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3. Anatomy-based Phylogenetic Analysis of the Lomandra Complex 

(Asparagales: Laxmanniaceae) 
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3.1 Introduction 
 

Anatomy and morphology are the original keystones of the systematic process 

and the foundations upon which this aspect of the natural sciences was built.  The 

usage of anatomical characters to estimate affinity has a long and extensive history.  

Based on the observations of the variations of living things, Charles Darwin began 

chapter XIV in his revolutionary ‘The Origin of Species’ with the statement “From 

the most remote period in the history of the world organic beings have been found to 

resemble each other in descending degrees, so that they can be classed in groups 

under groups” (Darwin, 1872).  In recent years though “classical” morphology-based 

taxonomy has suffered with the increasing ease and popularity of various 

biochemical methods ranging from protein analysis to the currently favoured direct 

analysis of the organism’s DNA in the practice of molecular systematics (Wheeler, 

2004).  Nevertheless, it is essential that anatomy and morphology based taxonomy 

not be neglected, as they are often the only available resource for classifying unique 

specimens where molecular methods fail such as fossils e.g. Nothofagus (Jordan and 

Hill 1999), as well as being the primary method for recognition of the organisms in 

their natural environment. 

 

In this present study, various morphological and anatomical characters on 

both the macro and micro scales have been investigated and utilised in an effort to 

establish the possibility of accurately determining a phylogeny of the family using 

morphological data; as well as to provide additional information for combination 

with the molecular results.  Data have been obtained at the microscopic scale from 

both mid-leaf cross sections (following Choo 1969), as well as cuticle and stomatal 

patterning analyses following the work of Conran (1997b) who investigated applying 
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this technique to Cordyline Comm. Ex R.Br. (Laxmanniaceae), and Christophel et al. 

(1996) who employed this process with respect to the taxonomy of the Lauraceae.  

The morphological data collected for this aspect of the project were based on the 

inflorescence structure from the descriptions provided by Lee and Macfarlane (1986), 

with additional characters determined from specimen examinations. 
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3.2 Microscopic-scale: Thin Sections and Cuticle Analysis 

 

3.2.1 Introduction 

 

The direct and exclusive use of leaves as a tool for cladistics analysis is 

fraught with difficulty.  As echoed by Choo (1969), Carlquist (1961) noted that the 

leaf is perhaps the most varied organ likely to demonstrate anatomical variations.  

Care must also be taken when describing features to eliminate personal bias in the 

distinction of grades of feature and to keep the categories as well defined as possible.  

Choo’s thesis (1969) was valuable for determining both suitable and potentially 

unsuitable characters to include in this examination; as he comments: “leaf anatomy 

is highly plastic and has a number of features that are not stable enough for reliable 

analysis.”  This was also an issue with Fahn (1954) who relied on leaf features that 

were later shown to be variable; as a result of this, his anatomical key to the genus 

was demonstrated by Choo (1969) to be unreliable. 

 

The leaves of Lomandra are generally linear, with marked longitudinal veins 

and a typically coriaceous texture; some species more so than others.  In cross section 

the leaves vary widely from flat to terete and are also highly variable from species to 

species in length and width.  A number of the species with broad planar section 

leaves also appear to curl them into a tubular shape.  Despite this variability, there are 

features of the leaves that have been found to be useful in determining the 

systematics of Lomandra.  These are all commonly below the minimum resolution of 

unaided vision and as a result are referred to in this study as the “microscopic scale 
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features”.  For this study, the leaves of the Lomandra complex specimens have been 

examined via two methods: mid-leaf cross sections and leaf cuticle analysis. 

 

Early examples of examining the cross sections of Lomandra leaves can be 

found in Choo (1969), in which he noted the importance and phylogenetic value of 

the orientation and locations of the vascular bundles, the sclerenchymatous strands 

and crystals in the hypodermis.  The presence of enlarged outer bundle sheath cells as 

well as the sclerenchyma girders have also been utilised as diagnostic features for the 

recognition of the Lomandra sub-group of Laxmanniaceae (Rudall and Chase, 1996). 

 

It is well known for many plant families that the leaf cuticles, especially the 

stomata, have potential as a classificatory tool (Metcalf and Chalk, 1979).  The leaf 

cuticle is an inert, extra-cellular secretion of the epidermis acting as a protective layer 

(Figure 3-1) (Stark and Tian, 2006).  The cuticle structure is composed of lipids, waxes 

and cutin, the last being a bipolymer comprising fatty and hydroxyl-fatty acids 

(Wilkinson, 1979).  The cuticles utilised in this study are the residual membrane that 

persisted through the preparation.  The cuticular characters noted are actually preserved 

impressions of the underlying epidermal or stomatal complex cells in the membrane.  

The use of cuticular features as a taxonomic tool has been successfully implemented 

in the Lauraceae (Christophel et al. 1996) and investigated for suitability of 

taxonomic application in Cordyline (Conran, 1997b).  They have also been used in 

conifers such as Cupressaceae: Xanthocyparis Farjon & Hiep (Xiang and Farjon, 

2003) and Podocarpaceae: Podocarpus L'Herit. ex Pers. (Stockey et al. 1998), as 

well as many other studies of vascular plants, including fossilised groups where 

leaves are often all that remains (Dilcher 1974).  Christophel et al. (1996) defined 
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several grades of cell wall coarseness for the Lauraceae; however practical 

applications for perfect clearing of the Lomandra cuticle and removal of all potential 

contaminants such as epicuticular waxes, stain granules and residual pieces of 

adhering cell wall, can make consistent and reliable treatment of such characters 

difficult. 

 

 

Figure 3-1: Electron micrograph of Lomandra maritima adaxial cuticle.  Note the 
coarse, almost sponge-like texture of the secreted cuticle compounds and the short 
papillae protruding from the surface. Scale bar is 20 µm. 
 
 

In addition, the polarised growth of monocot leaves, whereby the 

developmental history of the leaf can be traced down its length (Croxdale, 2000), 

means that cuticle sampling regions must be selected carefully and, where possible, 

consistently from specimen to specimen in order to prevent the inadvertent 

introduction of chronological or developmental variation as a variable. 
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3.2.2 Materials and Methods 

 

In every case possible, the same specimen was utilised for leaf transects and 

cuticle preparation as for the molecular aspect of this work.  This removed any 

possible misidentification error from species thought to be representative of the same 

population.  As a result, the species names and code numbers have remained the 

same as for the molecular work (Table 1-1).  Unfortunately, a small number of 

specimens only had sufficient tissue for DNA extraction and thus were not able to be 

included in the microscopic work.  The specimens absent from this section of work 

were: 

 

L. longifolia 50505.1 

L. hystrix 60104.1 

L. confertifolia subsp. pallida 60103.1 

 

These absences reduce the total number of specimens analysed anatomically 

to 110.  In addition, two dehydrated tissue samples from thin-leaved, herbaceous 

outgroup taxa had suffered significant structural degradation which prevented 

successful preparation of reliable leaf cross sections, although it was possible to 

obtain cuticle sections from rehydrated tissues.  These partially documented samples 

were: 

 

Thysanotus exiliflorus F.Muell 70702.4 

Arthropodium dyeri (Domin) Brittan 70702.1 
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3.2.2.1 Thin Sections 

 

Following Choo (1969), freehand sectioning of Lomandra leaves was found 

to be rapid and provided suitable material for microscopic examination.  Transverse 

leaf sections of all available Lomandra complex samples were cut by hand under an 

Olympus SZ11 dissection microscope at 2x magnification.  The best sections were 

obtained using blades cautiously extracted from unused, disposable plastic-bodied 

razors.  All specimens were guillotine cut on a glass microscope slide while 

immersed in a drop of water to reduce the number of air bubbles trapped in the 

sections.  The water also assisted the progress of the blade through the tougher 

sections by providing a measure of lubrication.  Fresh or frozen tissue samples were 

prepared directly, while desiccated samples were rehydrated prior to sectioning by 

immersion in 50 ml of warm (c. 60°C) tap water with a small drop of common 

household dishwashing detergent for between 6 to 24 hours until rehydrated, 

depending on the specimen. 

 

Sections were stained by immersion into a 40 µl drop of Toluidine blue (0.1% 

in 10% Ethanol) on a microscope slide or in a watch glass.  Staining intensity and 

duration was variable across specimens with the progress being monitored under ~4x 

magnification on an Olympus SZ11 dissection microscope.  Once suitable staining 

intensity was reached, the sections were washed twice in a shallow container of 

reverse-osmosis water with very gentle agitation until dye leaching ceased and then 

mounted on a glass microscope slide in a drop of pure glycerol underneath a 20 x 20 

mm coverslip.  Slides were examined under an Olympus CH-BI45 binocular 
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microscope and digital images captured with a Panasonic DMC-LZ7 7.2 megapixel 

digital camera. 

 

Post-processing of the images was performed using Adobe® Photoshop® 

v7.0 in which brightness, contrast and colour were adjusted to highlight features; and 

in some specimens, mosaic compositing was employed to demonstrate features on a 

scale better than a single field of view image was capable of displaying. The 

composite images have been presented as part of Appendix A. 
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3.2.2.2 Cuticle and Stomata 

 

All available Lomandra complex samples were also subjected to cuticle 

analysis.  Specimens were prepared initially by fixing small sections (5–8 mm long) 

in an 80% ethanol solution for at least 48 hours in order to remove the majority of the 

chlorophyll.  This treatment generally reduced the colour of sections to a pale yellow, 

although some specimens required repeated changes of the ethanol over several days 

for the desired level of bleaching to be obtained.  Dried samples were rehydrated in 

the same manner as thin sections prior to this procedure.  Once fixed, specimens were 

stored in the fixative at room temperature for many months with no apparent 

degradation. 

 

The cuticle itself was separated from the internal tissues by boiling the 

sections at 98.2°C in a 1:1 mixture of 100% ethanol and 25% hydrogen peroxide.  

This step required careful monitoring, as the wide variability of sample structure 

resulted in an equally wide variation in the amount of time required for appropriate 

preparation.  All samples benefited from having a slit cut into one side prior to 

heating, as this aided penetration of the ethanol/H2O2 solution, softening internal 

tissues and thus reducing the time required for preparation.  Most of the more robust 

or deeply invaginated specimens required extensive manual mechanical intervention 

to provide an effectively cleaned cuticle as purely chemical-based preparations 

proved insufficient due to some specimens suffering considerable cuticle degradation 

before the mesophyll had dissolved fully.  This manual cleaning involved painstaking 

use of handle mounted fine gauge hypodermic needles (#25G) under an Olympus 
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SZ11 dissection microscope at 6x to 10x magnification to remove individual 

sclerenchyma fibres and clumps of cellular debris. 

 

The invaginated leaf surface can be clearly seen in several specimens of leaf 

cross sections (Appendix A: ‘L. juncea 70103.5’ and the various L. leucocephala 

subspecies).  The full extent of the surface invagination can be seen in Figures 3-1 and 

3-2, which are electron micrographs of the surfaces of ‘L. maritima 61213.2’. These 

images (adaxial: Figure 3-2 and abaxial: Figure 3-3, p. 97), taken from above and 

parallel to the walls of the channel clearly show the outer epidermis of the leaf and the 

narrow channels formed by the invagination of the cuticle.  Also visible in these images 

are the short papillae protruding into, and almost closing the channel.  The stomata are 

not visible in these images as they are located in the lower reaches of the channels 

underneath the papillae where they are shielded and protected from environmental 

extremes. 

 

Once cleaned, cuticles were very gently agitated in reverse-osmosis water for 

60 seconds to remove any remaining debris; stained in crystal violet (0.5% aqueous) 

under magnified observation until they developed appropriate colour depth; agitated 

again in reverse-osmosis water until dye leaching ceased and finally checked for 

quality under an Olympus SZ11 dissection microscope at 4x magnification while 

suspended in a drop of reverse-osmosis water.  Occasional specimens would require 

additional manual cleaning and re-staining as crystal violet would stain internal 

tissues much more aggressively than the cuticle and thus reveal areas where cleaning 

had been insufficient.  Once prepared adequately, completed cuticles were mounted 

on a microscope slide in pure glycerol underneath a 20 x 20 mm coverslip. 
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Slides were examined on a Carl Zeiss Photomicroscope III equipped with 

Nomarski Differential Interference Contrast microscopy and images captured with a 

Panasonic DMC-LZ7 7.2 megapixel digital camera.  Post-processing of the images 

was performed using Adobe® Photoshop® v7.0 in which brightness; contrast and 

colour were adjusted to best highlight stomatal features.  The resulting images were 

then combined with those obtained from the thin sections of the same leaves to 

produce the combined image sets found in Appendix A (p. 214). 

 

Image maps of the microphotographs of both section and cuticle referenced 

against the molecular phylogeny were constructed using the consensus molecular tree 

manipulated with TreeViewX version 0.5 (Page, 1996) with branches ordered in a 

right-handed ladder and expanded to a suitable length for the purposes of this 

exercise.  The large image of the consensus molecular tree was assembled in Adobe® 

Photoshop® version 7.0 from multiple subsections.  Adobe® Photoshop® was also 

used to resize and arrange the thin section and cuticle images for final image 

construction.  A box outline has been used to indicate the samples where tissue 

specimens were either unavailable or of insufficient quality for microscopic analysis 

and inclusion into these figures. 
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3.2.2.3 Cuticle Electron Microscopy 

 

Surface examination of leaf cuticle was achieved by mounting fresh leaf 

sections from ‘L. maritima 61213.2’ on aluminium stubs using double sided tape which 

were sputter coated with gold.  These preparations were then examined at the 

University of Adelaide Microscopy centre under a Philips XL 20 Scanning Electron 

Microscope (SEM) at 10kV. 
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3.2.3 Analysis 

 

All of the cuticles and transects were scored for the features presented below 

(Table 3-1), which combines the three leaf section features outlined in Choo (1969), 

plus additional leaf section and cuticle characters.  Some of the included cuticle 

characters were directly adapted from Conran’s (1997b) investigations of cuticle 

features in Cordyline, with novel features developed as seemed appropriate from the 

examinations of the Lomandra preparations.  Mapping of the microphotographs 

against the DNA trees (mid-leaf cross sections are presented in Figure 3-3 and leaf 

cuticle in Figure 3-4) proved of use for highlighting potentially useful features and 

for cross checking the results. 

 

Beginning with the three characters adapted from Choo (1969), a further 23 

characters were identified, thus giving 26 characters in total with four describing the 

leaf sections and 22 cuticle-based for use in this study.  The features sampled and 

their character states are listed in Table 3-1.  The resulting data matrix (Table 3-2) 

was then processed using both maximum parsimony (PAUP*) and bayesian 

(MrBayes) methods in order to estimate phylogeny based on microanatomy. 
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Table 3-1: Micromorphological features of the Lomandra complex 

Adapted from Choo’s (1969) features 

1. LEAF SECTION vascular bundle arrangements 

 1a. in a ring 

 1b. inverted vascular bundle on adaxial side or rotated at leaf margins 

 1c. vascular bundles all orientated similarly 

 

2. LEAF SECTION sclerenchymatous strands 

 2a. on abaxial side 

 2b. in a ring or on both sides 

 2c. absent 

 

3. CUTICLE Crystals 

 3a. rhomboidal 

 3b. polyhedral 

 3c. absent 
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Additional features (leaf transect and cuticle) 

 

4. LEAF SECTION parenchymatous outer bundle sheath cells 

 4a. enlarged (> 30% of the vascular bundle width) 

 4b. reduced (<30% of the vascular bundle width) 

 

5. SURFACE stomata symmetry 

 5a. similar abaxial/adaxial 

 5b. different abaxial/adaxial 

 

6. SURFACE invagination/creasing 

 6a. none 

 6b. adaxial 

 6c. abaxial 

 6d. both 
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7. ADAXIAL stomata tertiary cell structure/arrangement 

 7a. absent (no stomata) 

 7b. typical Lomandra-type 4–cell H-patterning 

 7c. papillate bridge or buttress 

 7d. elongate diamond 

 7e. Eustrephus-type 4–5 cell variable patterning 

 

8. ADAXIAL stomata and guard cell complex 

 8a. recessed 

 8b. flush 

 8c. protruding 

 8d. none (no stomata present on surface) 

 

9. ADAXIAL number of subsidiary cells associated with stomata 

 9a. four 

 9b. variable (four or five) 

 9c. none (no stomata present on surface) 
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10. ADAXIAL intercostal papillae 

 10a. none 

 10b. short 

 10c. long 

 

11. ADAXIAL costal and sclerenchyma rib papillae 

 11a. none 

 11b. short 

 11c. long 

 

12. ADAXIAL wave-like formations 

 12a. absent 

 12b. present 
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13. ADAXIAL intercostal cell shape 

 13a. compact, nearly isodiametric 

 13b. elongate 

 13c. strongly elongate 

 

14. ADAXIAL costal cell shape 

 14a. compact, nearly isodiametric 

 14b. elongate 

 14c. strongly elongate 

 

15. ADAXIAL intercostal cell periclinal wall sculpturing 

 15a. smooth 

 15b. indented 

 15c. granulate 

 15d. 1–pitted 

 15e. many pitted 
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16. ADAXIAL intercostal cell periclinal wall sculpturing 

 16a. smooth 

 16b. indented 

 16c. granulate 

 16d. many pitted 

 

17. ABAXIAL stomata tertiary cell structure/arrangement 

 17a. absent (no stomata) 

 17b. typical Lomandra-type 4–cell H-patterning 

 17c. papillate bridge or buttress 

 17d. elongate diamond 

 17e. Eustrephus-type 4–5 cell variable patterning 
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18. ABAXIAL stomata and guard cell complex 

 18a. recessed 

 18b. flush 

 18c. protruding 

 18d. none (no stomata present on surface) 

 

19. ABAXIAL number of subsidiary cells associated with stomata 

 19a. four 

 19b. five 

 19c. none (no stomata present on surface)  

 

20. ABAXIAL intercostal papillae 

 20a. none 

 20b. short 

 20c. long 
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21. ABAXIAL costal and sclerenchyma rib papillae 

 21a. none 

 21b. short 

 21c. long 

 

22. ABAXIAL wave-like formations 

 22a. absent 

 22b. present 

 

23. ABAXIAL intercostal cell shape 

 23a. compact, nearly isodiametric 

 23b. elongate 

 23c. strongly elongate 
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24. ABAXIAL costal cell shape 

 24a. compact, nearly isodiametric 

 24b. elongate 

 24c. strongly elongate 

 

25. ABAXIAL intercostal cell periclinal wall sculpturing 

 25a. smooth 

 25b. indented 

 25c. granulate 

 25d. 1–pitted 

 25e. many pitted 
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26. ABAXIAL intercostal cell periclinal wall sculpturing 

 26a. smooth 

 26b. indented 

 26c. granulate 

 26d. many pitted 
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3.2.4 Results and Discussion 

 

In total, 110 samples were harvested successfully for cuticular analysis and 

108 of these also yielded suitable mid-leaf thin sections.  Microphotographs detailing 

both adaxial and abaxial cuticle surfaces, as well as transects of all of the available 

specimens can be found in Appendix A (p. 214).  Almost all specimens were viewed 

for both abaxial and adaxial cuticle, although for some species where the cross 

section was circular or ovoid and the ‘surface’ was undifferentiated, only one image 

has been presented. 

 

Comparisons of the leaf transect shape versus the molecular trees (Figure 3-3) 

demonstrates little apparent correlation between this aspect of the Lomandra anatomy 

and molecular relationships; with numerous examples of distinctly different shapes 

occurring in closely related molecular branches as evidenced by the “lower 

filiformis” grouping in the fourth main branch of the molecular tree. 

 

In contrast to Choo (1969), this study has included both the presence and the 

nature of hairs (or papillae) as a character, as the microphotograph mapping onto the 

molecular trees (Figures 3-3 and 3-4) suggests a certain level of association between 

species with this, most notably in the branch terminating in the L. leucocephala 

species group.  In addition, hairs in the intercostal regions surrounding the stomata 

were differentiated from hairs occurring on the epidermis covering the veins and/or 

sclerenchymatous girders. 
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Although many species were similar between the upper and lower cuticles, 

other species exhibited marked differences between the two surfaces.  These were 

typically the absence of stomata and significant thickening of the abaxial epidermal 

cells, hence the inclusion of adaxial and abaxial features as separate in the analysis.  

All specimens with terete (cylindrical) leaves had adaxial and abaxial surfaces which 

were indistinguishable and thus were coded identically for both character sets. 

 

The basic stomatal pattern and distribution proved to be a fairly consistent 

feature of the leaves.  Typically distributed on both surfaces of the leaves in the 

intercostal regions, the stomata were surrounded by four cells (tetracytic) in a 

common arrangement I termed the “H-pattern” due to its stylised representation of 

the letter H.  Idealised examples of this can be found in the various illustrations of the 

L. longifolia species, particularly ‘L. longifolia (LM300) 70614.2’ p. 275.  In most 

species the stomata are inserted as what appears to be an equal level as the 

surrounding epidermal cells, but in others the “H-pattern” appears to protrude above 

the epidermal surface (which may be an artefact of the preparation process); or in 

others again, the stomata appear recessed below the epidermal level, often with small 

protective papillae-like structures protruding from the longitudinally proximal cells 

that in some cases almost completely conceal the stomata below (e.g. ‘L. collina 

70103.2’ p. 240).  However, the overall consistency of the stomatal pattern and the 

number of specimens with very similar cuticle surfaces makes determination of 

species arrangement by this method alone very difficult. 

 

Examination of the leaf cuticle map reveals additional evidence for the close 

relationship of the species which form the informal Lomandra complex, as they all 
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share a number of distinct stomatal features; in particular the structure and organisation 

of the guard cells and the four (tetracytic) cells which surround the stomata complex, 

taking the same distinct “H pattern” as found in the majority of Lomandra specimens.  

Indeed, at the purely stomatal level, there appears to be greater differentiation within 

the Lomandra specimens used for this study than has been found between the ingroup 

specimens which all bear high levels of epidermal similarity to the typical flat surfaced 

Lomandra. 

 

Comparisons between leaf anatomies with relevance to collection location 

reveal some interesting trends.  While most leaf cross sections and cuticle features can 

be found in almost all regions, there are some regions of exclusivity.  The leaf cross 

section ranges described as compact, broad and planar can be found in all regions (west, 

central, south east, north east), however the ovoid species appear limited to the central 

and western regions with a single exception, that of ‘L. confertifolia sp. aff. 70617.1’ 

which was obtained from north-eastern Queensland.  This species is unique in our 

examination with its almost triangular leaf section and is seemingly at odds with its 

position in the molecular phylogeny with respect to the tentative name assigned to it.  It 

is not however, the only ovoid specimen in this branch of the phylogeny. 

 

The three species with the unusual “comb-like” cross section are also apparently 

restricted to the western region.  All of these specimens find themselves in the same 

quarter branch of the molecular tree.  Although the comb-like species do not form a 

nice neat clade of their own; they do group with a number of other species exhibiting 

bilateral invagination of the stomata into deep creases running between the veins and (if 

present) sclerenchyma girders.  The comb like cross section was assumed therefore to 
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be a unique variation of the bilateral stomata invagination in which the channels are 

confined to a single side of the leaf and are much larger and deeper than the bilaterally 

invaginated species.  These comb-like leaves are also typically lacking stomata on the 

opposite side, with significant thickening of the epidermal layer.  Taking these features 

into account along with the environment of the collection location, it does not seem 

unreasonable to postulate that these features are all specific adaptations towards arid 

environments which provide benefit by forming sheltered micro-climates around the 

stomata, reducing water loss through transpiration.  There are other occasional species 

which exhibit this same leaf cross-section (‘L. sororia 70115.2’, ‘L. effusa 61220.3’, ‘L. 

fibrata 70501.4’ and ‘L. micrantha sp. aff. 61128.2’) distributed in other branches of 

the molecular phylogeny.  Of these four species, the first three were all collected in the 

same geographic region.  Unexpectedly, despite the apparently close genetic 

relationship between ‘L. effusa 61220.3’ and ‘L. micrantha sp. aff. 61128.2’ their 

geographical collection locations were separated widely.  As with ‘L. banksii 70614.4’ 

this close genetic relationship between geographically distant species highlights the 

complexity of the genus. 

 

A small number of cuticle specimens exhibited obvious crystal formations 

which were consistent in presentation over several preparations of different leaves from 

the same specimens and were thus assumed to be actual leaf features and not artefacts 

of the preparation.  Choo (1969) also noted the presence of crystals in leaf 

examinations, although he disagreed with Fahn (1958) on their actual placement within 

the leaf structure.  In effort to explore this feature more thoroughly, sections of ‘L. 

maritima 61213.2’ were examined under a scanning electron microscope in an attempt 

to visualise the nature of the obvious rhombohedral crystals in the cuticle preparations.  
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Despite the ease with which these crystals demonstrate in repeated cuticle preparations, 

extensive SEM searching over repeated preparations was unable to visualise any kind of 

crystalline structures on the leaf surface, even when the sections of cuticle used in each 

examination were of the same leaf and only separated by millimetres.  This lack of 

visible surface crystals is supportive of Choo’s (1969) observations, which disagrees 

with Fahn’s (1958) assertion that crystals in these taxa are confined to the hypodermis 

and are not epidermal in origin.  Choo suggests the apparent epidermal appearance is 

merely an artefact of the compression of the leaf structure where it passes over vascular 

and support structure(s) so that the hypodermis and epidermis are so strongly 

compacted as to appear to be indistinguishable.  These micrographs also demonstrate 

the textural difference between the abaxial and adaxial surfaces in this specimen very 

well. 
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Figure 3-2: Electron micrograph of ‘L. maritima 61213.2’ adaxial epidermis.  Note the 
creases on the surface which contain stomata concealed by interwoven papillae, and the 
additional surface papillae giving the surface a pebbled textured.  Scale bar is 100 µm. 
 
 
 
 
 
 

 
 
Figure 3-3: Electron micrograph of ‘L. maritima 61213.2’ abaxial epidermis.  Note the 
creases on the surface which contain stomata concealed by papillae.  This surface is 
notably smoother than the adaxial (Figure 3-2).  Scale bar is 100 µm. 
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Neither of the analysis methods were successful in determining a well-

resolved tree based on the micromorphological data (Figures 3-1 and 3-2).  The 

bayesian analysis (Figure 3-1) was somewhat more structured than maximum 

parsimony (Figure 3-2) but the product of either process cannot be considered to 

have produced highly resolved trees.  Examination of the trees shows certain 

subgroups are regularly defined, such as L. multiflora, L. leucocephala leucocephala 

and the outgroup roots of the trees define equally well in both results.  However, the 

majority of the Lomandra complex specimens form a large unresolved polytomy and 

others which created highly unexpected clusters within Lomandra.  Interestingly, 

these genus-spanning clusters, particularly the distal clade containing 

‘Acanthocarpus sp. nov. 70617.7’ are grouping species based on microscopic 

anatomy that also very broadly resolve into the same branch of the phylogeny with 

molecular methods.  Apart from occasional well-supported and anticipated clades 

(e.g. a consistent L. micrantha subsp. teretifolia grouping) the confidence intervals 

for the branches on either phylogeny are not definitive. 

 

In conclusion, leaf micromorphology on its own appears to be insufficient to 

resolve species groups within Lomandra, however, as with the individual molecular 

phylogenies, combination of this data compartment with others (both anatomical 

and/or molecular) may well help to provide more detailed results and information 

about species and other groupings occurring within the Lomandra complex. 
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FIGURE 3-4 (1 of 2): Lomandra complex microscopic anatomy cladogram based on 
the microscopic scale data (Table 3-2).  Analysed with bayesian inference.  Posterior 
probabilities are shown.  (Image continues next page.) 
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FIGURE 3-4 (2 of 2): Lomandra complex microscopic anatomy cladogram based on 
the microscopic scale data (Table 3-2).  Analysed with bayesian inference.  Posterior 
probabilities are shown. 
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FIGURE 3-5 (1 of 2): Lomandra complex microscopic anatomy strict consensus 
cladogram.  Based on the microscopic scale data (Table 3-2).  Analysed with 
maximum parsimony methods.  Bootstrap values from remaining uncollapsed 
branches are shown.  (Image continues next page.) 



102 

 
 
FIGURE 3-5 (2 of 2): Lomandra complex microscopic anatomy strict consensus 
cladogram.  Based on the microscopic scale data (Table 3-2).  Analysed with 
maximum parsimony methods.  Bootstrap values from remaining uncollapsed 
branches are shown. 
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FIGURE 3-6 (1 of 4): Lomandra complex consensus DNA cladogram mapped 
against mid-leaf transect images.  Branch values are bayesian inference posterior 
probabilities.  Outline boxes represent sections which were unavailable.  (Image 
continues next page.) 
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FIGURE 3-6 (2 of 4): Lomandra complex consensus DNA cladogram mapped 
against mid-leaf transect images.  Branch values are bayesian inference posterior 
probabilities.  (Image continues next page.) 
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FIGURE 3-6 (3 of 4): Lomandra complex consensus DNA cladogram mapped 
against mid-leaf transect images.  Branch values are bayesian inference posterior 
probabilities.  Outline boxes represent sections which were unavailable.  (Image 
continues next page.) 



106 

 
 
FIGURE 3-6 (4 of 4): Lomandra complex consensus DNA cladogram mapped 
against mid-leaf transect images.  Branch values are bayesian inference posterior 
probabilities. 
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FIGURE 3-7 (1 of 4): Lomandra complex consensus DNA cladogram mapped 
against adaxial leaf cuticle images.  Branch values are bayesian inference posterior 
probabilities.  (Image continues next page.) 
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FIGURE 3-7 (2 of 4): Lomandra complex consensus DNA cladogram mapped 
against adaxial leaf cuticle images.  Branch values are bayesian inference posterior 
probabilities.  (Image continues next page.) 
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FIGURE 3-7 (3 of 4): Lomandra complex consensus DNA cladogram mapped 
against adaxial leaf cuticle images.  Branch values are bayesian inference posterior 
probabilities.  Outline boxes represent sections which were unavailable.  (Image 
continues next page.) 
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FIGURE 3-7 (4 of 4): Lomandra complex consensus DNA cladogram mapped 
against adaxial leaf cuticle images.  Branch values are bayesian inference posterior 
probabilities. 
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3.3 Macromorphological Analysis of the Lomandra Complex 

 

3.3.1 Introduction 

 

In conjunction with the microscopic scale analyses, the specimens were also 

reviewed with respect to the more traditional cladistics practise of macromorphology 

character analysis.  The use of macroscopic features, commonly flower morphology, 

is a well-proven approach in cladistics.  Select examples of such are the resolution of 

the Orchidaceae with over 98 genera (Freudenstein and Rasmussen, 1999) using both 

vegetative and floral features; and the analysis of the Australasian Chrysophylloideae 

(Sapotaceae) (Swenson et al. 2007) which combined morphological data with nuclear 

ribosomal DNA (nrDNA) sequence data. 

 

With the microscopic scale analysis being less than definitive in resolving 

phylogenetic relationships in Lomandra, the inclusion of additional data from the 

expansion of the anatomy aspects of this work has potential to improve the results.  

The genus Lomandra is currently organised into four sections (Lee and Macfarlane, 

1986), largely on the basis of inflorescence bract arrangements and expanding on the 

work of Stevens (1978) who used inflorescence structure.  Given the prior 

inflorescence based organisation of the genus; this aspect of the work is in part, re-

examining previous work with modern computational methods. 
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3.3.2 Materials and Methods 

 

The data for this aspect of the morphological analysis were principally 

extracted from Choo (1969) and Lee and Macfarlane (1986), as well as additional 

character sets that became apparent during this study, although wherever possible, 

data from direct observation were used in preference to previously published 

information. 

 

There was wide variation in leaf cross section and because of its tenuous 

relationship with the molecular clades (Figure 3-3); gross morphology of the leaves 

appears to be largely unreliable as a taxonomic feature, echoing the results of Choo 

(1969).  However, given that Lee and Macfarlane (1986) use leaf morphology for 

species identification, the features which they used (leaf width, length and apex) and 

their character states have been included in this phase of analysis. 

 

The primary source of data has come from inflorescence structure.  Given its 

importance for defining the currently accepted sections and series, there is a wealth 

of information available on this aspect of Lomandra morphology.  Wherever 

possible, features were scored separately for both male and female flowers, 

expanding upon the primarily male inflorescence-based approach of Bentham (1805).  

As with previous examinations, this body of work includes features from the 

inflorescence, scape and rachis, as well as the flowers themselves.  Although there 

are reported colour differences between some species and/or between genders in 

some taxa, the difficulties associated with observing and coding flower colour 
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reliably (Jameson and Highnote, 2001) led to the exclusion of colour-based 

characters from the analyses. 

 

The data (Table 3-3) were analysed with the same protocols as the 

micromorphology dataset, utilising both maximum parsimony (PAUP*) and bayesian 

(MrBayes) methods. 
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Table 3-3: Lomandra complex macromorphology features and categories 

Features examined in the macroscopic scale anatomy study 

 

1. REPRODUCTIVE organisation 

 1a. dioecous 

 1b. monoecous 

 

2. LEAF: width 

 2a. narrow (<2 mm) 

 2b. med (2–5 mm) 

 2c. wide (>5 mm) 

 

3. LEAF: length 

 3a. short <200 mm 

 3b. med 200–700 mm 

 3c. long >700 mm 

 

4. LEAF: apex 

 4a. acute 

 4b. acuminate 

 4c. rounded 

 4d. pungent 

 4e. toothed 

 4f. obtuse 

 4g. apiculate 

 

5. BRACT: cluster 

 5a. cluster bract entire, other bracts fringed with, or consisting of crinkly hairs 

 5b. prophylls all entire, glabrous 
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6. BRACT: flower 

 6a. always two bracts in an opposite, imbricate pair around the bud, the outer

 bract and inner bract 

 6b. one bract subtending the flower, and one inner bract, smaller than, inside 

 and lateral to the bract, sometimes lacking 

 6c. prophylls of uncertain status present, modified and appearing as a mass of 

 crinkly hairs between the flowers. 

 

7. MALE and female inflorescence 

 7a. unisexual – similar 

 7b. unisexual – different 

 7c. bisexual – no difference 

 

8. MALE: scape 

 8a. rounded 

 8b. flattened 

 

9. MALE: inflorescence branching 

 9a. unbranched 

 9b. usually unbranched 

 9c. branched or unbranched 

 9d. usually branched 

 9e. paniculate 

 

10. MALE: inflorescence branching pattern 

 10a. alternate 

 10b. opposite 

 10c. whorled 

 10d. irregular 

 10e. absent 
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11. MALE: flower clusters 

 11a. distichous 

 11b. spheroid 

 11c. sessile 

 11d. whorled 

 11e. distant whorls 

 11f. separate (or low numbers) 

 11g. solitary, not clustered 

 

12. MALE: flower shape 

 12a. elliptical 

 12b. campanulate 

 12c. cylindrical-obconical 

 12d. ellipse-cylindrical 

 12e. spreading 

 12f. globular 

 12g. funnel-shaped 

 

13. MALE: flower attachment location 

 13a. rachis branches only 

 13b. rachis AND branches 

 13c. terminal 

 

14. MALE: flower attachment type 

 14a. sessile 

 14b. subsessile 

 14c. short pedicel (<5 mm) 

 14d. long pedicel (>5 mm) 

 

15. MALE: sepals 

 15a. free 

 15b. shortly joined at base 

 15c. lower half fused 

 15d. mostly fused 
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16. MALE: petals 

 16a. free 

 16b. shortly joined at base 

 16c. lower half fused 

 16d. mostly fused 

 

17. FEMALE: scape 

 17a. rounded 

 17b. flattened 

 

18. FEMALE: inflorescence branching 

 18a. unbranched 

 18b. usually unbranched 

 18c. branched or unbranched 

 18d. usually branched 

 18e. paniculate 

 

19. FEMALE: inflorescence branching pattern 

 19a. alternate 

 19b. opposite 

 19c. whorled 

 19d. irregular 

 19e. absent 

 

20. FEMALE: flower clusters 

 20a. distichous 

 20b. spheroid 

 20c. sessile 

 20d. whorled 

 20e. distant whorls 

 20f. separate (or low numbers) 

 20g. solitary, not clustered 
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21. FEMALE: flower shape 

 21a. elliptical 

 21b. campanulate 

 21c. cylindrical-obconical 

 21d. ellipse-cylindrical 

 21e. spreading 

 21f. globular 

 21g. funnel-shaped 

 

22. FEMALE: flower attachment location 

 22a. rachis branches only 

 22b. rachis AND branches 

 22c. terminal 

 

23. FEMALE: flower attachment type 

 23a. sessile 

 23b. subsessile 

 23c. short pedicel (<5 mm) 

 23d. long pedicel (>5 mm) 

 

24. FEMALE: sepals 

 24a. free 

 24b. shortly joined at the base 

 24c. lower half fused 

 24d. mostly fused 

 

25. FEMALE: sepals and petals; petals joined 

 25a. free 

 25b. shortly joined at the base 

 25c. lower half fused 

 25d. mostly fused 
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3.3.3 Results and Discussion 

 

Similarly to the prior section on microscopic anatomy, the results from the 

two different analysis methods deliver different trees.  The bayesian inference 

method (Figure 3-5) produces a cladogram which subdivides the species into large, 

poorly defined polytomies with broad clustering in agreement to the sections and 

series defined in Lee and Macfarlane (1986).  Figures 3-5 and 3-6 have been colour 

coded to easily identify the sections and series and highlight the resultant groupings. 

 

In contrast to bayesian methods, maximum parsimony gave even less 

resolution (Figure 3-6), resulting in a broad grouping with the classically defined 

sections and series mostly falling into a common polyphyletic group.  The only 

exception to this is section Capitatae which forms an exclusive sub-branch of the 

phylogeny. 

 

The placement of the three Sparsiflorae species: L. caespitosa, L. sororia and 

L. brittanii is unexpected as these three species formed a small terminal clade within 

sect. Capitatae (Figure 3-5).  Further analyses of the data where feature sets were 

selectively excluded suggests that this somewhat extraneous grouping is a combined 

result of the leaf and male flower structure, as excluding this data significantly 

degrades the tree structure, probably reflecting the weighting given to male 

inflorescences by earlier researchers.  The bayesian analysis also resolves the 

numerous sub-species groups (L. confertifolia sp., L. filiformis sp., L. micrantha sp., 

and the L. multiflora sp.) into rational clusters with moderate posterior probabilities 

(>0.60), whereas maximum parsimony methods only succeed in resolving the L. 
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micrantha sp. group with a bootstrap value of only 58.  Both approaches clearly 

define section Typhopsis with the same internal construction and both place it closer 

to the root of the tree, above the branches leading to the rest of the Lomandra which 

is suggesting possible ancestry for this clade.  Both methods also suggest closer 

anatomical relationships between the same pairs of species: R. grallata with R. 

strobilacea; L. nigricans and L. integra; as well as L. mucronata and L. glauca. 

 

The clustering of Acanthocarpus is common in both methods, as is the curious 

inclusion of Xerolirion divaricata inside the filiformis/micrantha clade.  Given the 

different reproductive strategies of these genera, their close anatomical affiliation 

was unexpected and is probably the result of limitations within the character coding, 

particularly in the leaf dimensions categories.  In regards to reproductive strategies, 

the bayesian results seem more logical in that dioecy has derived from monoecy; 

however the maximum parsimony results have some structural similarity in this 

regard with the phylogenies obtained from the molecular methods, even if the sister 

taxa are different in this result. 

 

In contrast to the molecular aspects of this work where bayesian and 

maximum parsimony analysis methods gave results with significant homology, the 

anatomical aspects were giving results which varied based on the analysis 

methodology.  Additionally, the cladograms generated in this facet of the study have 

lower measures of confidence, with numerous branches having low bayesian 

posterior probabilities (<0.70) and the maximum parsimony bootstrap values also 

being routinely low (<70) for persisting branches. 
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With the data gathered in this aspect of the project, bayesian analytical 

method appears to provide the better of the cladograms with each of the recognised 

sections and series (with the exception of L. caespitosa, L. sororia and L. brittanii) 

resolving into large polytomies.  The results presented here suggest that the extension 

of the dataset to include gross leaf morphology, as well as inflorescence morphology 

from both sexes, not surprisingly, still supports the existing sections and series as 

defined by Lee and Macfarlane (1986) in the Flora of Australia. 
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FIGURE 3-8 (1 of 2): Lomandra complex macroscopic scale anatomy results.  
Analysed with bayesian methods (MrBayes) and colour coded to highlight the 
sections and series as per Lee and Macfarlane (1986).  Posterior probabilities are 
indicated.  (Image continues next page.) 
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FIGURE 3-8 (2 of 2): Lomandra complex macroscopic scale anatomy results.  
Analysed with bayesian methods (MrBayes) and colour coded to highlight the 
sections and series as per Lee and Macfarlane (1986).  Posterior probabilities are 
indicated. 
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FIGURE 3-9 (1 of 2): Lomandra complex macroscopic scale anatomy results.  
Analysed with maximum parsimony methods (PAUP*) and colour coded to highlight 
the sections and series as per Lee and Macfarlane (1986).  Bootstrap values from 
remaining uncollapsed branches are shown.  (Image continues next page.) 
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FIGURE 3-9 (2 of 2): Lomandra complex macroscopic scale anatomy results.  
Analysed with maximum parsimony methods (PAUP*) and colour coded to highlight 
the sections and series as per Lee and Macfarlane (1986).  Bootstrap values from 
remaining uncollapsed branches are shown. 
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3.4 Combined Anatomy Analysis 

 

3.4.1 Introduction 

 

With data matrices from both macro and micro scale features failing to 

provide strong resolution of the Lomandra complex, the next logical step was the 

combination of both matrices into a single large data set that could be further 

analysed with the same methods as used previously to determine if the combination 

of all morphological features might lead to a better resolved phylogeny. 
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3.4.2 Materials and Methods 

 

The combined data set was constructed by creating a matrix of all 113 

specimens and then appending the microscopic scale data to the macroscopic.  Due to 

the different number of specimens between the two matrices, the macroscopic data 

has been duplicated wherever appropriate in the larger matrix (e.g. ‘L. spartea 

70115.3’ and ‘L. spartea 61212.3’ have duplicate macroscopic data).  In the case of 

novel species, such as ‘L. sp. nov. (Perup) 70922.1’ in which some characters were 

unknown at the time of matrix construction, these entries were simply entered with a 

question mark in the matrix. 

 

The combined morphological matrix was analysed in the same manner as the 

previous individual ones, again using both bayesian (MrBayes version 3.1.2) and 

maximum parsimony (PAUP* version 4.10beta) analysis methods. 

 

With the relative simplicity of anatomical examination in comparison to 

molecular methods, a leaf anatomy focussed subset of the character matrix was entered 

into DELTA version 1.04 (Dallwitz, 1980; Dallwitz et al. 1999) and processed using 

the embedded KEY program (Dallwitz, 1974; Dallwitz, 1980; Dallwitz et al. 1993) 

with the intention of producing a viable key for identification of Lomandra species at 

times when flower morphology was either unavailable or ambiguous; and without 

requiring dedicated molecular biology laboratory facilities. 
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3.4.3 Results and Discussion 

 

The cladograms produced from the two analyses (Figures 3-10 and 3-11) do 

not initially appear to correlate very well, each apparently showing distinctly 

different tree structures.  However, when examined more closely it appears that 

despite major differences in the placement of the main clusters, many of the 

individual crown lineages are in fact very similar.  In contrast to the two individual 

subset analyses, the combined maximum parsimony results do appear to resolve well 

with the larger dataset, with greatly reduced polytomies and bootstrap values 

indicative of poor (58–79%) to reasonable confidence (80–99%).  The bayesian 

inference result has lower levels of branching, with the creation of larger polytomies 

and fewer terminal monophyletic groups, although the majority of the branches in 

this analysis have high levels of posterior probability (>0.80). 

 

Both maximum parsimony and bayesian inference methods locate the ingroup 

taxa (Acanthocarpus, Chamaexeros and Romnalda) towards the root of Lomandra.  

The placement of the monospecific and structurally anomalous genus Xerolirion 

differs between the analyses.  Maximum parsimony associates it with Acanthocarpus 

on the basis of common leaf dimension and shortly united sepals and petals; however 

this branch does not persist through bootstrapping, which indicates this division is 

very poorly supported.  Conversely, bayesian inference places it at the root of section 

Typhopsis as a result of the common abaxial papillae and similar leaf dimension 

descriptions.  Both methods deliver the same result for the L. longifolia group of 

species.  Arrangement within section Capitatae is also similar between the two 

analyses, with the sub-branches containing the samples of L. obliqua, L. mucronata, 
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L. suaveolens and L. nana again being virtually identical.  Equally the extraneous 

placement of the northern, exposed sandy heath accession of ‘L. suaveolens 

(Northern Sandplains) 70614.6’ from near Eneabba in Western Australia with ‘L. 

preisii 61213.3’ and ‘L. odora 70102.3’ in both analyses is in response to the very 

similar sections of these species with thickening of the abaxial epidermis and unique 

comb-like appearance.  Curiously, only maximum parsimony includes the also very 

similar ‘L. nutans 70115.1’ with these specimens, although it also associates ‘L. 

pauciflora 70115.7’ based on the very fine leaf dimension and short surface papillae. 

 

Bayesian methods compare poorly against maximum parsimony for clustering 

together the various L. filiformis infra-species and collections, although there is good 

comparison between the common cylindrica - caespitosa - sororia branch of each 

tree despite the different attachment points of these branches to their main trunk of 

the phylogeny.  Bayesian inference connects this group as a terminal clade from the 

main trunk, whereas maximum parsimony places this branch towards the base of 

Lomandra clade. 

 

While the maximum parsimony tree appears to be reasonably well resolved, 

the bayesian analysis is less defined, especially in the crown lineages.  It may be 

possible to overcome this by experimenting with analysis parameters, such as 

Markov-Chain-Monte-Carlo (MCMC) temperature which will change the rate of 

substitution between chains or by significantly increasing the generations and/or 

decreasing the convergence diagnostic to a very low value (<0.001), both of which 

will have the unfortunate side effect of greatly magnifying the required process time.  

However, given the overall similarities between the results for the two methods, this 
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additional processing was deemed unnecessary.  Comparison of either of the 

morphological analysis results with those obtained via molecular methods (Chapter 

2) suggests divergence between anatomy and genetics.  This divergence has been 

examined with attempts to reconcile in the following chapters. 

 

Processing of the dataset with DELTA (Dallwitz, 1980; Dallwitz et al. 1999) 

proved successful.  Of the twenty six leaf characters scored in the microscopic scale, 

thirteen were utilised by DELTA in production of the key, with an additional five leaf 

characters included from macroscopic scale descriptions.  In some examples (e.g. L. 

micrantha teretifolia) the leaf characters for all specimens coded identically.  Where 

these overlapping specimen descriptions had strong correlation with the molecular 

phylogeny, the multiple specimens were assumed to represent the same single species 

and their individual contributions to the DELTA matrix were condensed to a single 

entry.  The resultant DELTA matrix is presented in Table 3-5.  The majority of 

characters utilised in this table have been derived directly from the microscopic analysis 

of Lomandra cuticles, however this analysis differs in that it assumes bilateral 

symmetry for the leaves.  The low number of bilaterally dissimilar specimens makes 

their identification relatively straightforward.  Where this table consists of novel 

characters, the descriptions have been supplemented with graphic representations.  The 

key to species produced by this data set can be found in Appendix B (p. 341). 
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FIGURE 3-10 (1 of 2): Lomandra complex cladogram generated with bayesian 
methods on a complete anatomical dataset and colour coded to highlight the sections 
and series as per Lee and Macfarlane (1986).  (Image continues next page.) 
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FIGURE 3-10 (2 of 2): Lomandra complex cladogram generated with bayesian 
methods on a complete anatomical dataset and colour coded to highlight the sections 
and series as per Lee and Macfarlane (1986). 
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FIGURE 3-11 (1 of 2): Lomandra complex strict consensus cladogram generated 
with maximum parsimony methods on a complete anatomical dataset and colour 
coded to highlight the sections and series as per Lee and Macfarlane (1986).  (Image 
continues next page.) 
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FIGURE 3-11 (2 of 2): Lomandra complex strict consensus cladogram generated 
with maximum parsimony methods on a complete anatomical dataset and colour 
coded to highlight the sections and series as per Lee and Macfarlane (1986). 
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Table 3-5: Leaf characters utilised in DELTA application for generation of the leaf 

identification matrix 

1. Leaf cross section 

 1a. ovoid or circular 

 1b. half-pipe 

 1c. compact or fine 

 1d. robust 

 1e. planar 

 1f. comb 

 

 

2. Leaf margin profile 

 2a. pointed 

 2b. rounded 

 2c. blunt 
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3. Leaf width 

 3a. narrow (<2mm) 

 3b. med (2–5mm) 

 3c. wide (5mm+) 

 

4. Leaf length 

 4a. short (>200mm) 

 4b. med (200–700mm) 

 4c. long (700mm+) 

 

5. Leaf apex shape 

 5a. acute 

 5b. acuminate 

 5c. rounded 

 5d. pungent 

 5e. toothed 

 5f. obtuse 

 5g. apiculate 

 

 

 

 

 

 

 



140 

6. Vascular bundle arrangement 

 6a. in a ring 

 6b. inverted vascular bundle on adaxial side or rotated at leaf margins 

 6c. vascular bundles all orientated similarly 

 

 

7. Sclerenchymatous girders 

 7a. only on one side 

 7b. in a ring or on both sides 

 7c. absent 

 

 

8. Epidermal crystals 

 8a. rhomboidal 

 8b. polyhedral 

 8c. absent 
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9. Parenchymatous outer bundle sheath cells 

 9a. enlarged (>30% of the vascular bundle width) 

 9b. small (<30% of the vascular bundle width) 

 

 

10. Leaf surface relief 

 10a. flat 

 10b. adaxial invaginated 

 10c. abaxial invaginated 

 10d. both invaginated 

 

 

11. Stomata structure 

 11a. absent 

 11b. H-patterning 

 11c. papillae bridge 
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12. Stomata guard cell complex 

 12a. recessed 

 12b. flush 

 12c. protruding 

 

 

13. Intercostal papillae 

 13a. absent 

 13b. short 

 13c. long 

 

 

14. Costal and sclerenchyma rib papillae 

 14a. absent 

 14b. short 

 14c. long 
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15. Epidermal multi cell wave-like formation 

 15a. absent 

 15b. present 

 

 

16. Costal cell shape 

 16a. compact, nearly isodiametric 

 16b. elongate 

 16c. strongly elongate 
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17. Intercostal cell periclinal wall sculpturing 

 17a. smooth 

 17b. indented 

 17c. granulate 

 17d. 1-pitted 

 17e. many pitted 

 

 

18. Costal cell periclinal wall sculpturing 

 18a. smooth 

 18b. indented 

 18c. granulate 

 18d. many pitted 
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