low values (between 0.00-0.01) and was therefore not 

informative. On axis PC2, proximal surface ornamentation had the largest negative loading values, 

followed by distal surface ornamentation, which had the largest positive loading values (Table 

5.4). Amb shape provides minimal information. The remaining characters had low values 

(between 0.00-0.01) and were therefore not informative.  

Table 5.4: Principal component loadings for morphological characters used in the analysis of extant 
Lycopodiopsida, Polypodiopsida and fossil spores.  

 

 

 

 

 

 

Character PC2 

Proximal surface ornamentation -0.72872614 

Distal surface ornamentation 0.57312681 

Amb shape 0.36241993 

Exine layers -0.01457746  

Equatorial features 0.06351912 

Aperture 0.04305579 

Perispore -0.05234279 

Camerate -0.01717323 

 

Character PC1 

Proximal surface ornamentation -0.627682441 

Distal surface ornamentation -0.777249319  

Equatorial features -0.028576190  

Amb shape -0.026832704 

Camerate -0.011575644 

Aperture -0.011231086  

Exine layers -0.008863929 

Perispore 0.004791192  
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The second PCA contained fifty-three extant spores from forty-six genera from the polypodiales 

used in Chapter four analyses, and sixty-seven fossil genera collated from Kurschner and 

Herngreen (2010) (see Table 5.1, 5.2). The majority of variance in morphology is captured by the 

first PC axis, with 76% of the variance explained, followed by the second PC axis with 14%. 

Bivariate plots for this analysis presented here explain 90% of the variation in morphospace (Fig. 

5.10). 

 

Figure 5.10: Scatterplot with convex hulls showing principal component analysis results of extant and 
polypodiales (blue) and fossil (green) spore morphology. 

 

Fossil spores and extant polypodiales spores do not occupy separate, discrete regions in 

morphospace. Fossil taxa occupy the largest area in morphospace. The extant polypodiales 

occupy a small region within the same area of fossil taxa.   
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On axis PC1, distal surface ornamentation had the largest negative loading values, followed by 

proximal surface ornamentation (Table 5.5). Equatorial features and perispore provide minimal 

information. The remaining characters had low values (between 0.00 – 0.01) and were therefore 

not informative. On axis PC2, amb shape had the largest positive loading values, followed by 

proximal surface ornamentation, which had the largest negative loading values (Table 5.5). Distal 

surface ornamentation, equatorial features and aperture provide minimal information. The 

remaining characters had low values (between 0.00 – 0.01) and were therefore not informative. 

 

Table 5.5: Principal component loadings for morphological characters used in the analysis of extant 
polypodiales and fossil spores. 

Character PC1 

Distal surface ornamentation -0.7716775891 

Proximal surface ornamentation -0.6331907284 

Equatorial features -0.0509500317 

Perispore 0.0209445640 

Aperture -0.0191042409 

Amb shape -0.0130087451 

Camerate -0.0037822775 

Exine layers 0.0003380322 

Character PC1 

Amb shape 0.64887486 

Proximal surface ornamentation -0.57889521 

Distal surface ornamentation 0.44889947 

Equatorial features 0.16551339  

Aperture 0.08514851 

Perispore -0.07147704 

Camerate 0.04164712 

Exine layers 0.02902779 
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5.3.2.2. The morphological disparity of extant versus fossil spores 

Despite the large difference in taxonomic diversity between the Early-Middle Triassic Induan, 

Olenekian and Anisian ages (low diversity) and extant spores (high diversity) the three groups are 

comparable in morphological disparity (Fig. 5.11). A Pearson correlation test shows that there is 

no significant linear relationship between the mean pairwise Hamming distances (mean 

morphological disparity) and the number of genera (taxonomic disparity) within each age interval 

(p-value = 0.3751). Therefore, at least on the scale of this analysis, taxonomic diversity and 

morphological disparity do not track each other. In other words, greater diversity does not 

necessarily mean greater or lesser disparity.  

 

 

Figure 5.11: Graph showing changes in morphological and taxonomic diversity from the Early Triassic 
(Induan to Olenekian) to the Early Jurassic (Hettangian) and the spores of living taxa. (a) Changes in 
taxonomic diversity as recorded by the number of genera in each bin. (b) Changes in morphological 
disparity as recorded as mean pairwise Hamming distances. Induan (0.564), Anisian (0.550), Ladinian 
(0.501), Julian (0.519), Tuvalian (0.462), Alaunian (0.485), Lacian (0.490), Sevatian (0.489), Rhaetian (0.486), 
Hettangian (0.455), and extant spores (0.551).  
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The mean is a summary statistic, but each interval contains a distribution of pairwise Hamming 

distances. Dunn’s post-hoc tests of these distributions indicate that the morphological disparity of 

some age intervals are statistically indistinguishable from one another, whereas other age 

intervals have statistically different morphological disparity. The results of these pairwise tests are 

shown in Table 5.6. In particular, the disparity of extant spores is statistically indistinguishable 

from the Early-Middle Triassic Induan, Olenekian and Anisian intervals but statistically different to 

each of the other intervals.  
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Table 5.6: Dunn’s post-hoc test of disparity in each of the time intervals investigated in this chapter. Ages 
with statistically significant different morphological disparity (p-value = 0.05) are highlighted.  
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5.4. Discussion 

 

5.4.1. Sample size and subsampling methods 

Although mean pairwise distances are thought to be largely robust to differences in sample size in 

each bin (Foote, 1992, 1995; Lupia, 1999) it is clear from this study that some bins contain 

considerably more or less taxa than others (Fig. 5.12). This is particularly clear for the living taxa. 

However, when compared statistically using a Pearson correlation test, there is no linear 

relationship between the number of taxa in each bin and the morphological disparity of each time 

bin. In other words, just because a time interval has a great many or very few taxa, for the data 

presented here, this does not necessarily mean that the time interval has particularly high or low 

disparity.  

However, while there is currently no evidence that the morphological disparity of a particular 

time interval is controlled by the number of taxa in that time interval (Fig. 5.12), future work 

could employ subsampling methods to standardise the number of taxa in each interval. This 

would involve randomly sampling each time interval for a fixed number of taxa, calculating the 

disparity, and repeating this subsampling a number of times. This process is known as 

bootstrapping and has been employed in analyses of the disparity of angiosperm pollen grains 

(e.g., Lupia, 1999; Mander et al., 2020). 
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Figure 5.12: Scatterplot showing the relationship between morphological disparity and the number of taxa 
within each time interval from this study. There is no statistically significant relationship between the two 
variables (Pearson's correlation p-value = 0.3751) 

 

5.4.2. Triassic - Jurassic spore morphology: diversity and disparity during a radiation 

and extinction  

Kurschner and Herngreen's (2010) database has been analysed in this study at the genus level. 

The coarser taxonomic resolution studied here preserves the key elements of spore-plant 

diversification during this time interval. For example, the Induan and Anisian periods are 

characterised by low taxonomic diversity, which is likely a relatively low-diversity terrestrial biota 

in the recovery phase of the end-Permian mass extinction (Cascales-Miñana et al., 2016). It may 

also reflect the prevalence of arid climatic conditions at this time (Kürschner and Herngreen, 

2010), which are inhospitable to spore plants because they require liquid water in order to 

reproduce (section 1.5). Following the Induan and Anisian periods, generic diversity rises rapidly 

into the Middle Triassic and again in the early Late Triassic either due to post-extinction recovery 
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(Hull, 2015) or because of more favourable conditions (e.g., increased water availability during the 

Carnian Pluvial Episode (Kürschner and Herngreen, 2010)). It decreases again during late Carnian 

and reaches a plateau that is sustained throughout the remaining Triassic before falling in the 

Hettangian (Fig 5.8). In terms of the relationship between taxonomic diversity and the 

morphological evolution of spores during this time interval, a central observation is that the rise in 

diversity from the Induan–Anisian to the Ladinian–Tuvalian is not tracked by similar changes in 

morphological disparity (Fig. 5.8). Instead, the trend of morphological disparity during this interval 

is from relatively high mean values to relatively low mean values (Fig. 5.8), and while only some of 

these time intervals are statistically significantly different from one another (Table 5.6), these 

data indicate that diversity and disparity are decoupled (either with disparity falling or remaining 

constant) during this initial diversification following the end-Permian mass extinction. A similar 

decoupling has been reported for angiosperm pollen during the initial Cretaceous radiation of 

flowering plants (Lupia, 1999). 

The genus-level data analysed here across the Triassic-Jurassic (Kurschner and Herngreen, 2010) 

record a fall in taxonomic diversity that likely reflects this mass extinction event (McElwain, 

Beerling and Woodward, 1999). Interestingly, despite the decoupling of diversity and disparity in 

the Early–Middle Triassic, disparity also falls from the Rhaetian to the Hettangian (Figs. 5.8 and 

5.12). Although the difference between the disparity of the Rhaetian and Hettangian intervals is 

only statistically significant at p=0.035 (Table 5.6), this result suggests that further work tracking 

diversity and disparity during this mass extinction may be useful. For example, spore and pollen 

disparity could be tracked in single sections such as the GSSP for the Hettangian Stage in Kuhjoch, 

Austria (Bonis, Kürschner and Krystyn, 2009) as well as in other localities rich in plant fossils such 

as Greenland (Mander, 2011). Such work may help to elucidate whether this extinction event was 

selective with respect to certain morphologies, which may help to determine a mechanism for 

selection. For example, studies of Rhaetian aged fossil plant beds from Astartekløft, East 

Greenland by McElwain et al., (2009) indicate an abrupt diversity loss within a section. This 

suggests a catastrophically rapid and not a gradual environmental change such as gradual CO2 

induced global warming, as indicated by larger-scale diversity patterns. 

 

5.4.2.1. The evolution of spore morphology: data versus evolutionary models  

The time series investigated here provides an overview of the evolution of spore morphology over 

a long evolutionary timescale together with comparative data from living taxa. The stacked PCA 

plots (Fig. 5.7) show how morphospace occupation by spores has changed through time, and 

these plots highlight that the low-diversity Induan–Anisian interval is characterised by relatively 
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few taxa that are distributed sparsely in morphological space. The Ladinian and later time periods 

have more taxa, but they appear to be distributed more densely in morphological space than the 

data points in the Induan–Anisian interval. As taxa are added to the overall pool, they do not form 

new clear, discrete clusters in morphological space; instead, new taxa gradually fill in 

morphological space, and there are typically between one and two outlying datapoints (Fig 5.7). 

This fits with the data on spore disparity through time, which indicates minimal change or a slight 

overall decline from Early to Late Triassic (Fig. 5.8, 5.12). In particular, in terms of the pattern of 

morphological evolution among the spores investigated here, as new taxa evolve, new spore 

morphologies do not reflect entirely fundamentally new "body plans" but instead reflect gradual, 

incremental morphological changes that are relatively minor when measured using the characters 

employed in this thesis.   

The fossil spores in  this database contain a mixture of lycopod and fern spores, and many that 

cannot be assigned a parent plant because they have not been found in situ inside a fossil 

reproductive structure such as a fossil fern sorus (Balme, 1995). However, spores from living taxa 

that have been included in this analysis are known biological species. This inconsistency creates 

challenges when comparing living species to deep time form taxa, as it can be impossible to 

compare the assemblages of living and fossil groups at finer taxonomic resolutions, as not all fossil 

taxa have yet been identified at the species or genus level. Morphological diversity reflects the 

evolutionary separation of species to some extent, although, it is widely recognised that 

morphological convergence is high across spores and pollen, and this has been observed here 

(Section 3.3.2). For example, in living taxa, fern spore Pteris opaca and the angiosperm pollen 

grain Hamamelis mollis both have reticulate sculpture, and the fern spore Colysis pedunculata and 

angiosperm pollen grain Nypa fruticans share echinate sculpture (Chaloner, 2013). The high 

prevalence of morphological convergence in spores and pollen means that taxonomic groups 

from the fossil record cannot be identified based on morphology alone, but rather, in situ 

preservation is crucial. Taxa that have dimorphic spores and pollen also hinder the identification 

of deep time form taxa. Today, many living species have dimorphic pollen (e.g., Bhowmik and 

Datta, 2012; Moon et al., 2008; Ickert-Bond, Skvarla, and Chissoe, 2003; Naiki and Nagamasu, 

2003; Barker, 1956), and this is considered to be an anti-self-pollinating mechanism (Traverse, 

2008). However, dimorphic fossil palynomorphs cannot be assigned to the same species unless all 

morphotypes are found in situ, if they are not, the two palynomorphs are assigned different 

taxonomic affinities.  

These points highlight problems concerning how much importance can be placed solely on 

morphology as a source of phylogenetic information. Assemblages of fossil and living spore 
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species cannot be compared at the species level as there is currently not enough fossil taxa 

identified to a parent fern plant from in situ preservation (e.g., Balme, 1995), and therefore, their 

morphological disparity can only be explored at higher taxonomic resolutions. This matter is 

further exacerbated by taphonomic and diagenetic processes (see Mander et al., 2012 and refs 

therein) which alter and destroy key morphological features that can be used to assign a 

palynomorph to its parent plant.   

In order to account for this ambiguity when comparing fossils with modern spores, spores from 

both living ferns and living lycopods were included in the analysis. Although there are many more 

taxa in the pool of living taxa (Fig. 5.12), the spores of both living lycopods and living ferns 

((including the hyperdiverse Polypodiaceae family (PPG1, 2016)) represent a limited subset of the 

morphologies encountered in the Triassic–Jurassic fossil record (Figs. 5.9, 5.10). The data 

presented here suggest that the occupation of morphological space by the spores of lycopods and 

ferns may have decreased over evolutionary time. Although this data is not comprehensive 

enough to unequivocally determine the mechanism underlying this pattern, it could be that 

extinction has removed certain forms from the Earth's biota, and that the present-day 

morphologies represent what is left over (Hughes, Gerber and Wills, 2013). Such mechanisms 

have been proposed to explain the early high disparity followed by relatively low disparity among 

the organisms that represent the Cambrian explosion (Gould, 1989; Briggs, Fortey and Wills, 

1992).  

Additionally, developmental constraints (Oyston et al., 2015; Felice, Randau and Goswami, 2018) 

and ecological restrictions may influence and constrain such patterns through morphospace, e.g., 

developmental pleiotropy can restrict morphological evolution (see Oyston et al., 2015, and 

references therein), and ecological constraints can remove or increase ecological competition 

facilitating the evolution of key morphological innovations (e.g., Ciampaglio, Kemp and McShea, 

2001; Ciampaglio, 2004). During the Triassic, conifers underwent a major radiation (Willis and 

McElwain, 2002), and throughout this period, there is evidence for competition between this 

rapidly evolving group, and spore producing plants including pteridophytes. It is a period 

characterised by alternating patterns of an abundance of one group which interrupts the 

dominance of another (e.g., Kürschner and Herngreen, 2010), which in large, coincides with 

changing climatic conditions (Preto, Kustatscher and Wignall, 2010). The earliest Triassic in the 

Germanic basin is dominated by gymnospermous pollen (of bisaccate pollen, particularly taeniate 

forms), suggesting warm dry conditions. However, their diversity quickly declines which coincides 

with an increase in spores (Kürschner and Herngreen, 2010). The delayed re-establishment of 

conifer assemblages (e.g., Voltzia-dominant communities) following the P-T occurs around the 
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transition between the early-middle Triassic (Looy et al., 1999), and it is around this time that 

spore diversity reaches a plateau (Kürschner and Herngreen, 2010). During the CPE, spore 

diversity rapidly increased, whereas overall pollen diversity declines. The vast majority of Triassic 

amber is found in the Carnian, and its widespread occurrence indicates a global amber signal of 

stressed conifers or other gymnospermous taxa during this period of climatic upheaval (Seyfullah 

et al., 2018). Higher levels of resin are produced in wetter conditions (Langenhein, 2003) and the 

high levels of amber produced during the CPE can be linked to high resin production (Gianollaet et 

al., 1998). However, despite this, several pollen groups including the conifer family 

Cheirolepidaceae, diversified during this period (Kustatscher et al., 2018; Dal Corsco et al., 2020). 

Following this, there is relative climatic stability in late Triassic (Miller and Baranyi, 2019; Preto, 

Kustatscher and Wignall, 2010), which is mirrored by relatively stable diversity in both spores and 

pollen taxa (Kustatscher et al., 2018; Kürschner and Herngreen, 2010).  

The patterns observed throughout the Triassic, highlight the ecological constraints that may have 

been imposed on pteridophytes, which intermittently removed and increased ecological 

competition by gymnosperms. There is evidence for opportunistic responses by fern and lycopod 

taxa following the P-T biotic crisis, where the rapid decline of pollen diversity is matched by a rise 

in spore diversity in the Germanic basin (Fig. 5.2.). This pattern is also repeated during the CPE 

and is supported by the high amber deposits during this period indicating high levels of stress for 

gymnosperms, particularly conifers. Periods such as the early-middle Triassic suggest a re-

establishment of conifer assemblages constraining spore diversity. 

The data in this thesis also provide some support for the patterns of disparity among fern 

sporophytes produced by Oyston et al., (2016) (see Section 1.4, Fig. 1.8). In particular, there is 

support for an initial increase in disparity during the Early-Middle Triassic followed by relatively 

stable levels throughout the remaining Triassic and also for the rise in the number of living taxa to 

not be matched by a concomitant rise in morphological disparity (Fig. 5.13).  
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Figure 5.13: A) Data on the diversity and disparity of Triassic spores analysed in this study. Taxonomic 
diversity (red line). Morphological disparity (black line) Morphospace of Triassic spores analysed in this 
study shown to the right of this. B) Data on the diversity and disparity of extant leptosporangiate ferns using 
morphological and molecular information from Pryer et al., (1995). A) Taxonomic diversity (red open 
circles). Morphological disparity (black circles). Morphospace occupation of Triassic shown to the right. 
(Part B of figure taken from Oyston et al., 2016). 

 

In terms of the models of morphological evolution outlined in Oyston et al., (2016) (see Fig. 1.4), 

the decoupling of taxonomic diversity and morphological disparity indicate that, at least for the 

spores of lycopods and ferns analysed here, morphological evolution does not follow a traditional 

model of macroevolution in which diversity and disparity increase at the same rate through 

evolutionary time. Neither is there support for the extremely high early levels of disparity 

followed by relatively low levels of disparity that characterises Gould's (1989) 'inverted' model of 

morphological evolution based on the Cambrian explosion. The time series investigated here 

begins not with the first pteridophyte, but in the Early Triassic, and uses the recovery from the 

end-Permian mass extinction as the starting point of the Mesozoic radiation of pteridophytes. 

However, as has been noted above, although there is no evidence of very high levels of disparity 
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followed by a sharp fall in disparity (Fig. 5.12), there is evidence of a contraction in the volume of 

morphological space occupied by spores in the Triassic compared to the modern-day (Fig. 5.9, 

5.10). Consequently, the data in this thesis seem to fit best with the model of Fortey et al., (1996), 

but with a reduction in the volume of morphological space occupied in the present-day relative to 

the geological past. 

Finally, it is clear that morphological evolution has taken place through the Triassic. New 

morphologies are gradually added to the pool of taxa, but these new additions are somewhat 

incremental (Fig. 5.7). With the results of Chapter Four in mind, where it was difficult to link spore 

morphology to an ecological or functional purpose, the question remains, if spore morphology has 

no function, why do plants continually evolve new spore morphologies?  

 

5.5. Conclusions 

1. Morphological evolution of spores through the Triassic–Jurassic interval. 

Overall, morphospace occupation increases through time throughout the Triassic (Fig. 5.7). 

Although taxonomic diversity is low during the Early Triassic following the Permian-Triassic mass 

extinction event, taxa occupy a relatively large area of morphospace. As taxonomic diversity 

recovers and rapidly increases during the Ladinian, so too does morphospace occupation. 

Following this, patterns in morphospace and the area of morphospace occupied remain largely 

unchanged throughout the remaining Triassic, with the exception of the early Late Triassic Julian 

and Tuvalian stages and the Jurassic Hettangian. During these periods in time, two extinction 

events occur, coinciding with a small reduction in morphospace occupation. 

By contrast, morphological disparity decreases throughout the Triassic-Jurassic interval. There is a 

difference between the largest mean pairwise Hamming distances; the Early Triassic Induan and 

Olenekian, and the lowest; Tuvalian and Hettangian (Fig. 5.8), which equates to a difference of a 

whole character. 

Surface ornamentation has the largest influence on morphospace occupation in fossil taxa, 

followed by amb shape (Tables 5.3, 5.4, 5.5). This reflects findings for extant taxa from Chapter 

Four, suggesting that surface ornamentation has always been an evolutionary labile character.  
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2. There is evidence for changes in morphological disparity during climatic changes and 

that morphological disparity and taxonomic diversity are decoupled during these 

events. 

There are two episodes of decoupling in morphological disparity and taxonomic diversity 

observed in the results here. These coincide with (i) the recovery from the Permian-Triassic mass 

extinction event and (ii) the Carnian Pluvial Episode. This indicates that decoupling in diversity and 

disparity may be more prevalent during periods of climatic changes and supports previous 

research that has found that clades show greater disparity early in their evolutionary history 

(Hughes, Gerber and Wills, 2013). There is no clear indication of decoupling of diversity and 

disparity during the Hettangian as could be expected, diversity decreases during this period, and 

so too does disparity. However, during the Hettangian and Tuvalian, disparity is the lowest 

recorded throughout this time interval. The Carnian Pluvial Episode and Triassic-Jurassic 

extinction event from which these intervals occur are both characterised by increased CO2 levels 

and temperatures, suggesting there may be some link.  

3. There is no support for the traditional model of morphological disparity through time. 

Findings here do not support a traditional model of macroevolution in which taxonomic diversity 

and morphological disparity increase at the same rate through evolutionary time. There is also no 

support for Gould's (1989) Inverted model as although morphological disparity decreases 

throughout the Triassic (Fig. 5.8), disparity does not remain static through time; rather extant 

spores show increased levels of disparity (Fig. 5.11).  

However, there is evidence to support Fortey's et al., (1996) Empirical model. Throughout the 

Triassic, taxa examined here have periods of both increases and decreases in disparity, and 

although disparity decreases overall throughout the Triassic-Jurassic interval, this trajectory does 

not continue, and extant spores regain similar levels of disparity to that of the Early Triassic (Fig. 

5.11). This is also supported by PCA comparison plots (Figs. 5.9, 5.10) which demonstrate that 

although morphospace occupation for spores has decreased from the Triassic-Jurassic to today, 

extant and fossil spores do not occupy distinct regions of morphospace to each other. 
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6. Conclusions and Future Work  

In this thesis, I have explored three major research questions: 

1) Is there any functional or ecological purpose for spore morphology? (Chapter Four).  

2) Do the patterns of diversity and disparity through time mirror what is observed in 

animal groups, i.e., are they decoupled? (Chapter Five). 

3) Which of the three conceptual models of evolution (outlined in Oyston et al., 2016) is 

the best fit for the spores analysed in this study? (Chapter Five). 

In addition, extant spores from the enormously morphologically diverse pteridophytes (ferns and 

lycopods) have been described and imaged with light microscopy to be used as comparator 

material to identify botanical affinities of extant and extinct material (Chapter Three). In this 

chapter, I outline the key outcomes of this thesis and consider their implications for the broader 

understanding of the morphological evolution of spores.  

 

6.1. Key research outcomes and implications 

6.1.1. Atlas of spores 

Chapter Three consists of an atlas of light microscopy images of extant pteridophyte spores. 

Spores are currently underrepresented in palynological atlases relative to other groups, most 

notably angiosperms (e.g. Roubik and Moreno, 1991; Contreras-Duarte, Bogotá-Ángel and 

Jiménez-Bulla, 2006; Colinvaux, Oliveira and Patino, 2003; Gosling, Miller and Livingstone, 2013; 

Schüler and Hemp, 2016; Tang et al., 2019, 2020; Yang et al., 2020), the atlas presented here fills 

in this gap. It serves as a visual record highlighting the morphological diversity across extant 

pteridophyte spores and can facilitate the identification of both extant and extinct spores. It 

complements Tryon and Lugardon’s (1991) SEM atlas of pteridophytes, however, it also highlights 

the challenges faced when comparing fossil and living material. During extraction and mounting 

processes, some morphological features were altered or lost entirely (see Section 3.4.2.3). 

Acetolysis has resulted in the loss of the perispore of an estimated 22% of the taxa described. In 

many cases, this results in spores from the same species becoming difficult to compare 

morphologically when the perispore has been retained versus when it has been destroyed. For 

example, Blotiella lindeniana is characterised by a coarsely echinate (spiny) perispore; however, 

its exospore is featureless and smooth (psilate) (Fig. 3.5). Other surface characteristics such as 

elaters, which are key identifiable features of Equisetaceace spores, are frequently destroyed 
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during acetolysis (Fig. 3.7).  Additionally, surface ornamentation with deep grooves such as the 

cicatricose marks belonging to Cibotium spp. (Fig. 3.6) tend to undergo extensive alteration during 

acetolysis. These processes can extensively distort features so that fossil and extant spores are 

not morphologically comparable.  

Although spores and pollen have an excellent fossil record due to sporopollenin outer walls, 

which are also highly resistant to acetolysis (Traverse, 2007; Jardine et al., 2021), it is highly likely 

that features that are easily prone to damage during acetolysis (most notably the perispore), are 

also lost or altered during fossilisation. Additionally, damage caused by chemical and mechanical 

processes during taphonomy and diagenesis (see Mander et al., 2012 and refs therein) result in 

changes to surface features, shape, colour, and size. These processes represent a barrier to linking 

dispersed spores to their parent plants (e.g., Balme 1995), and this means that it can be difficult 

to interpret patterns of morphological change through time in terms of the parent plants of 

spores.   

 

6.1.2. The ecological and functional purpose for morphology in spores 

Analyses of extant spores in Chapter Four do not suggest a clear relationship between ecology, 

function, and spore morphology. This is perplexing considering that spore ornamentation is 

enormously diverse, as has been demonstrated in Chapter Three.  

This morphological diversity is not constrained to pteridophyte spores as observed here but is 

seen across all plant groups (e.g., Ferguson, 1985; Scotland, 1992; Chaloner, 2013). Hypotheses 

for functional and ecological purposes for surface sculpture have been discussed in the literature, 

and there have been studies where direct functions for morphology have been identified (e.g., 

Beattie, 1971; Grayum, 1986; Schwendemann et al., 2007; Banks and Rudall, 2016). However, 

nearly all of these relate to pollination methods employed by pollen-producing plants, particularly 

zoophilous angiosperms; these hypotheses for functional morphology do not apply to spores as 

zoophilly is not known to be a primary means of dispersal in pteridophytes (Tryon, 1970; Smith, 

1972). 

The high prevalence of smooth exine in gymnosperm pollen has been attributed to the prevalence 

of wind pollination in this group, and data has shown that sculptured ornamentation would result 

in increased friction, hindering wide dispersal (Wodehouse 1935; Salgado-Labouriau, Nilsson and 

Rinaldi, 1993; Chaloner, 2013), indicating that smooth ornamentation is an adaption to wind-

pollination. However, wind-dispersal is the primary method used by pteridophytes (e.g., Corbet et 

al., 1982; Salgado-Labouriau, Nilsson and Rinaldi, 1993); therefore, if this were the case, we would 
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expect to see most, if not all spores, with psilate (smooth) ornamentation, which is not seen here 

(see Plates 1-22).   

Results from this thesis also indicate that there is no clear relationship between morphology and 

phylogeny (Section 4.4.3). Surface ornamentation has the greatest influence on the distribution of 

data points in morphospace in both extant and extinct spores (see Section 4.4.2). However, when 

surface ornamentation is removed from analyses in extant data, morphospace occupation 

contracts and a greater organisation of taxonomic groups into discrete clusters emerge (Fig. 4.3, 

4.5). This suggests that surface ornamentation is an evolutionary labile character today and during 

the Triassic. This may be a result of convergent evolution (cf., Chaloner, 2013), or perhaps may be 

an argument in favour of hypotheses that suggest the surface ornamentation of pollen and spores 

might reflect biophysical processes such as self-assembly (Hemsley et al., 1994, Radja et al., 

2019).  

Overall, results from Chapter Four suggest that spore morphology may not reflect an optimal 

design for a specific function as has been suggested for pollen by Punt (1986), but instead 

supports Crane’s (1986) hypothesis (developed for angiosperm pollen) that spores work with 

varying efficiency within a specific ecological and evolutionary context.  

However, results presented here are based on a limited ecospace defined by four broad ecological 

categorisations: climbers, epiphytes, herbaceous and tree/shrub growth habits. Therefore, the 

finding that morphological similarity across taxa does not reflect ecological similarity, is limited. 

For greater clarity on the relationships between morphology and ecological function in spores, the 

broad ecological categories assessed here, need to be expanded and re-examined so that a 

greater range of ecologies can be explored, and to enable the inclusion of specific and niche 

growth habits so that specific ecological adaptations to environments can be identified. This can 

include more plant habit categories (e.g., splitting tree and shrub taxa and distinguishing between 

erect and decumbent shrubs), and ecological tolerance and adaptations (e.g., aquatic, semi-

aquatic, xerophyte, halophytic, etc). The geographical distribution of morphotypes should also be 

considered in order to greater understand the significance of geographical connectivity and 

isolation as this may provide insight into the importance of spore morphology in regard to 

dispersal methods. 

Additionally, the finding that similar morphologies exist in different taxa across different 

ecological groups, does not necessarily mean that a specific morphological feature does not serve 

a specific ecological function. A morphological feature may serve an ecological function that has 

not yet been identified, and this may be applicable to a range of ecological niches. Furthermore, 
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features of morphology that have ecological significance may be highly nuanced or only 

perceivable at the nano scale and therefore not identifiable here.  

 

6.1.3. Morphological evolution of spores through the Triassic and earliest Jurassic 

6.1.3.1. Decoupling of taxonomic diversity and morphological disparity 

Morphological disparity and taxonomic diversity are decoupled in the Triassic and earliest Jurassic 

spore taxa from the Germanic basin analysed here. Notable decoupling occurs during two 

episodes of the Triassic that record biotic turnovers. The first occurrence takes place during the 

biotic recovery phase following the end Permian extinction event when taxonomic diversity is 

low, whereas morphological disparity is relatively high. Subsequently, during the Carnian Pluvial 

Episode (early Late Triassic), where another biotic turnover is recorded (Benton, 1986; Dal Corso 

et al., 2020), taxonomic diversity has increased; by contrast, morphological diversity reaches its 

lowest point in the Triassic interval (see Section 5.3.1.2). This pattern indicates that spore-

producing plants reflect the same macroevolutionary patterns seen in animals, particularly in 

response to periods of biotic change, despite differences in taxonomic diversity between plants 

and animals through time (Sepkoski, 1981; Niklas, Tiffney and Knoll, 1983; Benton, 1995), and 

different responses to climatic and environmental variables (Cleal and Cascales-Miñana, 2014; 

Cascales-Miñana et al., 2016). Decoupling of disparity and diversity has been observed many 

times throughout the fossil record and across animals (Fig. 1.4) (e.g., Foote, 1994; Fortey, Briggs 

and Wills, 1996; Bapst et al., 2012; Hopkins, 2013; Ruta et al., 2013) and to a lesser extent plants 

(e.g., Lupia, 1999). The data presented here indicate that similar patterns characterise spores.   

 

6.1.3.2. Patterns in morphospace occupation through the Triassic to the earliest Jurassic 

Overall, morphospace occupation of spores from the Germanic basin increases throughout the 

Triassic interval (Section 5.3.1). Following the end Permian mass extinction, the Induan to Anisian 

age spores recorded here are distributed relatively widely in morphospace with relatively few 

taxa (Fig. 5.7). This distribution suggests that surviving spore taxa from the Permian and newly 

evolved taxa colonised wide areas of morphospace. Previous studies have indicated that disparity 

can remain high across an extinction event if clades occupy peripheral regions of the 

morphospace (Hopkins, 2013). However, comparisons to morphospaces created from spore taxa 

from the Late Permian taxa would be needed to assess this.  

During the middle Triassic, there was a large increase in spore diversity in the Ladinian in which a 

greater area of morphospace is colonised. One interpretation of this might be that such an 
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expansion reflects the removal of ecological constraints in the immediate wake of extinction (see 

Oyston et al., 2015). However, given that results in Chapter Four did not provide any evidence of a 

strong ecological or functional role for spore morphology, it seems difficult to attribute changes in 

morphospace occupation or disparity to an ecological cause (see Section 4.3.3. and 4.4.4). 

 

6.1.3.3. Differences in morphospace patterns between extant and Triassic – Jurassic spores 

Interestingly, despite a vast increase in taxonomic diversity (more than double the amount), the 

morphological space for spores in this study has decreased from the Triassic to Recent (Section 

5.3.2, Fig. 5.9. 5.10). Fossil and extant spores included in this study do not occupy distinct clusters 

in space; rather, they represent a limited subset of the morphologies encountered in the Triassic–

Jurassic fossil record. Again, given the lack of ecological or functional explanation for spore 

morphology in Chapter Four (Section 4.4.4), rather than reflecting a macroevolutionary 

adaptation of morphology to changing ecological conditions, this pattern may instead be a result 

of loss of taxa through extinction. This represents a hypothesis that could be tested in future 

work, in particular, whether any extinction was random or selective with respect to spore 

morphology.  

However, the fossil data presented here is only representative of spores from the Triassic 

Germanic basin of central and northwest Europe, and global inferences cannot be drawn from this 

one subset of data. Conversely, the dataset of extant taxa provides a coverage of spores across all 

broad ecological categories applied here and from a global assemblage which includes all 

pteridophyte orders and most families (see Section 2.1., Table 2.1. & 2.2.). Therefore, unlike 

extant data, the fossil data used here does not provide a global context of the diversity of spore-

producing plants during this time, and this should be taken into consideration when comparing 

the two datasets. 

 

6.1.3.4. Models of morphological evolution  

The results presented in Chapter Five do not support the traditional model of morphological 

disparity through time for spores (Section 5.3.2.2); there is no evidence indicating that as 

taxonomic diversity increases, this is matched by an increase in morphological disparity. Similarly, 

there is limited evidence to support Gould’s (1989) Inverted model of evolution. The 

Morphological disparity of spores investigated here, reach a maximal peak in the Early Triassic 

and subsequently slightly decline throughout the interval. However, disparity increases again in 
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extant taxa and reaches the maximum levels attained in the Early Jurassic (Fig. 5.11), and this 

trend discounts Gould’s Inverted model (Fig. 1.5).   

 

6.1.3.5. Morphological disparity 

The morphological disparity of fossil spores measured in this thesis records discontinuities 

through the Triassic, earliest Jurassic and at the present day. The trajectory is not a linear increase 

or decrease; rather, the morphological disparity from the Early Triassic Induan and Olenekian, and 

the early Middle Triassic Anisian stages are comparable to morphological disparity recorded from 

extant spores (see Section 5.3.2). These results align most closely with Forety’s et al., (1996) 

Empirical model, in which the morphological disparity of Recent marine invertebrates is 

essentially comparable to that of the Cambrian. This indicates that the overall patterns of 

morphological evolution throughout geological time may be similar in plants and animals, despite 

the different patterns recorded between the two groups in terms of taxonomic diversity through 

time (Sepkoski, 1981; Niklas, Tiffney and Knoll, 1983; Valentine, Tiffney and Sepkoski, 1991; 

Benton, 1995; Alroy et al., 2008).  

 

6.2. Future work 

The results of this thesis suggest four main areas for further research. The first suggests a need for 

single section studies to enable diversity and disparity to be tracked at finer resolutions (Section 

6.2.1). The second highlights the importance of resolving the botanical affinities of dispersed 

spores and, hence, the need to identify more in situ taxa so that evolutionary changes can be 

directly linked to specific clades (Section 6.2.2). The third emphasises the need for more 

experimental taphonomy regarding plants to provide a greater understanding of how fossilisation 

and laboratory techniques can distort morphology (Section 6.2.3). The fourth highlights the use of 

phylogeny as an alternative means to using morphology when analysing change through 

evolutionary time (Section 6.2.4). 

 

6.2.1. Tracking diversity and disparity at finer temporal and taxonomic resolutions  

Tracking changes in morphological disparity at higher temporal resolutions would likely provide 

more accurate and detailed information regarding taxonomic and morphological changes through 

time. For example, the work presented here reflects similar patterns to those seen in Oyston et 

al., (2016). However, there are more datapoints in this thesis, and these track diversity at the 
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stage level, revealing fluctuations in disparity during significant climatic events such as the Carnian 

Pluvial Episode and recovery following the end Permian extinction event (Fig.5.8), that are not 

possible to see in Oyston’s et al., (2016) data as the temporal resolution is too coarse. The extent 

to which global mass extinctions have affected vascular plant ecosystems is still unresolved; 

however, it is apparent that these patterns do differ from marine and terrestrial animal data. 

Single section studies from across the P-T (e.g., Spina et al., 2014) and, particularly the T-J 

boundary (e.g., Bonis Kürschner and Krystyn, 2009) that is represented here by just two 

datapoints (one in the Rhaetian and one in the Hettangian Section 5.3.1), may help determine the 

mechanism for selection if it is found that the extinction event was selective to certain 

morphological features 

 

6.2.2. Botanical affinities  

A key element of Chapter Five compares the morphological disparity of extant spores to fossil 

spores (Section 5.3.2). However, the initial design of the thesis was to compare the disparity of 

extant fern spores to that of fossil fern spores, and extant lycopod spores to fossil lycopod spores. 

This was to test which conceptual model of macroevolution (Fig. 1.4) each of these taxonomic 

groups followed, and to examine and compare how disparity within these two taxonomic groups 

changed though time. 

However, unambiguously assigning dispersed fossil spores to particular taxonomic groups relies 

on discovering spores in situ in fossil reproductive structures so that a link between a whole fossil 

plant and its dispersed spores can be established. Given that plant organs disarticulate regularly 

throughout a plant’s life cycle as well as upon death (see Locatelli, 2014 and references therein), 

there are relatively few fossil reproductive structures (compared to the number of fossil spore 

taxa) that have yielded in situ spores, and those that are preserved are biased in terms of 

geological age and location ((e.g., most material is from the Euramerican Province and of the Late 

Devonian and Carboniferous age (Balme, 1995)). 

For the dataset examined in this thesis, only a small number (7 ferns, 5 lycopods) of the 67 fossil 

genera used in these analyses could be reliably assigned to a parent plant on the basis of the in 

situ spore record, and would therefore not provide a large enough sample to provide meaningful 

results. As a consequence, all 67 fossil spore genera were lumped together and used as a 

comparator to extant spores. This broad categorisation of spores limits what can be inferred, as 

although ferns and lycophytes share similar life-cycles (Section 1.5), they have distinct 

evolutionary histories, and these cannot be untangled until their botanical affinities are resolved. 
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This highlights the need for the identification of more in situ spores in order to resolve the 

botanical affinities of dispersed spore taxa so that patterns of change observed in the 

palynological record can be linked to the patterns of change recorded by other plant organs such 

as reproductive structures (e.g., Leslie, Simpson, Mander, 2021).  

 

6.2.3. Taphonomy and preparation techniques 

As discussed previously (Section 3.4.2.3. and 6.1.1), acetolysis techniques unavoidably result in 

the removal or distortion of morphological features. As a result, extant spores from the same 

taxon may not be morphologically comparable, and this may extend to familial spores in the fossil 

record.  

Preliminary experiments in which spores were subjected to acetolysis for a range of durations 

were carried out in order to identify an optimal time frame for acetolysis. However, due to 

COVID-19 restrictions, it was not possible to continue with these experiments. Knowing the 

minimum and maximum amount of time a spore can undergo acetolysis to achieve optimal 

morphological preservation could be key to ensuring that all morphological diagnostic features 

are preserved. This would provide greater morphological detail, particularity for spores that are 

more susceptible to perispore damage or loss (see Table 3.1), which would facilitate greater 

identification of both extant and fossil material.  

Additionally, changes to morphology due to fossilisation processes should be taken into 

consideration. The spore atlas provided here goes some way to interpret morphology in the fossil 

record; however, many significant features are lost or distorted, most significantly the perispore, 

an essential feature in facilitating identification.   

There have been relatively fewer studies and taphonomic experiments designed specifically with 

plants in mind (e.g., Briggs, 1999; Spicer, 1991; Brock, Parkes and Briggs, 2006; Locatelli, 2014; 

Locatelli, McMahon and Bilger, 2017) the vast majority focus on animal groups (e.g., Briggs and 

Kear, 1993; Sansom, Gabbott and Purnell, 2010, 2013; Sansom, 2014). Far more work is needed to 

fill in this knowledge gap in order to understand the patterns of fossilisation and taphonomy in 

plants. The loss of morphological features by taphonomic and laboratory processes may hinder 

our ability to identify potential functions for spore morphology. 
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6.2.4. Alternative measurements 

6.2.4.1. Mapping morphological disparity 

In this thesis, the fossil record has been used to examine changes through evolutionary time. 

However, an alternative method is to use phylogeny. Below, the disparity of extant pteridophytes 

families have been measured from mean pairwise Hamming distances and mapped onto a 

phylogeny (Fig. 6.1). 

 

 

Figure 6.1: Phylogeny illustrating relationships among extant lycophytes and fern families based on 
morphological and molecular data (redrawn from PPG 1, 2016). The mean pairwise Hamming distances of 
orders measured from spore morphology in this thesis have been mapped onto the phylogeny. 

 

Low and high levels of disparity occur throughout the phylogeny, suggesting that there is no 

pervasive trend towards high or low morphological disparity among extant lycophytes and ferns. 

However, using fossil data, disparity could also be mapped onto branching points in phylogeny. 

This can be used to reconstruct the evolutionary timings of changes in morphological disparity 

and test whether changes can be traced phylogenetically and not just through geological time. 
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6.2.4.2. Morphological disparity of sporophyte features 

As discussed, results here have shown no correlation between spore morphology and ecological 

functions. However, previous research has shown that leaves are tightly correlated to ecological 

function (e.g., Lightbody, 1985; Niinemets and Kul, 1994; Poorter, 2009), and therefore, 

morphological disparity can be measured from features of the sporophyte such as leaves. The 

herbariums sheets from which spores used in this analysis were taken have been imaged 

(Appendix B). From these, qualitative morphological characters can be scored to determine the 

morphological disparity of the pteridophytes from the sporophyte generation to be compared to 

the disparity from the gametophyte generation that is provided here. 
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Appendices 

Appendix A: Sample list of spores collected from Royal Botanical 

Gardens, Kew herbarium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Slide 
number Taxa Barcode Country Collector 

FLD.No/ 
Col.No 

176 
Austrolycopodium 
magellanicum  ~ Argentina 

W.J.Eyerdam, 
A.A.Beetle, 
E.Grondona 24336 

160 Diphasium jussiaei  ~ Chile Walter J.Eyerdam 10665 

98 
Dendrolycopodium 
obscurum    N.America ~ s.n. 

154 Huperzia phlegmaria  K000407624 
Papua New 
Guinea A.Kairo 787 

107 Huperzia verticillata  ~ Tanzania A.Hemp 5051 

99 Lateristachys lateralis  ~ Australia H.A.Lonfman s.n. 

150 Huperzia dacrydioides  ~ Uganda C.E.Smith 4598 

149 
Phlegmariurus 
warneckei  ~ Guinea J.T.Baldwin, Jr 9803 

162 
Pseudodiphasium 
volubile  K000889270 Melanesia P.Cabalion 2827 

108 Lycopodiella inundata  ~ Sweden ~ s.n. 

102 
Lycopodium 
paniculatum  ~ Chile H.F.Comber 547 

180 
Pseudolycopodiella 
caroliniana  ~ Sierra Leone T.S.Jones 82 

151 
Diphasiastrum 
complanatum  ~ Colombia N.hanada (?) 1502 

106 Diphasiastrum sitchense  ~ 
Aleutian 
Islands G.B.Van. Schaack 969 

152 Diphasiastrum thyoides  ~ Bolovia J.R.I.Wood 17876 

103 Lycopodiella appressa  ~ 
USA - 
Herbarium ~ 10866 

144 
Lycopodiastrum 
casuarinoides  ~ China He Guo-Sheng  1556 

94 Palhinhaea cernua  ~ Australia C.T.White 10708 

92 
Pseudolycopodiella 
serpentina    New Zealand H.B.Matthews 1876 

97 Phlegmariurus varius  ~ New Zealand  J.K.Bartlett s.n. 

105 
Phlegmariurus 
macbridei  ~ Peru 

Ashley Glenn, Rainer 
W. Bussmann, G. 
Chait & Carlos Vega 
Ocana 386 

131 
Phlegmariurus 
phylicifolius ~ Equador 

B.Ollgaard, L.Holm-
Nielsen, 
N.H.B.Andreasen, 
B.Boysen Larsen, L.P. 
Kvist & A.R. Jensen 38134 

163 Isoëtes storkii  ~ Costa Rica K.Lema 65020901 

146 Isoëtes cubana  ~ 
British 
Honduras M.E.Peck 420 

148 Selaginella galeottii  K000724376 Mexico G.Martinez Calderon 2196 

104 Selaginella eublepharis  ~ Kenya 
S.A.Robertson & 
Q.Luke 5840 

95 Selaginella grisea  ~ Kenya Bally B12710 
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Slide 
number Taxa Barcode Country Collector 

FLD.No/ 
Col.No 

147 Selaginella pubescens  ~ Myanmar J.H.Lace 5305 

110 Selaginella repanda  ~ India V.S.Manickam 31460 

142 Selaginella radiata  ~ Guyana 

M.Jhansen, B.J.H. ter 
Welle, 
P.P.Haripersaud, 
O.Muller, M. van der 
Zee 6040 

126 Tmesipteris truncata  ~ 
Lord Howe 
Island P.S.Green 1997 

130 Psilotum nudum  K000505379 
Comoros 
Islands F.Barthelat 491 

136 Psilotum complanatum  K000507010 Seychelles S.A.Robertson 2745 

143 Tmesipteris parva  ~ Australia L.A.Craven 584 

85 Equisetum giganteum  ~ Peru 
Mildred E. Mathias, 
Dermot Taylor 3649 

135 Equisetum palustre  ~ UK P.F.Hunt 1595 

141 Equisetum fluviatile  ~ Sweden C.C.Townsend 83/189 

84 Ophioglossum vulgatum  K000740131 France ~ s.n. 

128 
Helminthostachys 
zeylanica  K000505937 Philippines ~ 43 

137 Botrychium lunaria  ~ Norway A.D.Schilling 98 

186 Botrychium formosanum  ~ Japan Miyoshi Furuse 11872 

82 Christensenia aesculifolia  K000448521 Indonesia C.G.Matthew s.n. 

127 Angiopteris angustifolia  ~ Borneo R.Jaman 4033 

182 Eupodium kaulfussii  ~ 
Dominican 
Republic P. Acevedo-Rdgz 13355 

83 Ptisana novoguineensis  K000598927 
Papua New 
Guinea Martin J.S.Sands 2596 

175 Ptisana ternatea  K000603137 Indonesia 
M.Kato, K.Ueda & 
U.V.Mahar 1359 

184 Danaea moritziana  ~ Guyana ~ 3602 

166 
Osmundastrum 
cinnamomeum  ~ Japan T.Kodama 6766 

5 
Claytosmunda 
claytoniana  ~ India G.B.Clark 43382A 

167 Leptopteris alpina  K000083618 Indonesia B.S.Parris 11203 

54 Osmunda regalis  ~ Macedonia Goska s.n. 

68 Todea barbara    Australia Schodde 618B 

89 Plenasium banksiifolium  ~ Japan Miyoshi Furuse 7559 

62 
Hymenophyllum 
tunbrigense  K000889222 Kenya 

Faden et al.  69/516 

187 Trichomanes trollii ~ Guyana T.W.Henkel 4338 

168 Vandenboschia maxima ~ Indonesia 
M.Kato, K.Ueda & 
U.W. Mahjar 1768 

183 
Crepidomanes 
aphlebioides K000939535 

Papua New 
Guinea 

W.Takeuchi, 
A.Towati, D.Ama 17685 

125 Selaginella mittenii  ~ Uganda R.B.Faden 69/1276 

 

 

 

 

 



Appendices  C.Walker 2022 
 

323 
 

Slide 
number Taxa Barcode Country Collector 

FLD.No/C
ol.No 

171 Abrodictyum obscurum  ~ Indonesia 
M.Kato, K.Ueda & 
U.V.Mahar C-1295 

188 Callistopteris apiifolia  K000699403 ? ~ 131125 

56 Matonia pectinata  K000407525 Malaysia Saw & Wong 34322 

43 Dipteris lobbiana  K000505003 Borneo Chai s39421 

155 Cheiropleuria bicuspis  K000236653 Malaysia ~ 851 

61 
Diplopterygium 
laevissimum   China 

Steward et al.  356 

93 Dicranopteris flexuosa  ~ Brazil R.M.Harley 22561 

116 Gleichenella pectinata  ~ Puerto Rico  F.Axelrod 8913 

114 Gleichenia dicarpa ~ Australia ~ s.n. 

177 Gleichenia umbraculifera ~ South Africa  B.Halliwell 5113 

60 
Stromatopteris 
moniliformis    

New 
Caledonia  ~ s.n. 

115 Sticherus flagellaris    Madagascar ~ s.n. 

159 Dicranopteris linearis ~ Thailand 
T.Shimizu & 
A.Nalampoon  8223 

96 Gleichenia microphylla ~ Australia R.J.Chinnock P592 

113 Actinostachys digitata K000399861 Borneo 
J.Dransfield & 
D.Saerudin 2256 

138 Actinostachys inopinata K000399886 Malaysia J.A.R.Anderson 8372 

31 Schizaea incurvata  ~ Suriname Samuels 241 

45 Actinostachys pennula  ~ Guyana Lindeman & de Roon 853 

179 Lygodium circinnatum K000443499 Indonesia H.Turner 167 

24 Lygodium trifurcatum  ~ 
Solomon 
Islands 

Braithwaite 4530 

189 Marsilea crenata ~ Australia Wightman 6600/83 

195 Marsilea drummondii ~ Australia Everist 7447 

196 Marsilea macrocarpa ~ 
South Africa - 
Herberium  W.J.Burchell  3896 

199 Marsilea strigosa ~ 
Europe - 
herberia  M.Fabri Dunal s.n. 

191 Marsilea quadrifolia 
~ 

france - 
herbarium 

~ 
s.n. 

193 Pilularia globulifera ~ England D.A.Saunders 1266 

197 Marsilea unicornis 
~ South Africa - 

Herberium  
~ 

6478 

200 Regnellidium diphyllum ~ Brazil Edwards 1997 

70 Loxoma cunninghamii ~ New Zealand Parris 6082 

50 Plagiogyria euphlebia ~ India Thomson s.n. 

121 Plagiogyria glauca K000083868 
Papua New 
Guinea  L.J.Brass 30141 

33 Thyrsopteris elegans 
~ 

Juan 
Fernanadez 
Islands - Chile  

Solbrig 3766 

46 Anemia angolensis  ~ Senegal Patel et al.  5055 

22 Anemia ferruginea  ~ Guyana CDK Cook 31 

41 Cibotium barometz ~ Burma J.F. Rock 2004 

48 Cibotium cumingii  
~ 

Indonesia 
M.Kato, K.Ueda & 
U.V.Mahar c-11209 

91 Lophosoria quadripinnata  ~ Mexico M.Nee & K.Taylor 25960 

164 Dicksonia herbertii  ~ Australia S.B.Andrews 321 
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Slide 
number Taxa Barcode Country Collector 

FLD.No 
/Col.No 

21 Dicksonia antartica ~ Australia Hubbard 5205 

79 Calochlaena straminea  
~ 

Solomon 
 Islands 

Braithwaite 4263 

132 Metaxya rostrata ~ Brazil Costa 441 

37 Alsophila henryi    Bangladesh 
S.B.Uddin & 
G.Uddin 625 

63 
Sphaeropteris 
aramaganensis  K000645219 

Northern 
Mariana Islands 

Herbst 7499 

129 
Sphaeropteris 
aeneifolia 

~ 
Papua New 
Guinea  Martin J.S.Sands 2450 

123 Sphaeropteris polypoda K001261715 Malaysia P.J.Edwards 2199 

67 Saccoloma inaequale ~ Brazil Milliken M. 560 

59 Lindsaea integra K000116155 Brunei Johns 7219 

71 
Odontosoria 
fumarioides    Jamaica P.Acevedo-rdgz 9543 

161 Lindsaea malayensis  ~ malayensis A.G.Piggott 273 

17 Coniogramme africana ~ Bioko Wrigley 600 

185 Acrostichum speciosum K000421805 
Papua New 
Guinea J.R.Croft 13 

173 
Myriopteris 
myriophylla  

~ 
Peru 

H.van der Werff, 
L.Valenauela & 
E.Suclli 20858 

34 Adiantum pedatum ~ China Wilson 2672 

55 
Adiantopsis 
chlorophylla 

~ 
Brazil 

Atkins 4593 

77 Monachosorum henryi  ~ China Rosenstock 74 

16 Blotiella lindeniana ~ Haiti Ekman 533 

76 Histiopteris incisa ~ Australia Coveny & Hind 10513b 

73 Dennstaedtia distenta  ~ Mexico ~ 3637 

139 Cystopteris fragilis  ~ Madeira John Mac Gillivray 117 

133 Acystopteris tenuisecta ~ India ~ 36124 

145 
Gymnocarpium 
robertianum  

~ 
UK 

~ 
16 

26 
Asplenium 
scolopendropsis  K000446597 Indonesia 

Johns 8220 

64 Asplenium formosum  ~ Brazil Mickel 9955 

35 Diplaziopsis javanica ~ Samoa Sledge 1802 

123 
Hemidictyum 
marginatum  

~ 
Peru 

H.Balslev & 
E.Madsen 10616 

51 
Telmatoblechnum  
serrulatum K000902149 Brazil 

Silva et al. 2609 

170 Sadleria pallida  
~ 

Hawaii 
Otto Degener & Isa 
Degener  355555 

23 Woodwardia virginica ~ N. America T.M.C. Taylor 722 

52 
Matteuccia 
struthiopteris 

~ ~ 
Komarov 

s.n. 

6 Matteuccia orientalis ~ Japan J.Ohwi s.n. 

20 Onoclea sensibilis ~ Japan Nagafuchi 7800 

134 Athyrium filix–femina  ~ Spain B.Molesworth Allen 5792 

100 Athyrium delavayi  ~ China W.P.Fang 3920 

119 Diplazium australe  ~ Australia ~ 1852 

111 
Athyrium 
appendiculiferum  K000399385 Malaysia Cheang Kok Chan s.n. 

117 
Macrothelypteris 
polypodioides  

~ 
Vanuatu A.F.Braithwaite  2068 
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Slide 
number Taxa Barcode Country Collector 

FLD.No/ 
Col.No 

174 
Oreopteris 
limbosperma  

~ 
Norway J.S.Gamble 29342 

10 Cyclosorus interruptus ~ Chad Hepper 4009 

90 
Didymochlaena 
truncatula  K000954585 Brazil 

~ 
9131 

157 
Hypodematium 
crenatum  

~ North West 
Himalaya (?) R.R.Stewart 9022 

112 Leucostegia immersa  ~ Indonesia A.C.Jermy 7358 

75 Rumohra adiantiformis ~ Brazil Zappi et al.  11118 

13 Bolbitis appendiculata ~ India ~ s.n. 

78 Polybotrya goyazensis  K000956985 Brazil ~ 10761 

53 Mickelia guianensis  ~ Brazil Harley ry al  17837 

153 Nephrolepis undulata  K000746747 Cameroon L.Zapfack 1191 

101 
Nephrolepis cordifolia 
var. pumicicola  

~ 
Bioko J.Fernandez Casas  10421 

65/81 Lomariopsis guineensis  K000934259 Sierra Leone Jordan 2071 

18 
Dracoglossum 
plantagineum  

~ 
Guyana 

Krammer 6063 

38 Davallia solida K000853831 Indonesia Gardette 424 

39 
Davallia  
hymenophylloides K000538594 Idonesia 

~ 
209 

42 Lepisorus mucronatus  K000647260 Brunei Johns 7340 

27 Drynaria laurentii ~ Uganda/Tanzania Richards 18162 

72 
Microsorum 
scolopendria 

~ 
Tanzania 

Balslev 467 

120 Grammitis havilandii  K000548221 Malaysia 
B.S.Parris & 
J.P.Croxall 8715 

14 Scleroglossum minus K000637171 Malaysia Parris & Croxall 8754 

181 Dictymia brownii 
~ 

Australia 
B.S.Parris & 
J.P.Croxall 3671 

169 Pecluma chnoophora  K00095470 Brazil John Miers 310 
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Appendix B: Herbarium sheets  
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Appendix C: Spore descriptive cards 
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Appendix D: Character scores used for extant spores 
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Score 
Primary Proximal 

Perispore 
Ornamentation  

Secondary Proximal  
Perispore 

Ornamentation   

Primary Distal 
Perispore 

Ornamentation  

Secondary 
Distal Perispore 
Ornamentation  

0 N/A N/A N/A N/A 

1 psilate  psilate  psilate  psilate  

2 scabrate scabrate scabrate scabrate 

3 granulate granulate granulate granulate 

4 baculate baculate baculate baculate 

5 

gemmate gemmate gemmate gemmate 

6 

microverrucate                     
(<1 μm diameter) 

microverrucate                           
(<1 μm diameter) 

microverrucate                       
(<1 μm 
diameter) 

microverrucate                      
(<1 μm 
diameter) 

7 

medium verrucate                        
(1-4 μm) 

medium verrucate                    
(1-4 μm) 

medium 
verrucate               
(1-4 μm) 

medium 
verrucate                  
(1-4 μm) 

8 

large verrucate                      
(4> μm) 

large verrucate                        
(4> μm) 

large verrucate                     
(4> μm) 

large verrucate                        
(4> μm) 

9 clavate clavate clavate clavate 

10 
microrugulate  (<1μm) microrugulate  (<1μm) microrugulate  

(<1μm) 
microrugulate  
(<1μm) 

11 rugulate (1-4 μm) rugulate (1-4 μm) 
rugulate (1-4 
μm) 

rugulate (1-4 
μm) 

12 
large rugulate (4μm> large rugulate (4μm> large rugulate 

(4μm>) 
large rugulate 
(4μm>) 

13 hamulate hamulate hamulate hamulate 

14 striate striate striate striate 

15 

cicatricose cicatricose cicatricose cicatricose 

16 

echinate                                         
(1-4 μm height) 

echinate                                           
(1-4 μm height) 

echinate                                            
(1-4 μm height) 

echinate                                        
(1-4 μm height)  

17 

microechinate                        
(<1 μm height) 

microechinate                           
(<1 μm height) 

microechinate                            
(<1 μm height) 

microechinate                         
(<1 μm height) 

18 

 large echinate                        
(4> μm height) 

 large echinate                           
(4> μm height) 

 large echinate                          
(4> μm height) 

 large echinate                        
(4> μm height) 

19 

macroechinate                      
(10>μm height) 

macroechinate (10>μm 
height) 

macroechinate                     
(10>μm height) 

macroechinate                      
(10>μm height) 

20 fossulate fossulate fossulate fossulate 

21 foveolate foveolate foveolate foveolate 

22 perforate perforate perforate perforate 

23 reticulate reticulate reticulate reticulate 

24 
microreticulate (<1 μm) microreticulate (<1 μm) microreticulate 

(<1 μm) 
microreticulate 
(<1 μm) 

25 heterobrochate heterobrochate heterobrochate heterobrochate 

26 irregular folds irregular folds irregular folds irregular folds 

27 galeate galeate galeate galeate 

28 regular folds regular folds regular folds regular folds 

29 cristate cristate cristate cristate 
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Score 
Primary Proximal 

Exospore 
Ornamentation 

Secondary Proximal 
Exospore 

Ornamentation 

Primary Distal 
Exospore 

Ornamentation 

Secondary Distal 
Exospore 

Ornamentation 

0 psilate  N/A psilate  N/A 

1 scabrate psilate  scabrate psilate  

2 granulate scabrate granulate scabrate 

3 baculate granulate baculate granulate 

4 gemmate baculate gemmate baculate 

5 

microverrucate                        
(<1 μm diameter) 

gemmate microverrucate                       
(<1 μm diameter) 

gemmate 

6 

medium verrucate             
(1-4 μm) 

microverrucate                        
(<1 μm diameter) 

medium 
verrucate                
(1-4 μm) 

microverrucate                      
(<1 μm) 

7 

large verrucate                        
(4> μm) 

medium verrucate                
(1-4 μm) 

large verrucate                   
(4> μm) 

medium verrucate                      
(1-4 μm) 

8 

clavate large verrucate                      
(4> μm) 

clavate large verrucate                      
(4> μm) 

9 
microrugulate  (<1μm) clavate microrugulate  

(<1μm) 
clavate 

10 rugulate (1-4 μm) 
microrugulate  (<1μm) 

rugulate (1-4 μm) 
microrugulate  
(<1μm) 

11 
large rugulate (4μm>) 

rugulate (1-4 μm) 
large rugulate 
(4μm>) rugulate (1-4 μm) 

12 
hamulate large rugulate   (4μm>) hamulate large rugulate 

(4μm>) 

13 striate hamulate striate hamulate 

14 cicatricose striate cicatricose striate 

15 

echinate                                           
(1-4 μm height) 

cicatricose echinate                            
(1-4 μm height) 

cicatricose 

16 

microechinate                          
(<1 μm height) 

echinate                                    
(1-4 μm height) 

microechinate              
(<1 μm height) 

echinate                                               
(1-4 μm height) 

17 

 large echinate                        
(4> μm height) 

microechinate                         
(<1 μm height) 

 large echinate              
(4> μm height) 

microechinate                             
(<1 μm height) 

18 

macroechinate                     
(10>μm height) 

 large echinate              
(4> μm height) 

macroechinate 
(10>μm height) 

 large echinate                           
(4> μm height) 

19 

fossulate macroechinate            
(10>μm height) 

fossulate macroechinate             
(10>μm height) 

20 foveolate fossulate foveolate fossulate 

21 perforate foveolate perforate foveolate 

22 reticulate perforate reticulate perforate 

23 
microreticulate (<1 
μm) 

reticulate microreticulate 
(<1 μm) 

reticulate 

24 
heterobrochate microreticulate (<1 μm) heterobrochate microreticulate (<1 

μm) 

25 
irregular folds heterobrochate irregular folds Reticulate 

(heterobrochate) 

26 galeate irregular folds galeate irregular folds 

27 regular folds galeate regular folds galeate 

28 cristate regular folds cristate regular folds 

29   cristate   cristate 
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Appendix E: Character matrix for extant spores 

Taxa Amb Polarity  Size Perispore Perispore 
fit 

Camerate Exospore 
thickness 

Aperture 

A. magellanicum  3 0 1 1 1 0 1 1 

D.jussiaei  3 0 0 1 1 0 1 1 

D.obscurum  3 0 1 1 1 0 1 1 

H. phlegmaria  3 0 1 0 0 0 1 1 

H. verticillata  3 0 1 0 0 1 2 1 

L.lateralis  3 2 3 1 1 0 4 1 

H. dacrydioides  3 0 2 0 0 0 2 1 

P. warneckei  3 0 1 0 0 0 1 1 

P.volubile  3 0 1 1 1 0 0 1 

L. inundata  5 0 2 1 1 1 1 1 

L. paniculatum  3 0 1 1 1 0 1 1 

P.a caroliniana  5 0 1 1 1 1 1 1 

D. complanatum  5 2 1 1 1 1 0 1 

D. sitchense  3 2 1 1 1 0 0 1 

D.thyoides  3 2 1 1 1 0 1 1 

L. appressa  0 0 3 1 1 1 2 1 

L. casuarinoides  3 0 2 1 1 0 2 1 

P. cernua 5 0 1 1 1 0 0 1 

P. serpentina  5 0 2 1 1 0 0 1 

P. varius  3 0 3 0 0 0 2 1 

P. macbridei  3 0 1 0 0 0 1 1 

P. phylicifolius  3 0 2 0 0 0 2 1 

I. storkii  1 1 0 1 1 1 1 0 

I. cubana  1 1 0 1 1 2 0 0 

S. galeottii  0 1 1 1 1 1 5 1 

S. eublepharis  3 0 2 0 0 1 1 1 

S. repanda  3 1 2 0 0 0 1 1 

T. truncata  1 1 7 1 1 0 3 0 

P. nudum  1 1 5 1 1 0 2 0 

P.complanatum  1 1 5 1 1 0 2 0 

T. parva  1 1 5 1 1 0 1 0 

E.giganteum  0 1 2 1 1 0 1 2 

E. palustre  0 1 1 1 1 0 1 2 

E.fluviatile  0 1 5 1 1 0 2 2 

O. vulgatum  0 0 2 1 1 1 2 1 

H. zeylanica  0 1 1 1 1 1 1 1 

B. lunaria  3 1 2 1 1 1 1 1 

B. formosanum  3 1 1 1 1 1 1 1 

C. aesculifolia  0 1 1 1 1 1 1 2 

A.angustifolia  0 1 0 1 1 1 1 1 

E. kaulfussii  1 1 0 1 1 1 0 0 

P.novoguineensis  1 1 1 1 1 1 0 0 

P. ternatea  1 1 1 1 1 1 1 0 

D. moritziana  1 1 1 1 1 1 0 0 

O.cinnamomeum  0 1 3 1 1 0 1 1 

C.claytoniana  0 1 2 1 1 0 1 1 

L. alpina  0 1 3 1 1 0 1 1 

O. regalis  0 1 6 1 1 1 7 1 

T. barbara  0 1 7 1 1 0 3 1 
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Taxa Aperture 
variation 

Margo 
% of 

spore  

Kyrtome Kyrtome 
width 

Laesura 
reach 

equator 

Laesura 
percentage 

A. magellanicum  2 1 1 0 1 3 

D.jussiaei  2 1 1 0 1 2 

D.obscurum  2 1 1 0 1 2 

H. phlegmaria  2 1 1 0 1 3 

H. verticillata  2 1 1 0 1 3 

L.lateralis  2 2 1 0 1 2 

H. dacrydioides  1 0 1 0 1 3 

P. warneckei  1 0 1 0 1 3 

P.volubile  2 1 1 0 1 3 

L. inundata  2 2 1 0 1 2 

L. paniculatum  2 1 1 0 1 3 

P.a caroliniana  2 3 1 0 1 2 

D. complanatum  2 2 1 0 1 3 

D. sitchense  2 2 1 0 1 3 

D.thyoides  2 2 1 0 1 3 

L. appressa  2 3 1 0 1 2 

L. casuarinoides  2 2 1 0 1 3 

P. cernua 2 2 2 4 1 2 

P. serpentina  2 3 1 0 1 2 

P. varius  2 1 1 0 1 3 

P. macbridei  2 1 1 0 1 3 

P. phylicifolius  2 1 1 0 1 3 

I. storkii  2 2 0 0 2        5 

I. cubana  2 1 0 0 2 5 

S. galeottii  1 0 1 0 0 2 

S. eublepharis  2 2 2 0 0 2 

S. repanda  2 1 1 0 0 3 

T. truncata  2 1 0 0 1 5 

P. nudum  2 1 0 0 1 3 

P.complanatum  2 1 0 0 1 5 

T. parva  2 1 0 0 1 5 

E.giganteum  0 0 0 0 0 0 

E. palustre  0 0 0 0 0 0 

E.fluviatile  0 0 0 0 0 0 

O. vulgatum  2 2 1 0 1 2 

H. zeylanica  1 0 1 0 1 2 

B. lunaria  2 1 1 0 1 3 

B. formosanum  2 1 1 0 1 2 

C. aesculifolia  1 0 0 0 0 0 

A.angustifolia  1 0 1 0 1 2 

E. kaulfussii  0 0 0 0 1 3 

P.novoguineensis  0 0 0 0 1 3 

P. ternatea  0 0 0 0 1 3 

D. moritziana  0 0 0 0 0 0 

O.cinnamomeum  2 1 1 0 1 4 

C.claytoniana  2 1 1 0 1 3 

L. alpina  2 1 1 0 1 3 

O. regalis  2 1 1 0 1 3 

T. barbara  2 1 1 0 1 3 
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Taxa Equatorial 
variation 

Elaters PPO1 PPO2 DPO1 DPO2 PO1 PO2 DO1 DO2 

A. magellanicum  0 0 1 0 25 0 0 0 24 0 

D.jussiaei  0 0 1 0 23 0 0 0 22 0 

D.obscurum  0 0 14 0 25 0 13 0 24 0 

H. phlegmaria  0 0 0 0 0 0 0 0 20 0 

H. verticillata  0 0 0 0 0 0 0 0 20 0 

L.lateralis  0 0 11 0 11 0 10 0 10 0 

H. dacrydioides  0 0 0 0 0 0 0 20 20 20 

P. warneckei  0 0 0 0 0 0 0 20 20 20 

P.volubile  0 0 1 0 23 0 0 0 22 0 

L. inundata  0 0 4 0 11 0 3 0 10 0 

L. paniculatum  0 0 2 0 25 0 1 0 24 0 

P.a caroliniana  0 0 11 0 14 0 10 0 13 0 

D. complanatum  0 0 25 0 25 0 24 0 24 0 

D. sitchense  0 0 23 0 23 0 22 0 22 0 

D.thyoides  0 0 23 0 23 0 22 0 22 0 

L. appressa  0 0 7 0 11 0 6 0 10 0 

L. casuarinoides  0 0 2 0 4 0 1 0 3 0 

P. cernua 0 0 1 0 13 0 0 0 12 0 

P. serpentina  0 0 1 0 11 0 0 0 10 0 

P. varius  0 0 0 0 0 0 0 0 20 0 

P. macbridei  0 0 0 0 0 0 0 0 20 0 

P. phylicifolius  0 0 0 0 0 0 0 0 20 0 

I. storkii  0 0 2 0 2 0 0 0 0 0 

I. cubana  0 0 29 0 29 0 0 0 0 0 

S. galeottii  0 0 19 0 19 0 19 0 19 0 

S. eublepharis  0 0 0 0 0 0 17 0 17 0 

S. repanda  0 0 0 0 0 0 6 0 6 0 

T. truncata  0 0 10 0 10 0 9 0 9 0 

P. nudum  0 0 10 3 10 3 0 3 0 3 

P.complanatum  0 0 10 3 10 3 9 3 9 3 

T. parva  0 0 6 0 6 0 5 0 5 0 

E.giganteum  0 1 1 3 1 3 1 0 1 0 

E. palustre  0 1 2 3 2 3 0 0 0 0 

E.fluviatile  0 1 2 3 2 3 0 0 0 0 

O. vulgatum  0 0 23 0 23 0 22 0 22 0 

H. zeylanica  0 0 25 0 25 0 0 0 0 0 

B. lunaria  0 0 8 0 8 0 7 0 7 0 

B. formosanum  0 0 4 11 4 11 3 11 3 11 

C. aesculifolia  0 0 18 0 18 0 17 0 17 0 

A.angustifolia  0 0 10 0 10 0 4 0 4 0 

E. kaulfussii  0 0 18 0 18 0 17 0 17 0 

P.novoguineensis  0 0 6 0 6 0 5 0 5 0 

P. ternatea  0 0 10 0 10 0 9 0 9 0 

D. moritziana  0 0 18 0 18 0 17 0 17 0 

O.cinnamomeum  0 0 4 0 4 0 3 0 3 0 

C.claytoniana  0 0 7 0 7 0 6 0 6 0 

L. alpina  0 0 4 0 4 0 3 0 3 0 

O. regalis  0 0 8 0 8 0 7 0 7 0 

T. barbara  0 0 8 0 8 0 7 0 7 0 
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Taxa Amb Polarity  Size Perispore Perispore 
fit 

Camerate Exospore 
thickness 

Aperture 

P. banksiifolium  0 1 4 1 1 0 1 1 

H. tunbrigense  0 1 2 1 1 0 1 1 

T. trollii  0 1 2 0 0 0 1 1 

V. maxima  0 2 1 1 1 0 1 1 

C.aphlebioides  0 1 2 0 0 0 1 1 

A. obscurum  0 1 2 0 0 0 1 1 

C. apiifolia  0 1 4 0 0 0 2 1 

M.pectinata  3 0 4 1 1 0 4 1 

D. lobbiana  1 1 3 1 1 1 2 0 

C. bicuspis  2 1 2 1 1 0 2 1 

D. laevissimum  2 2 1 1 1 0 1 1 

D. flexuosa  2 2 2 1 1 0 2 1 

G. pectinata  2 1 1 1 1 0 0 0 

G. dicarpa  2 2 1 1 1 1 1 1 

G. umbraculifera  1 1 2 1 1 1 1 0 

S. moniliformis  1 1 5 1 1 0 1 0 

S. flagellaris  1 1 2 1 1 1 1 0 

D. linearis  4 1 3 1 1 0 2 1 

G. microphylla  2 1 3 1 1 1 1 1 

A. digitata  1 1 6 1 1 2 1 0 

A. inopinata  1 1 7 1 1 2 1 2 

S. incurvata  1 1 6 1 1 1 1 0 

A. pennula  1 1 7 1 1 2 1 0 

L. circinnatum  3 1 5 1 1 2 3 1 

L.trifurcatum  3 1 10 1 1 1 1 1 

A. angolensis  3 1 9 1 1 1 1 1 

A.ferruginea  3 1 11 1 1 1 3 1 

M. crenata  0 1 3 1 1 0 2 1 

M. drummondii  0 1 4 1 1 0 2 1 

M.macrocarpa  0 1 2 1 1 0 1 1 

M. strigosa  0 1 3 1 1 0 1 1 

M. quadrifolia  0 1 3 1 1 0 1 1 

P. globulifera  0 1 2 1 1 0 3 1 

M.unicornis  0 1 1 1 1 0 2 1 

R. diphyllum  0 1 2 1 1 0 2 1 

L.cunninghamii  3 1 6 1 1 2 5 1 

P.euphlebia  3 1 3 1 1 0 3 1 

P. glauca  3 1 3 1 1 1 2 1 

T. elegans  2 2 2 1 1 1 4 1 

C. barometz  2 1 6 1 1 1 1 1 

C. cumingii  2 1 7 1 1 1 1 1 

L. quadripinnata  3 0 5 1 1 0 1 1 

D. herbertii  4 1 4 0 0 0 0 1 

D. antarctica  4 2 3 1 1 0 7 1 

C. straminea  3 1 2 1 1 0 0 1 

M. rostrata  3 1 2 0 0 0 1 1 

A. henryi  2 2 1 1 1 1 2 1 

S.polypoda  2 1 3 1 1 1 2 1 

S. inaequale  3 1 2 1 1 0 2 1 

L.integra  4 2 0 1 1 1 1 1 
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Taxa Aperture 
variation 

Margo 
% of 

spore 

Kyrtome Kyrtome 
width 

Laesura 
reach 

equator 

Laesura 
% 

P.banksiifolium  2 1 1 0 2 2 

H. tunbrigense  2 1 1 0 2 3 

T. trollii  1 0 1 0 1 2 

V. maxima  2 1 1 0 1 2 

C.aphlebioides  1 0 1 0 1 3 

A. obscurum  1 0 1 0 1 3 

C. apiifolia  1 0 1 0 1 3 

M.pectinata  1 0 2 4 2 3 

D. lobbiana  1 0 0 0 1 5 

C. bicuspis  2 1 2 4 2 3 

D. laevissimum  2 1 1 0 2 3 

D. flexuosa  2 1 2 4 2 3 

G. pectinata  1 0 1 0 2 5 

G. dicarpa  2 2 1 0 1 3 

G.umbraculifera  1 0 0 0 1 5 

S. moniliformis  2 1 0 0 1 5 

S. flagellaris  1 0 0 0 1 4 

D. linearis  2 1 1 0 1 3 

G. microphylla  2 2 1 0 2 3 

A. digitata  1 0 0 0 1 4 

A. inopinata  0 0 0 0 0 0 

S. incurvata  1 0 0 0 1 3 

A. pennula  1 0 0 0 1 3 

L. circinnatum  2 1 1 0 1 3 

L.trifurcatum  2 1 1 0 1 2 

A. angolensis  2 1 1 0 1 2 

A.ferruginea  2 1 1 0 1 2 

M. crenata  1 0 1 0 1 3 

M. drummondii  1 0 0 0 0 0 

M.macrocarpa  1 0 1 0 1 2 

M. strigosa  1 0 1 0 1 2 

M. quadrifolia  1 0 1 0 1 1 

P. globulifera  1 0 1 0 1 1 

M.unicornis  1 0 1 0 1 1 

R. diphyllum  1 0 1 0 1 1 

L.cunninghamii  2 1 1 0 1 3 

P.euphlebia  2 3 1 0 1 2 

P. glauca  2 2 1 0 1 3 

T. elegans  1 0 1 0 1 2 

C. barometz  1 0 1 0 1 2 

C. cumingii  1 0 1 0 1 2 

L.quadripinnata  2 1 1 0 1 2 

D. herbertii  2 1 1 0 1 2 

D. antarctica  1 0 1 0 1 3 

C. straminea  2 1 1 0 2 4 

M. rostrata  2 1 1 0 2 3 

A. henryi  1 0 1 0 1 2 

S.polypoda  1 0 1 0 1 2 

S. inaequale  2 2 1 0 1 2 

L.integra  2 1 1 0 1 3 

 

 



Appendices  C.Walker 2022 
 

424 
 

Taxa Equatorial 
variation 

Elaters PPO1 PPO2 DPO1 DPO2 PO1 PO2 DO1 DO2 

P.banksiifolium  0 0 7 0 7 0 6 0 6 0 

H. tunbrigense  0 0 5 0 5 0 4 0 4 0 

T. trollii  0 0 0 0 0 0 4 0 4 0 

V. maxima  0 0 4 0 4 0 3 0 3 0 

C.aphlebioides  0 0 4 0 4 0 3 0 3 0 

A. obscurum  0 0 0 0 0 0 3 0 3 0 

C. apiifolia  0 0 0 0 0 0 3 0 3 0 

M.pectinata  0 0 4 0 4 0 0 0 0 0 

D. lobbiana  0 0 10 0 10 0 9 0 9 0 

C. bicuspis  0 0 1 0 1 0 0 0 0 0 

D. laevissimum  0 0 1 0 1 0 0 0 0 0 

D. flexuosa  0 0 1 3 1 3 0 3 0 3 

G. pectinata  0 0 1 0 1 0 0 0 0 0 

G. dicarpa  0 0 10 0 10 0 9 0 9 0 

G.umbraculifera  0 0 10 0 10 0 9 0 9 0 

S. moniliformis  0 0 10 0 10 0 9 0 9 0 

S. flagellaris  0 0 10 0 10 0 9 0 9 0 

D. linearis  0 0 22 0 22 0 21 0 21 0 

G. microphylla  0 0 10 0 10 0 9 0 9 0 

A. digitata  0 0 15 0 15 0 14 0 14 0 

A. inopinata  0 0 14 22 14 22 13 22 13 22 

S. incurvata  0 0 10 3 10 3 0 0 0 0 

A. pennula  0 0 22 0 22 0 21 0 21 0 

L. circinnatum  0 0 6 0 6 0 0 22 0 22 

L.trifurcatum  1 0 1 2 8 0 0 2 7 0 

A. angolensis  3 0 15 0 15 0 14 0 14 0 

A.ferruginea  3 0 15 0 15 0 14 0 14 0 

M. crenata  0 0 4 0 4 0 0 0 0 0 

M. drummondii  0 0 4 0 4 0 0 0 0 0 

M.macrocarpa  0 0 4 0 4 0 0 0 0 0 

M. strigosa  0 0 4 0 4 0 0 0 0 0 

M. quadrifolia  0 0 4 0 4 0 0 0 0 0 

P. globulifera  0 0 28 0 28 0 0 0 0 0 

M.unicornis  0 0 4 0 4 0 0 0 0 0 

R. diphyllum  0 0 28 0 28 0 0 0 0 0 

L.cunninghamii  0 0 13 21 13 21 0 0 0 0 

P.euphlebia  0 0 7 0 7 0 13 0 13 0 

P. glauca  0 0 12 0 12 0 0 0 0 0 

T. elegans  0 0 13 0 13 0 0 0 0 0 

C. barometz  4 0 3 0 3 0 14 3 14 3 

C. cumingii  4 0 3 0 3 0 14 3 14 3 

L. quadripinnata  2 0 3 0 3 0 7 6 20 2 

D. herbertii  0 0 3 0 3 0 24 0 24 0 

D. antarctica  0 0 1 3 1 3 0 0 0 0 

C. straminea  0 0 25 24 25 24 24 24 25 24 

M. rostrata  0 0 3 0 3 0 0 0 0 0 

A. henryi  0 0 4 0 4 0 3 0 3 0 

S.polypoda  0 0 8 0 8 0 0 0 0 0 

S. inaequale  0 0 14 3 14 3 0 0 0 0 

L.integra  0 0 4 0 4 0 0 0 0 0 
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Taxa Amb Polarity  Size Perispore Perispore 
fit 

Camerate Exospore 
thickness 

Aperture 

O. fumarioides  1 2 4 1 1 0 1 1 

L.malayensis  4 1 1 1 1 0 2 1 

C. africana  3 2 2 0 0 0 2 1 

A. speciosum  3 1 4 1 1 1 1 1 

M. myriophylla  2 1 3 1 1 0 1 1 

A. pedatum  2 1 3 1 1 0 2 1 

A. chlorophylla  3 1 2 1 1 0 1 1 

M. henryi  3 1 1 1 1 0 1 1 

B.lindeniana  1 1 3 1 1 1 2 0 

H. incisa  1 1 3 1 1 0 1 0 

D. distenta  4 1 1 0 0 0 1 1 

C. fragilis  1 1 2 1 1 1 1 0 

A. tenuisecta  1 1 2 1 2 0 0 0 

G. robertianum  1 1 1 1 2 0 0 0 

A. scolopendropsis  1 1 4 1 1 0 1 0 

A. formosum  1 1 2 1 2 0 1 0 

D. javanica  1 1 4 1 2 0 0 0 

H. marginatum  1 1 1 1 2 0 2 0 

T. serrulatum  1 1 3 1 1 0 1 0 

S. pallida  1 1 3 1 1 0 1 0 

A. virginica  1 1 3 1 1 0 1 0 

M. struthiopteris  1 1 3 1 2 0 1 0 

O.orientalis  1 1 9 1 1 0 3 0 

O.sensibilis  1 1 4 1 1 0 2 0 

A.filix–femina  1 1 1 1 1 0 2 0 

A. delavayi  1 1 1 1 1 0 1 0 

D. australe  1 1 2 1 2 0 1 0 

A. appendiculiferum  1 1 2 1 1 0 1 0 

M. polypodioides  1 1 2 1 1 1 1 0 

O. limbosperma  1 1 2 1 2 0 2 0 

C. interruptus  1 1 3 1 1 0 1 0 

D. truncatula  1 1 1 1 2 0 1 0 

H. crenatum  1 1 3 1 1 0 1 0 

L. immersa  1 1 1 1 1 0 1 0 

R. adiantiformis  1 1 1 1 1 0 1 0 

B.s appendiculata  1 1 1 1 1 1 1 0 

P. goyazensis  1 1 2 1 2 0 1 0 

M. guianensis  1 1 2 1 2 0 2 0 

N. undulata  1 1 1 1 1 0 2 0 

N.cordifolia var. 
pumicicola  1 1 1 0 0 0 1 0 

L. guineensis  1 1 3 1 1 0 1 0 

D. plantagineum  1 1 3 1 2 0 1 0 

D. solida  1 1 5 1 1 0 1 0 

D. hymenophylloides  1 1 5 1 1 0 1 0 

L. mucronatus  1 1 5 1 1 0 0 0 

A. laurentii  1 1 4 1 1 1 1 0 

M. scolopendria  1 1 4 1 1 0 2 0 

G. havilandii  3 1 1 1 1 0 2 1 

S. minus  3 2 1 0 0 0 1 1 

D. brownii  1 1 2 1 1 0 0 1 

P. chnoophora  1 2 2 1 1 0 1 0 
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Taxa Aperture 
variation 

Margo % 
of spore  

Kyrtome Kyrtome 
width 

Laesura reach 
equator 

Laesura 
% 

O. fumarioides  2 1 1 0 1 4 

L.malayensis  2 1 1 0 1 3 

C. africana  2 1 0 0 1 3 

A. speciosum  2 1 1 0 1 3 

M. myriophylla  2 1 1 0 1 3 

A. pedatum  2 2 1 0 1 3 

A. chlorophylla  2 1 1 0 1 3 

M. henryi  2 2 1 0 1 2 

B.lindeniana  2 2 0 0 1 4 

H. incisa  1 0 0 0 1 3 

D. distenta  2 1 1 0 2 3 

C. fragilis  2 1 0 0 1 4 

A. tenuisecta  0 0 0 0 0 0 

G. robertianum  1 0 0 0 1 4 

A. scolopendropsis  0 0 0 0 0 0 

A. formosum  2 1 0 0 1 4 

D. javanica  0 0 0 0 0 0 

H. marginatum  1 0 0 0 1 5 

T. serrulatum  1 0 0 0 1 3 

S. pallida  1 0 0 0 1 3 

A. virginica  2 1 0 0 1 5 

M. struthiopteris  2 1 0 0 1 5 

O.orientalis  2 2 0 0 1 4 

O.sensibilis  2 2 0 0 1 4 

A.filix–femina  2 2 0 0 1 4 

A. delavayi  1 0 0 0 1 2 

D. australe  1 0 0 0 1 4 

A. appendiculiferum  1 0 0 0 1 2 

M. polypodioides  1 0 0 0 1 2 

O. limbosperma  1 0 0 0 1 3 

C. interruptus  1 0 0 0 1 4 

D. truncatula  1 0 0 0 1 2 

H. crenatum  1 0 0 0 1 4 

L. immersa  1 0 0 0 1 3 

R. adiantiformis  1 0 0 0 0 0 

B.s appendiculata  0 0 0 0 0 0 

P. goyazensis  1 0 0 0 1 4 

M. guianensis  1 0 0 0 2 5 

N. undulata  1 0 0 0 1 3 

N.cordifolia var. 
pumicicola  1 0 0 0 1 3 

L. guineensis  2 1 0 0 2 5 

D. plantagineum  2 1 0 0 2 5 

D. solida  1 0 0 0 1 4 

D. hymenophylloides  1 0 0 0 1 4 

L. mucronatus  2 1 0 0 1 2 

A. laurentii  2 1 0 0 1 4 

M. scolopendria  2 2 0 0 1 3 

G. havilandii  2 2 1 0 2 3 

S. minus  2 2 1 0 2 4 

D. brownii  1 0 0 0 1 2 

P. chnoophora  2 1 0 0 1 3 
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Taxa Equatorial 
variation 

Elaters PPO1 PPO2 DPO1 DPO2 PO1 PO2 DO1 DO2 

O. fumarioides  0 0 1 3 1 3 0 3 0 3 

L.malayensis  0 0 1 0 1 0 1 0 1 0 

C. africana  0 0 0 0 0 0 1 0 1 0 

A. speciosum  0 0 8 0 8 0 1 0 1 0 

M. myriophylla  0 0 2 0 2 0 0 0 0 0 

A. pedatum  0 0 11 0 11 0 0 0 0 0 

A. chlorophylla  0 0 10 0 10 0 0 0 0 0 

M. henryi  0 0 4 0 4 0 3 0 3 0 

B.lindeniana  0 0 16 0 16 0 0 0 0 0 

H. incisa  0 0 8 0 8 0 7 0 7 0 

D. distenta  0 0 2 0 2 0 1 0 1 0 

C. fragilis  0 0 18 0 18 0 0 0 0 0 

A. tenuisecta  0 0 4 0 4 0 0 0 0 0 

G. robertianum  0 0 26 0 26 0 0 0 0 0 

A. scolopendropsis  0 0 27 0 27 0 0 0 0 0 

A. formosum  0 0 26 16 26 16 0 0 0 0 

D. javanica  0 0 26 17 26 17 0 0 0 0 

H. marginatum  0 0 26 22 26 22 0 0 0 0 

T. serrulatum  0 0 5 0 5 0 9 0 9 0 

S. pallida  0 0 3 2 3 2 0 0 0 0 

A. virginica  0 0 26 2 26 2 0 0 0 0 

M. struthiopteris  0 0 26 17 26 17 0 0 0 0 

O.orientalis  0 0 2 11 2 11 0 0 0 0 

O.sensibilis  0 0 17 11 17 11 0 0 0 0 

A.filix–femina  0 0 10 0 10 0 0 0 0 0 

A. delavayi  0 0 10 0 10 0 0 0 0 0 

D. australe  0 0 26 2 26 2 0 0 0 0 

A. appendiculiferum  0 0 10 0 10 0 0 0 0 0 

M. polypodioides  0 0 24 0 23 0 4 0 4 0 

O. limbosperma  0 0 26 2 26 2 4 0 4 0 

C. interruptus  0 0 16 0 16 0 0 0 0 0 

D. truncatula  0 0 26 0 26 0 0 0 0 0 

H. crenatum  0 0 2 0 2 0 0 0 0 0 

L. immersa  0 0 8 0 8 0 7 0 7 0 

R. adiantiformis  0 0 2 0 2 0 0 0 0 0 

B.s appendiculata  0 0 24 0 24 0 0 0 0 0 

P. goyazensis  0 0 10 16 10 16 0 2 0 2 

M. guianensis  0 0 23 26 23 26 9 3 9 3 

N. undulata  0 0 6 10 6 10 9 0 9 0 

N.cordifolia var. 
pumicicola  0 0 6 0 6 0 9 0 9 0 

L. guineensis  0 0 27 2 27 2 0 0 0 0 

D. plantagineum  0 0 17 0 17 0 0 0 0 0 

D. solida  0 0 8 0 8 0 7 0 7 0 

D. hymenophylloides  0 0 8 0 8 0 7 0 7 0 

L. mucronatus  0 0 8 13 8 13 7 13 7 13 

A. laurentii  0 0 16 0 16 0 0 0 0 0 

M. scolopendria  0 0 10 0 10 0 9 0 9 0 

G. havilandii  0 0 7 0 7 0 6 0 6 0 

S. minus  0 0 0 0 0 0 6 3 6 3 

D. brownii  0 0 8 0 8 0 9 0 9 0 

P. chnoophora  0 0 8 0 8 0 7 0 7 0 
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Appendix F: Character scores used for fossil spores 
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Appendix G: Character matrix for fossil spores  
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Anapiculatisporites 2 5 3 4 0 0 0 2 

Annulispora 2 7 3 12 0 0 2 2 

Aratrisporites 1 3 5 5 0 1 1 1 

Aulisporites 2 3 3 3 0 1 0 0 

Bocciaspora 2 7 3 6 0 0 0 2 

Calamospora 2 8 3 3 0 1 0 0 

Camerosporites 2 3 6 6 0 0 0 2 

Camarozonosporites 2 5 3 10 0 0 2 2 

Carnisporites 2 0 0 0 0 0 0 2 

Cingulizonates 2 7 3 6 0 1 1 0 

Conbaculatisporites 2 1 2 2 0 0 0 2 

Concavisporites 2 2 3 3 0 1 0 0 

Concentricisporites  2 0 13 13 0 0 1 2 

Conosmundasporites 2 0 5 5 0 0 0 2 

Cornutisporites 2 6 3 3 1 0 0 2 

Corrugatisporites 2 1 3 6 0 0 0 2 

Cyclotriletes 2 0 5 5 0 0 0 2 

Cycloverrutriletes 2 0 14 14 0 0 0 2 

Deltoidospora 2 2 3 3 0 0 0 2 

Densoisporites 2 7 5 5 0 1 0 1 

Densosporites 2 5 3 3 0 1 2 1 

Discisporites 2 0 5 5 0 0 1 2 

Duplicisporites 2 7 3 3 0 0 0 2 

Echinitosporites 1 3 2 2 0 0 0 2 

Ellipsovelatisporites 0 3 10 10 0 1 0 1 

Endosporites 2 5 3 3 0 0 0 2 

Foveolatitriletes 2 0 8 8 0 1 0 0 

Gibeosporites 0 4 4 4 0 0 0 2 

Gleicheniidites 2 2 3 3 0 0 0 2 

Gordonispora 2 5 3 3 0 0 2 2 

Guttatisporites 2 0 6 6 0 0 0 2 

Heliosporites 2 2 3 2 0 0 2 2 

Keuperisporites 2 4 6 6 0 0 0 2 

Kraeuselisporites 0 0 3 5 0 1 1 0 

Laevigatosporites  1 3 3 3 1 0 0 2 

Leschikisporis 2 3 3 3 0 1 0 0 

Limbosporites 2 7 8 8 0 0 1 2 

Lundbladispora 2 5 3 4 0 1 2 1 
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Lycopodiacidites 2 5 3 10 0 1 0 0 

Lycospora 2 5 5 5 0 1 2 1 

Neochomotriletes 2 5 3 13 0 0 2 2 

Nevesisporites 2 0 5 3 0 0 2 2 

Partitisporites 2 3 5 5 0 0 0 2 

Peromonolites 1 3 6 6 1 0 0 2 

Perotrilites 2 5 3 5 1 0 1 2 

Polycingulatisporites 2 4 11 13 0 0 2 2 

Porcellispora 2 4 4 4 0 1 0 0 

Proprisporites 2 5 9 9 1 0 0 2 

Pseudenzonalasporites 2 0 2 2 0 1 0 0 

Punctatisporites 2 5 3 3 0 0 0 2 

Reticulatisporites 2 5 8 8 1 1 2 1 

Retitriletes 2 7 3 8 0 0 1 2 

Rogalskaisporites 2 5 3 3 0 0 2 2 

Sellaspora 2 5 6 6 0 0 0 2 

Spiritisporites 0 2 5 5 0 1 0 0 

Taurocusporites 2 7 3 10 0 0 1 2 

Todisporites 2 0 3 3 0 0 0 2 

Toroisporis 2 5 3 3 0 1 0 0 

Trachysporites 2 5 5 5 0 1 0 0 

Triancoraesporites 2 6 3 8 0 1 0 0 

Triplexisporites 2 7 10 10 0 0 0 2 

Vallasporites 2 7 3 3 0 0 0 2 

Verrucosisporites 2 3 6 6 1 0 0 2 

Zebrasporites 2 7 3 10 0 0 0 2 

Platyptera 2 6 3 3 1 0 0 2 

Perinosporites 2 2 1 1 1 0 0 2 

Apiculatisporites 2 0 9 4 0 0 0 2 
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Appendix H: Occurrence data for fossil spores 
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Appendix I: Character scores used for extant and fossil analyses 
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Appendix J: Character matrix for extant and fossil analyses  

Taxa Aperture Amb PO1 DO1 Perispore 
Exine 
layers 

Equatorial 
variation Camerate 

A. magellanicum  1 3 0 15 1 0 0 0 

D.jussiaei  1 3 0 15 1 0 0 0 

D.obscurum  1 3 9 15 1 0 0 0 

H. phlegmaria  1 3 0 13 0 0 0 0 

H. verticillata  1 3 0 13 0 1 0 1 

L.lateralis  1 3 7 7 1 0 0 0 

H. dacrydioides  1 3 0 13 0 0 0 0 

P. warneckei  1 3 0 13 0 0 0 0 

P.volubile  1 3 0 15 1 0 0 0 

L. inundata  1 5 3 7 1 1 0 1 

L. paniculatum  1 3 1 15 1 0 0 0 

P.a caroliniana  1 5 7 9 1 1 0 1 

D. complanatum  1 5 15 15 1 1 0 1 

D. sitchense  1 3 15 15 1 0 0 0 

D.thyoides  1 3 15 15 1 0 0 0 

L. appressa  1 0 5 10 1 0 0 1 

L. casuarinoides  1 3 1 3 1 0 0 0 

P. cernua 1 5 0 8 1 0 0 0 

P. serpentina  1 5 0 10 1 0 0 0 

P. varius  1 3 0 13 0 0 0 0 

P. macbridei  1 3 0 13 0 0 0 0 

P. phylicifolius  1 3 0 13 0 0 0 0 

I. storkii  0 1 0 0 1 1 0 1 

I. cubana  0 1 0 0 1 1 0 2 

S. galeottii  1 0 12 12 1 1 0 1 

S. eublepharis  1 3 11 11 0 1 0 1 

S. repanda  1 3 5 6 0 0 0 0 

T. truncata  0 1 7 7 1 0 0 0 

P. nudum  0 1 0 0 1 0 0 0 

P.complanatum  0 1 9 7 1 0 0 0 

T. parva  0 1 5 5 1 0 0 0 

E.giganteum  2 0 1 1 1 0 0 0 

E. palustre  2 0 0 0 1 0 0 0 

E.fluviatile  2 0 0 0 1 0 0 0 

O. vulgatum  1 0 15 15 1 1 0 1 

H. zeylanica  1 0 0 0 1 1 0 1 

B. lunaria  1 3 5 5 1 1 0 1 

B. formosanum  1 3 3 3 1 1 0 1 

C. aesculifolia  2 0 11 11 1 1 0 1 

A.angustifolia  1 0 4 4 1 1 0 1 

E. kaulfussii  0 1 11 11 1 1 0 1 

P.novoguineensis  0 1 5 5 1 1 0 1 

P. ternatea  0 1 7 7 1 1 0 1 

D. moritziana  0 1 11 11 1 1 0 1 

O.cinnamomeum  1 0 3 3 1 0 0 0 

C.claytoniana  1 0 5 5 1 0 0 0 

L. alpina  1 0 3 3 1 0 0 0 

O. regalis  1 0 5 5 1 1 0 1 

T. barbara  1 0 5 5 1 0 0 0 
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Taxa Aperture Amb PO1 DO1 Perispore 
Exine 
layers 

Equatorial 
variation Camerate 

P. banksiifolium  1 0 5 5 1 0 0 0 

H. tunbrigense  1 0 4 4 1 0 0 0 

T. trollii  1 0 4 4 0 0 0 0 

V. maxima  1 0 3 3 1 0 0 0 

C.aphlebioides  1 0 3 3 0 0 0 0 

A. obscurum  1 0 3 3 0 0 0 0 

C. apiifolia  1 0 3 3 0 0 0 0 

M.pectinata  1 3 0 0 1 0 0 0 

D. lobbiana  0 1 7 7 1 1 0 1 

C. bicuspis  1 2 0 0 1 0 0 0 

D. laevissimum  1 2 0 0 1 0 0 0 

D. flexuosa  1 2 0 0 1 0 0 0 

G. pectinata  0 2 0 0 1 0 0 0 

G. dicarpa  1 2 7 7 1 1 0 1 

G. umbraculifera  0 1 7 7 1 0 0 1 

S. moniliformis  0 1 7 7 1 0 0 0 

S. flagellaris  0 1 7 7 1 0 0 1 

D. linearis  1 4 14 14 1 0 0 0 

G. microphylla  1 2 7 9 1 1 0 1 

A. digitata  0 1 10 10 1 1 0 2 

A. inopinata  2 1 9 9 1 1 0 2 

S. incurvata  0 1 0 0 1 1 0 1 

A. pennula  0 1 14 14 1 1 0 2 

L. circinnatum  1 3 0 0 1 1 0 2 

L.trifurcatum  1 3 0 5 1 1 1 1 

A. angolensis  1 3 10 10 1 1 3 1 

A.ferruginea  1 3 10 10 1 1 3 1 

M. crenata  1 0 0 0 1 0 0 0 

M. drummondii  1 0 0 0 1 0 0 0 

M.macrocarpa  1 0 0 0 1 0 0 0 

M. strigosa  1 0 0 0 1 1 0 0 

M. quadrifolia  1 0 0 0 1 0 0 0 

P. globulifera  1 0 0 0 1 0 0 0 

M.unicornis  1 0 0 0 1 0 0 0 

R. diphyllum  1 0 0 0 1 0 0 0 

L.cunninghamii  1 3 0 0 1 1 0 2 

P.euphlebia  1 3 9 9 1 1 0 0 

P. glauca  1 3 0 0 1 1 0 1 

T. elegans  1 2 0 0 1 0 0 1 

C. barometz  1 2 10 10 1 1 4 1 

C. cumingii  1 2 10 10 1 1 4 1 

L. quadripinnata  1 3 5 13 1 0 2 0 

D. herbertii  1 4 15 15 0 0 0 0 

D. antarctica  1 4 0 0 1 0 0 0 

C. straminea  1 3 15 16 1 0 0 0 

M. rostrata  1 3 0 0 0 0 0 0 

A. henryi  1 2 3 3 1 1 0 1 

S.polypoda  1 2 0 0 1 1 0 1 

S. inaequale  1 3 0 0 1 0 0 0 
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Taxa Aperture Amb PO1 DO1 Perispore 
Exine 
layers 

Equatorial 
variation Camerate 

L. integra  1 4 0 0 1 1 0 1 

O. fumarioides  1 1 0 0 1 0 0 0 

L.malayensis  1 4 1 1 1 0 0 0 

C. africana  1 3 1 1 0 0 0 0 

A. speciosum  1 3 1 1 1 1 0 1 

M. myriophylla  1 2 0 0 1 0 0 0 

A. pedatum  1 2 0 0 1 0 0 0 

A. chlorophylla  1 3 0 0 1 0 0 0 

M. henryi  1 3 3 3 1 0 0 0 

B.lindeniana  0 1 0 0 1 1 0 1 

H. incisa  0 1 5 5 1 0 0 0 

D. distenta  1 4 1 1 0 0 0 0 

C. fragilis  0 1 0 0 1 1 0 1 

A. tenuisecta  0 1 0 0 1 0 0 0 

G. robertianum  0 1 0 0 1 0 0 0 

A. scolopendropsis  0 1 0 0 1 0 0 0 

A. formosum  0 1 0 0 1 0 0 0 

D. javanica  0 1 0 0 1 0 0 0 

H. marginatum  0 1 0 0 1 0 0 0 

T. serrulatum  0 1 7 7 1 0 0 0 

S. pallida  0 1 0 0 1 0 0 0 

A. virginica  0 1 0 0 1 0 0 0 

M. struthiopteris  0 1 0 0 1 0 0 0 

O.orientalis  0 1 0 0 1 0 0 0 

O.sensibilis  0 1 0 0 1 0 0 0 

A.filix–femina  0 1 0 0 1 0 0 0 

A. delavayi  0 1 0 0 1 0 0 0 

D. australe  0 1 0 0 1 0 0 0 

A. appendiculiferum  0 1 0 0 1 0 0 0 

M. polypodioides  0 1 4 4 1 1 0 1 

O. limbosperma  0 1 4 4 1 0 0 0 

C. interruptus  0 1 0 0 1 0 0 0 

D. truncatula  0 1 0 0 1 0 0 0 

H. crenatum  0 1 0 0 1 0 0 0 

L. immersa  0 1 5 5 1 0 0 0 

R. adiantiformis  0 1 0 0 1 0 0 0 

B.s appendiculata  0 1 0 0 1 1 0 1 

P. goyazensis  0 1 0 0 1 0 0 0 

M. guianensis  0 1 7 7 1 0 0 0 

N. undulata  0 1 7 7 1 0 0 0 

N.cordifolia var. 
pumicicola  0 1 7 7 0 0 0 0 

L. guineensis  0 1 0 0 1 0 0 0 

D. plantagineum  0 1 0 0 1 0 0 0 

D. solida  0 1 5 5 1 0 0 0 

D. hymenophylloides  0 1 5 5 1 0 0 0 

L. mucronatus  0 1 5 5 1 0 0 0 

A. laurentii  0 1 0 0 1 1 0 1 

M. scolopendria  0 1 7 7 1 0 0 0 

G. havilandii  0 3 5 5 1 0 0 0 

S. minus  0 3 5 5 0 0 0 0 

D. brownii  0 1 7 7 1 0 0 0 

P. chnoophora  0 1 5 5 1 0 0 0 



Appendices  C.Walker 2022 
 

437 
 

 

Taxa Aperture Amb PO1 DO1 Perispore 
Exine 
layers 

Equatorial 
variation Camerate 

Anapiculatisporites 1 6 0 2 0 0 0 0 

Annulispora 1 3 0 12 0 0 2 0 

Aratrisporites 0 1 2 2 0 1 4 2 

Aulisporites 1 1 0 0 0 1 0 1 

Bocciaspora 1 3 0 5 0 0 0 0 

Calamospora 1 9 0 0 0 1 0 1 

Camerosporites 1 1 2 5 0 0 0 0 

Camarozonosporites 1 6 0 7 0 0 2 0 

Carnisporites 1 0 17 17 0 0 0 0 

Cingulizonates 1 3 0 5 0 1 4 1 

Conbaculatisporites 1 2 3 3 0 0 0 0 

Concavisporites 1 4 0 0 0 1 0 1 

Concentricisporites  1 0 18 18 0 0 4 0 

Conosmundasporites 1 0 2 2 0 0 0 0 

Cornutisporites 1 7 0 0 1 0 0 0 

Corrugatisporites 1 2 0 5 0 0 0 0 

Cyclotriletes 1 0 2 2 0 0 0 0 

Cycloverrutriletes 1 0 4 4 0 0 0 0 

Deltoidospora 1 4 0 0 0 0 0 0 

Densoisporites 1 3 2 2 0 1 0 2 

Densosporites 1 6 0 0 0 1 2 2 

Discisporites 1 0 2 2 0 0 4 0 

Duplicisporites 1 3 0 0 0 0 0 0 

Echinitosporites 0 1 3 3 0 0 0 0 

Ellipsovelatisporites 2 1 7 7 0 1 0 2 

Endosporites 1 6 0 0 0 0 0 0 

Foveolatitriletes 1 0 15 15 0 1 0 1 

Gibeosporites 2 5 11 11 0 0 0 0 

Gleicheniidites 1 4 0 0 0 0 0 0 

Gordonispora 1 6 0 0 0 0 2 0 

Guttatisporites 1 0 5 5 0 0 0 0 

Heliosporites 1 4 0 3 0 0 2 0 

Keuperisporites 1 5 5 5 0 0 0 0 

Kraeuselisporites 2 0 0 2 0 1 4 1 

Laevigatosporites  0 1 0 0 1 0 0 0 

Leschikisporis 1 1 0 0 0 1 0 1 

Limbosporites 1 3 15 15 0 0 4 0 

Lundbladispora 1 6 0 11 0 1 2 2 

Lycopodiacidites 1 6 0 7 0 1 0 1 

Lycospora 1 6 2 2 0 1 2 2 

Neochomotriletes 1 6 0 18 0 0 2 0 

Nevesisporites 1 0 2 0 0 0 2 0 

Partitisporites 1 1 2 2 0 0 0 0 

Peromonolites 0 1 5 5 1 0 0 0 

Perotrilites 1 6 0 2 1 0 4 0 

Polycingulatisporites 1 5 9 18 0 0 2 0 

Porcellispora 1 5 11 11 0 1 0 1 

Proprisporites 1 6 14 14 1 0 0 0 

Pseudenzonalasporites 1 0 3 3 0 1 0 1 
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Taxa Aperture Amb PO1 DO1 Perispore 
Exine 
layers 

Equatorial 
variation Camerate 

Punctatisporites 1 6 0 0 0 0 0 0 

Reticulatisporites 1 6 15 15 1 1 2 2 

Retitriletes 1 3 0 15 0 0 4 0 

Rogalskaisporites 1 6 0 0 0 0 2 0 

Sellaspora 1 6 5 5 0 0 0 0 

Spiritisporites 2 4 2 2 0 1 0 1 

Taurocusporites 1 3 0 7 0 0 4 0 

Todisporites 1 0 0 0 0 0 0 0 

Toroisporis 1 6 0 0 0 1 0 1 

Trachysporites 1 6 2 2 0 1 0 1 

Triancoraesporites 1 7 0 15 0 1 0 1 

Triplexisporites 1 3 7 7 0 0 0 0 

Vallasporites 1 3 0 0 0 0 0 0 

Verrucosisporites 1 1 5 5 1 0 0 0 

Zebrasporites 1 3 0 7 0 0 0 0 

Platyptera 1 7 0 0 1 0 0 0 

Perinosporites 1 4 1 1 1 0 0 0 

Apiculatisporites 1 0 14 11 0 0 0 0 

 

 

 


