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ABSTRACT 

Kleiner, Kylee, Morphology of the fossorial forelegs of Gryllotalpidae (Orthoptera). 
Masters of Science (Biology), May, 2018, Sam Houston State University, Huntsville, 
Texas. 
 

Gryllotalpidae, or mole cricket, is a family of burrowing Orthoptera characterized 

by a pair of specially modified fossorial forelegs and a highly sclerotized pronotal thorax. 

The fossorial forelegs play an important role in the construction and maintenance of 

burrows that allow for food scavenging among grass roots, as well as the construction of 

subterranean mating horns, which are important for mate attraction. I propose that due to 

geographic distribution and morphological variation in the forelegs of the prothorax, 

selection of soil in Gryllotalpidae may drive evolution of species. Therefore, species may 

exhibit species-specific soil selection.  I use geographic information system (GIS) to 

create maps based on collection location coordinates for as many different species as 

possible, and then use ArcMap 10.3©  to create a worldwide overlay of soil types. I use 

scanning electron microscopy (SEM) with Energy-dispersive X-ray spectroscopy (EDS) 

to investigate the degree of sclerotization and additional hardening caused by the 

deposition of elements in the fossorial forelegs of Neoscapteriscus borellii. I use 

histology to further investigate thickening of the cuticle, and any variation between the 

forelegs of the prothorax, mesothorax, and metathorax forelegs across select species. 

 
 
KEY WORDS: Gryllotalpidae, Mole cricket, Cuticle, Soil, GIS, Morphology, Sam 
Houston State University, Graduate School, Texas 
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CHAPTER I 

General Introduction 

 Gryllotalpidae, or mole cricket, is a family of burrowing Orthoptera characterized 

by a pair of specially modified fossorial forelegs and a highly sclerotized pronotal thorax 

(Figure 1.1). The most recent phylogenetic assessment suggests that this family consists 

of eight genera: Gryllotalpa, Gryllotalpella, Indioscaptor, Leptocurtilla, Neocurtilla, 

Neoscapteriscus, Scapteriscus, and Triamescaptor (Cadena-Castaneda, 2015; Cigliano et 

al., 2018). Each genera exhibits differentiated features of foreleg morphology, 

particularly the sclerotized dactyls (i.e. claws) found along the front section of the tibia of 

the first pair of legs. Species identification can also be aided by examination of the 

epiphallus and the ectophallus (sclerites lining the aedeagus), pronotal patterning, and 

forewing venation. Gryllotalpa and Neocurtilla are often referred to as four clawed, have 

four-dactyls, whereas Neoscapteriscus are often referred to as two clawed (Nickle and 

Castner, 1984).  

Unlike other members of Orthoptera, they do not have saltatorial (i.e. jumping) 

hind legs and are relatively clumsy fliers. Their middle and hind legs are held parallel to 

the body, rather than at a right angle such as other members of Orthoptera. Mole crickets 

live the vast majority of their lives underground. The fossorial legs of the prothorax are 

critical for the construction and maintenance of burrows, tunnels, galleries, and egg 

chambers. Males show characteristics of lekking (i.e. a group of males gathered together 

to attract females and compete for their attention), as mating season is driven by female 

selection (Forrester et al., 1983). The males construct burrows that contain specifically 

tailored surface horns that amplify their mating call and attract flying females (Hill and 
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Shadley, 2001). The amplification horn and throat are sound-checked and fine-tuned 

during construction of burrows to increase amplification and clarity of species specific 

songs (Bennet-Clark, 1986). The condition of the male burrow and the volume of the 

male mating call indicates to females the size of the male, as well as the condition and 

moisture level of the soil (Forrest, 1983). Females utilize mating calls to locate optimal 

oviposition sites, and to discriminate between the neighboring males that make up the 

lekking party (Forrest, 1983). Flying males use call songs to locate a good area for 

mating. Louder calls usually mean greater frequency and abundance of females, and 

identify locations for the flying males to construct their own horn. Some males will 

construct their horn to amplify their call song in such a way that it deceives the female 

into thinking he is larger and more fit than he truly is (Forrest, 1983). Females will often 

construct their own burrows to avoid a fight with the larger male. Expression of parental 

care is species-specific. 

 Burrowing behavior and tunnel patterns vary by species. Baker (2016) goes into 

great detail as to how tunnel morphology and surface access (i.e. horns) can vary not only 

between species but within species. Generally, burrows consist of one to six horns, a 

simple system of tunnels (average of two), and an egg chamber. Egg chambers are 

typically located 2.5 to 30.5cm deep, depending on species, but can be found two to three 

times deeper in dry soil (Hertl et al., 2001). Burrows are typically “Y” shaped, however, 

there are several variations depending on species. The “Y” can be composed of two 

surface tunnels that converge into one underground burrow, or one surface tunnel that 

splits off into two burrows, or a variation of both (Brandenburg et al., 2002). 
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Figure 1.1. Right fossorial leg of the prothorax of Gryllotalpidae. Exterior refers to the 
outside lateral view of the leg facing away from the body. The interior refers to the inside 
lateral view of the leg facing parallel to the body. Yellow dotted lines emphasizes the 
two-part dactyl blade (blades vary by genus and species). The legs are held parallel to the 
body with the bottom most claw held just above the ground 
 

Mole crickets are predominantly phytophagous, feeding upon the root systems of 

plants including various types of grasses (turf grass, rice, maize, wheat, barley, oats, 

millet, and sorghum), potatoes, cassava, strawberries, and turnips (Brandenburg et al., 

2002). Some species have also been known to feed on the plant stems, leaves, and the 

crop (Hertl and Brandenburg, 2002). A few species are both phytophagous and 

predaceous, feeding on both soil arthropods and plant roots. Due to their burrowing 
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behavior and phytophagous diet, many species in the family are considered to be 

agricultural and industrial pests. Their tunnel networks may cause surface erosion, and 

their feeding behavior may result in vegetation fatality. Areas particularly vulnerable to 

these pests may include: turf and pasture grasses, athletic fields, golf courses and 

agricultural land (Nickle and Caster, 1984). Many biological control agents and 

pesticides have been developed to minimize damage.  

Distribution of Gryllotalpidae varies strongly by species. Linnaeus described the 

first member of this group, Gryllotalpa gryllotalpa, in 1758. It is also known as the 

European mole cricket because of its original distribution throughout the European 

continent, before it was introduced to the Americas. The distribution of Gryllotalpa 

africana is predominantly throughout Africa, but it has naturalized in the eastern United 

States (Nickle and Caster, 1984). Gryllotalpa major occurs predominantly throughout 

Oklahoma but sometimes occurs in the surrounding states: Missouri, Arkansas, and 

Kansas (Walker and Figg, 1990). Gryllotalpa tali are found throughout Israel and G. 

marismortui, an endangered species, is endemic to the shores of the Dead Sea (Broza et 

al., 1998). Indioscaptor nepalicus occurs predominantly throughout Nepal (Ciliano et al., 

2018). Leptocurtilla juanmanueli and L. chopardi are found throughout Colombia 

(Candens- Castanada, 2015). Neocurtilla hexadactyla occurs predominantly throughout 

eastern North America but was introduced into South America (Frank et al., 1987; Frank 

and McCoy, 2014; Frank and Parkman, 1999; Hill et al., 2002). Neoscapteriscus 

didactylus is found throughout Puerto Rico, but has also been collected in the United 

States (Worsham and Reed, 1912; Nickle and Caster, 1984; Frank et al., 2007; Frank and 

McCoy, 2014). Scapteriscus oxydactylus occurs predominantly in Brazil (Ciliano et al., 
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2018). Triamescaptor aotea is a monotypic genus native to New Zealand, and has lost its 

ability to fly and sing (Brock, 2002; Hill et al., 2002; Ruiz, 2014).  

This study investigates correlations between soil variation and species 

morphology. Soil moisture has been found to be important in many aspects of mole 

cricket life (Hertl et al., 2001; Forrester et al., 1983) but perhaps soil type is just as 

important. Soil type may serve as the driving force for morphological variation. 

Gryllotalpidae has been observed and collected throughout different areas of the world, 

however, very few species are sympatric. Geographic Information System (GIS) data 

basing was used to map collection location data for species of Gryllotalpidae. Species 

distribution of Gryllotalpidae will then be correlated with worldwide soil maps. 

Geographic Information System (GIS) has been evolving for the last three 

decades, merging different types of technology to allow for a fluid information processor. 

It is a “special-purpose digital database” that allows for map overlay analysis, spatial and 

temporal analysis, vector and raster data interfaces, and topographical information 

overlays (Foote and Lynch, 1996). GIS allows for different information layers to be 

stacked and manipulated as needed while keeping all location data and analogous data 

paired throughout the layers. All information that is imbedded in each layer of data is 

preserved and accessible. Selections can be made to form one layer to compare how they 

overlay or interact with another layer or piece of information. GIS provides a method of 

searching for spatial patterns, and can be used as an important tool for a number of 

different research projects or surveys. Computer-Assisted Drafting systems (CAD) and 

GIS are often mistaken for each other because the differences between them are 

becoming more difficult to spot. CAD is typically used by engineers and architects for 
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precise drafting (Foote and Lynch, 1996). Though CAD can be used for mapping, it was 

not originally designed for that purpose. 

This study also investigates the cuticle of the fossorial legs of the prothorax in 

Gryllotalpidae. Due to physical demands exerted by a burrowing lifestyle, this can be 

considered a high-stress, high-impact area that requires a greater degree of hardening 

than other sclerotized areas of the legs and body. Gryllotalpidae spend a majority of their 

life underground. Reproductive success relies on their ability to burrow quickly and to 

construct tunnels and horns efficiently. Element accumulation within the fossorial leg 

was examined using Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS). This testing method was used to quantify varying degrees of 

manganese, zinc, and other elements found along the cutting edges of the fossorial legs of 

the prothorax of Neoscapteriscus borellii (Gryllotalpidae). This examination was used to 

create a preliminary element analysis of the cuticle and dactyl (the high impact/stress 

areas). 

 The SEM is an electron gun that fires a beam of electrons at adjustable levels of 

energy. Lenses control the diameter and focus of the beam, while it passes through 

property-controlling apertures (Lee, 1993). An objective lens focuses the electron beam 

on the surface of a specimen until a signal is generated. A detector acquires the signal and 

an image, or spectrum, is stitched together one pixel at a time. The intensity of the signal 

from each pixel on the specimen is converted to a grayscale value for each corresponding 

pixel displayed on the completed monitor image (Hafner, 2007). Excited electrons are 

deflected out of the specimen creating a backscatter electron image that displays 

“compositional contrast” as a result of different distributions of detected atomic number 
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elements (Hafner, 2006). Energy-dispersive X-ray spectroscopy (EDS) is used to identify 

chemical elements in a specimen. An x-ray spectrum is generated from the scanned area 

and the elements are identified by peeks that occur on the x-ray at different energy levels. 

This study investigated if there was cuticular thickening and variation between the 

prothoracic fossorial leg, and the mesothoracic and metathoracic cursorial (i.e. walking) 

leg of individuals and species of Gryllotalpidae. The presence of increased elements 

along the cutting edges of the dactyl blade of the fossorial foreleg is only one possible 

explanation for its proposed increased hardness. Increased thickening of the cuticle has 

been seen in other invertebrates along areas that undergo increased degrees of 

environmental pressure (Cribb et al., 2008; Fawke et al., 1997; Hillerton and Vincent, 

1982; Hillerton et al., 1984; Schofield and Lefevre, 1989; Quicke et al., 1998). 

Histological cross sectioning methods were used to characterize cuticular morphology in 

the prothoracic fossorial legs, and the mesothoracic and metathoracic cursorial legs. 

Measurements taken of the cuticular width along with calculation of the area of the 

cuticle will determine the nature of the cuticle as an explanation of increased hardening. 

The cross sections and measurements were used to compare the cuticular variation both 

within species as well as between species. 

 Histology is the study of cells, tissues, and morphological structures of organisms 

using a microscope. Francesco Stelluti was the first scientist to describe the structures of 

an insect using a microscope in the 17th century through carful and precise dissection 

work mounted on hand cut glass slides (Billen and Wilson, 2008). Since then, there have 

been a number of histological methods established depending on the organisms or sample 

that is being analyzed. All of these methods require some form of fixation, staining, 



8 
 

 

processing, embedding, and sectioning. A chemical fixative is selected to preserve the 

sample without altering the structural integrity.  The stains are chosen to highlight desired 

structures to make characteristics easier to identify or isolate. For example, Herris 

Hematoxylin stains non-keratinized epithelial cells and muscle purple, while Eosin stains 

cytoplasm and the nucleus pink. The sample is processed by sending it through a 

multistep dehydration series of EtOH to a preselected clearing agent, such as Xylene. 

Processing the sample in this manner removes water that is present. Next, the sample is 

submerged into liquid paraffin, or a wax-like substances, until the wax replaces the 

clearing agent and all internal spaces are filled with the infiltration agent. The sample is 

then embedded into a mold and the desired liquid embedding material is added. Most 

often paraffin wax is used, but acrylic resins can also be used. The hardened block is 

removed from its mold and cut at predetermined increments into extremely thin slices. 

Sectioning is usually performed with a microtome. Microtomes differ by how they cut or 

what they use to cut. Diamond, steel, and glass blades or knifes are the most commonly 

used for histological slicing. Some microtomes use vibrating blades, or blades that are 

specialized for cutting frozen samples or extremely hard material like bone. Once sliced, 

the sections are prepared for examination under a compound microscope, or treated 

further to be examined under a specialized scope, such as a Transmission Electron 

Microscope (TEM).   
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CHAPTER II 

Examination of soil using Geographic Information Systems (GIS) 

Introduction 

Species of mole cricket are distributed throughout eastern and central United 

States, Puerto Rico, the Virgin Islands, South America, Africa, Australia, and Europe 

(Figure 2.1). Several species have spread from their “native” habitat to new habitats via 

ships. Neoscapteriscus abbreviates, Neo. borellii, and Neo. vicinus was introduced to the 

south-eastern coast of North America from South America (Adjei et al., 2003; Nickle and 

Carstner, 1984). 

 
Figure 2.1. Generalized distribution of Gryllotalpidae (“Distribution for family 
Gryllotalpidae Leach, 1815” by OSF Online is licensed under Creative Commons 
Attribution-ShareAlike 4.0 International License) 
 

Members of the family Gryllotalpidae live predominantly underground and have 

highly modified forelegs that assist in the soil dwelling life style. They create shallow 

foraging tunnels to find food, and create brood chambers in their underground burrows. 

The males create specialized tunnels called mating horns, which amplify their mating 

calls. Differences in soil temperature, moisture, and compositions influence their life 
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history. Differentiation in soil moisture can affect oviposition and egg laying in females, 

construction of brood chambers, the hatching of eggs, and the development of individuals 

(Graaf et al., 2004; Hayslip, 1943). Soil temperature can also affect tunneling behavior. 

Gryllotalpa africana will increase the depth of their tunnels from 10.16 cm to 30.48 cm 

under the surface when the soil is too dry or warm (Graaf et al., 2004).  

Mole crickets are found in slightly moist, sandy soil but preference seems to differ 

slightly by species and geographic location. Gryllotalpa africana, for example, prefers 

heavy clay soil (Brandenburg et al., 2002), but G. major prefers sand-loam soil with a 

high silt concentration (Hill et al., 2006). Gryllotalpa marismortui seems to prefer 

hypersaline soils, while G. tali prefers freshwater soil (Broza et al., 1998). 

Neoscapteriscus borellii and Neo. vicinus seem to prefer sandy loam soils (Brandenburg 

et al., 2002), whereas Neo. didactylus prefer peaty soil (Worsham and Reed, 1912). 

According to the Food and Agricultural Organization, soil is categorized in a 

taxonomic hierarchy. A number of guidelines are used to classify soil, such as horizons or 

layers, climate, soil temperature, soil moisture, composition, topography, and more 

(Figure 2.2). There are 12 soil orders, and 30 soil groups worldwide (FAO and ITPS, 

2015). Acrisols, Arenosols, Calcisols, Cambisols, Ferralsols, Gleysons, Leptosoms, and 

Luvisols make up over 63.57% of the world land area. The remaining 36.43% of the 

world land area consists of the remaining 22 groups. These 22 soil groups each make up 

between 0-4% of the world land area (based on world land area percentages provided by 

Encyclopedia Britannica, 2018). Soil names can vary depending on which regions 

taxonomic hierarchy is being used. For example. Ferralsols have many international 
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names: Ferralsol (FAO), Latosols (Brazil), Oxisols (US Soil Taxonomy), Sols 

ferralitiques (France), and Lateritic soils (Russia). 

 
Figure 2.2. The process of soil description, classification, site quality, and suitability 
evaluation (Modified from Guidelines for soil description 4th edition by the Food and 
Agriculture Organization, 2006) 
 

Very little information is available regarding soil preference in Gryllotalpidae. 

This chapter analyzes Gryllotalpidae presence data in order to determine if there are any 

viable differences between species locality, soil selection, and species diversity. 

Geographic Information System (GIS) was used to analyze variation of soil composition. 

Collection location data points for species of Gryllotalpidae and worldwide soil maps 

were used to investigate soil preference.  
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The experiment tested the hypothesis that species of Gryllotalpidae have a soil 

preference. 

H1: Species of Gryllotalpidae have a soil preference. 

H01: Species of Gryllotalpidae do not have a soil preference. 

P1: Species of Gryllotalpidae will vary by soil type. 

Test: Geographic Information System (GIS) was used to analyze soil variation. 

Collection location data were mapped for species of Gryllotalpidae over soil maps 

to investigate soil preference. 

Methods 

Creating soil data layers in ArcMap 10.3©  

GIS was used to conduct soil comparisons and analyses. ArcMap 10.3© was used 

to create a spatial analysis platform which allows for geographic analysis and data 

management. A FAO-UNESCO Digital Soil Map of the World was applied to a 

continental map and fixed as the bottom data layer. The digital soil map depicts 128 

different types of soil, which represents the variation of soil composition. Gryllotalpidae 

specimen location data was gathered using the following databases: BISON (Biodiversity 

Information Serving Our Nation), GBIF (Global Biodiversity Information Facility), 

iDigBio (Integrated Digitized Biocollections) and SCAN (Symbiota Collections of 

Arthropods Network). Additional GPS points were gathered off of label information from 

specimens on loan from museums and specimens that were gathered during field 

collection. All information, including longitude and latitude data, was entered into an 

Excel spreadsheet and organized. The spreadsheet was then uploaded to ArcMap 10.3©. 

Each species and genus was separated into its own data layer and represented with a 
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different color before it was applied atop the soil map layer. The soil type at each location 

point was determined by using the “selection by location” tool within the ArcMap 10.3© 

program. Soil variation was compared across genus and species. Soil differentiations 

were made at the soil group level and lower.  

Results 

Categorizing species and soil type data 

The database search allowed for GPS location information to be evaluated for the 

following species: Gryllotalpa africana, G. australis, G. coarctata, G. gryllotalpa, G. 

isfahan, G. krimbasi, G. major, G. nitidula, G. orientalis, G. oya, G. 

septemdecimchromosomica, G. vinea, Neocurtilla hexadactyla, Neoscapteriscus 

abbreviates, Neo. borellii, and Neo. vicinus. There were many GPS points that 

corresponded to specimens that were only identified to family or genus. These points 

were only used for family and genus distribution analysis but were removed from the 

table set when more detailed analyses were performed. All duplicate data was removed. 

A total of 1,334 GPS collection location points were mapped for the family 

Gryllotalpidae (Figure 2.3).  
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Figure 2.3. World map of Gryllotalpidae. This map was made from all the database 
collection location points from all members of the family Gryllotalpidae (including 
unidentified members) indicated by the red dots 
 
 Any species with fewer than ten points were not isolated and analyzed during the 

species-based soil analysis. Those excluded were unusable due to the small sample size 

and subsequently weak results. Gryllotalpa africana, G. gryllotalpa, G. major, 

Neocurtilla hexadactyla, Neoscapteriscus borellii, and Neo. vicinus all had more than ten 

location points, for a total of 1,093 points. For the rest of this chapter the above 

mentioned species are referred to as target species. Each group of target species data was 

entered into ArcMap 10.3© over FAO-UNESCO Digital Soil Map of the World. Each 

color on the map represents a different type of soil. The soil map depicted approximately 

128 different types of soils divided across 25 different groups. Note that not all shades of 

blue on the FAO-UNESCO Digital Soil Map indicate water (soil map color key in 

Appendix A). The soil types with the most abundant species location collection points 

were recorded. Soil types that only contained one species location point was not 

recorded. The soil types that contained approximately 90% or more of the points were 

considered “preferred” soil by the species in question.  
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Determining soil preference 

The 33 points for Gryllotalpa africana indicated that this species was most often 

found in areas with the following soil types: Chromic Vertisols, Halpic Yermosols, 

Lithosols, Nitisols, and Plinthic Ferralsols (Figure 2.4). 

 
Figure 2.4. World soil map depicting 33 collection location points of Gryllotalpa 
africana (indicated by purple dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 

 
The 856 points for Gryllotalpa gryllotalpa indicated that this species was most 

often found in areas with the following soil types: Calcic Cambisols, Dystric Cambisols, 

Dystric Fluvisols, Luvisols, and Podzols (Figure 2.5 and Figure 2.6). 
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Figure 2.5. World soil map depicting 856 collection location points of Gryllotalpa 
gryllotalpa (indicated by blue dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 

 
Figure 2.6. World soil map depicting collection location points of Gryllotalpa gryllotalpa 
zoomed into the European area were the majority of the collection location points were 
located (indicated by blue dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
 

The 93 points for Gryllotalpa major indicated that this species was most often 

found in areas with the following soil types: Chromic Luvisol, Ferric Luvisol, Luvic 

Phaeozems, and Pellic Vertisols (Figure 2.7 and Figure 2.8). 
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Figure 2.7. World soil map depicting 93 collection location points of Gryllotalpa major 
(indicated by light blue dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
 

 
Figure 2.8. World soil map depicting collection location points of Gryllotalpa major 
zoomed into North America were the majority of  the collection location points were 
located (indicated by light blue dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
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The 69 points for Neocurtilla hexadactyla indicated that this species was most 

often found in areas with the following soil types: Acric Ferralsols, Cambisols, Chromic 

Luvisols, Haplic Kastanozems, and Pellic Vertisols (Figure 2.9). 

 
Figure 2.9. World soil map depicting 69 collection location points of Neocurtilla 
hexadactyla (indicated by green dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
 

The 32 points for Neoscapteriscus borellii indicated that this species was most 

often found in areas with the following soil types: Chromic Luvisols, Ferric Luvisols, 

Gleyic Acrisols, Gleyic Podzols, and Pellic Vertisols (Figure 2.10) 
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Figure 2.10. World soil map depicting 32 collection location points of Neoscapteriscus 
borellii (indicated by red dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
 

The 10 points for Neoscapteriscus vicinus indicated that this species was most 

often found in areas with the following soil types: Chromic Luvisols, Dystric Cambisols, 

Gleyic Podzols, and Yermosols (Figure 2.11). 

 
Figure 2.11. World soil map depicting 10 collection location points of Neoscapteriscus 
vicinus (indicated by orange dots) and the ArcMap 10.3© select-by-location markers 
(indicated by thick black outlines) 
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Overall soils selection by target species 

The ArcMap 10.3© results of the soil selection made by Gryllotalpa africana, G. 

gryllotalpa, G. major, Neocurtilla hexadactyla, Neoscapteriscus borellii, and Neo. 

vicinus and their corresponding data points (1,093 total) indicated that 20 out of 128 soils 

types, depicted on the FAO-UNESCO Digital Soil map, were preferred (Table 2.1).  

Table 2.1  
 
Overall results of soil selection by target species based on collection location data and 
the world soil map overlay 
 

  

Soils selected by Gryllotalpidae species 

The selection of specific soil types varied by species (Table 2.2). Of the above 20 

soil types, 15 were species-specific. Gryllotalpa africana was only found in Chromic 

Vertisols, Halpic Yermosols, Lithosols, Nitisols, and Plinthic Ferralsol soils. Gryllotalpa 

africana was also the only target species that did not share any soil selection similarities 

with any other target species. Gryllotalpa gryllotalpa was the only target species found in 

Calcic Cambisols, Dystric Fluvisols, Luvisols, and Podzols. Gryllotalpa major was the 

only target species found in Luvic Phaeozems. Neocurtilla hexadactyla was the only 

target species found in Acric Ferralsols, Cambisols, and Haplic Kastanozems. 

Neoscapteriscus borellii was the only target species found in Gleyic Acrisols. 

Neoscapteriscus vicinus was the only target species found in Yermosols.  

Gryllotalpa 
africana

Gryllotalpa 
gryllotalpa

Gryllotalpa      
major

Neocurtilla 
hexadactyla

Neoscapteriscus 
borellii

Neoscapteriscus 
vicinus

Chromic Vertisols Calcic Cambisols Chromic Luvisol Acric Ferralsols Chromic Luvisols Chromic Luvisols
Halpic Yermosols Dystric Cambisols Ferric Luvisol Cambisols Ferric Luvisols Dystric Cambisols 
Lithosols Dystric Fluvisols Luvic Phaeozems Chromic Luvisols Gleyic Acrisols Gleyic Podzols
Nitisols Luvisols Pellic Vertisols Haplic Kastanozems Gleyic Podzols Yermosols
Plinthic Ferralsols Podzols Pellic Vertisols Pellic Vertisols
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Many target species were found in the remaining five soil types. Gryllotalpa 

gryllotalpa and Neo. vicinus were both found in Dystric Fluvisols. This was the only soil 

type that G. gryllotalpa shares with another mole cricket species. Gryllotalpa major and 

Neo. borellii were both found in Ferric Luvisols. Neoscapteriscus borellii and Neo. 

vicinus were found in Gleyic Podzols. Gryllotalpa major, N. hexadactyla and Neo. 

borellii were found in Pellic Vertisols. Gryllotalpa major, N. hexadactyla, Neo. borellii 

and Neo. vicinus were found in Chromic Luvisol. 

Table 2.2  
 
Soil types selected by Gryllotalpidae species. Solid black blocks indicates the soil types 
where target species were found 
 

 

Soil groups selected by Gryllotalpidae species 

The target species were found in 10 out of the 25 soil groups depicted on the 

FAO-UNESCO Digital Soil map (Table 2.3). Out of the 10 soil groups found at target 

species locations, five were specific to one species. Gryllotalpa africana was the only 

Gryllotalpa 
africana

Gryllotalpa 
gryllotalpa

Gryllotalpa      
major

Neocurtilla 
hexadactyla

Neoscapteriscus 
borellii

Neoscapteriscus 
vicinus

Acric Ferralsols
Calcic Cambisols
Cambisols
Chromic Luvisol
Chromic Vertisols
Dystric Cambisols
Dystric Fluvisols
Ferric Luvisol
Gleyic Acrisols
Gleyic Podzols
Halpic Yermosols
Haplic Kastanozems
Lithosols
Luvic Phaeozems
Luvisols
Nitisols
Pellic Vertisols
Plinthic Ferralsols
Podzols
Yermosols
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target species found in Nitisols. Gryllotalpa gryllotalpa was the only one found in 

Fluvisols. Gryllotalpa major was the only one found in Phaeozems. Neocurtilla 

hexadactyla was the only one found in Kastanozems. Neoscapteriscus borellii was the 

only one found in Acrisols.  

The remaining five soil groups showed multiple target species occurrence. 

Gryllotalpa africana and N. hexadactyla were found in Ferralsols. Gryllotalpa 

gryllotalpa, N. hexadactyla and Neo. vicinus were all found in Cambisols. Gryllotalpa 

gryllotalpa, Neo. borellii and Neo. vicinus were found in Podzols. Neoscapteriscus 

borellii was the only species to be found in Acrisols. All but G. gryllotalpa were found in 

Vertisols. All target species were found in Luvisol soil.  

Table 2.3  
 
Soil groups selected by Gryllotalpidae species. Solid black blocks indicates the soil 
groups where target species were found 
 

 

Soil groups selected by Gryllotalpidae genera  

The ArcMap 10.3© results based on the 1,334 points were also analyzed as ‘soil 

groups selected by genus’ (Table 2.4). Gryllotalpa was found in 8 out of 25 soil groups. 

Neocurtilla and Neoscapteriscus were each found in 7 out of 25 soil groups. The 

selection of these groups was variable between genera. All three genera were found in 

Gryllotalpa 
africana

Gryllotalpa 
gryllotalpa

Gryllotalpa      
major

Neocurtilla 
hexadactyla

Neoscapteriscus 
borellii

Neoscapteriscus 
vicinus

Acrisols
Cambisols
Ferralsols
Fluvisols
Kastanozems
Luvisol
Nitisols
Phaeozems
Podzols
Vertisols
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Cambisols, Luvisols, and Vertisols. Acrisols, Ferralsols, Fluvisols, Kastanozems, 

Nitisols, Phaeozems, and Podzol soil groups showed genera specific preference. 

Neoscapteriscus showed a preference toward Acrisols, while the other two genera did 

not. Gryllotalpa was the only genus found in Fluvisols, Nitisols, and Phaeozems. 

Neocurtilla was the only genus found in Kastanozems but showed no other soil isolated 

selection (not shared by the other genera). Gryllotalpa and Neocurtilla shared preference 

in Ferralsols while Gryllotalpa and Neoscapteriscus shared preference in Podzols. 

Table 2.4  
 
Soil groups selected by Gryllotalpidae genus. Solid black blocks indicates the soil groups 
where target genera were found 
 

 

Discussion 

All examined species showed unique soil preference. Many of the preferred soils 

where geographically unique and could be influencing distribution. Gryllotalpidae are 

mainly found in the following biomes: temperate forest, temperate grasslands, tropical 

forest, and chaparral (in Africa and Australia). There are a few accounts of mole crickets 

found in the dessert biomes of Africa, Asia, and North America. Preference between 

Gryllotalpa Neocurtilla Neoscapteriscus 
Acrisols
Cambisols
Ferralsols
Fluvisols
Kastanozems
Luvisol
Nitisols
Phaeozems
Podzols
Vertisols
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tropical, humid, temperate, desert/arid, or wet climates seem to very slightly by species. 

However, Gryllotalpidae shows some temperature and climate flexibility.  

Vegetation within Gryllotalpidae preferred biomes may also be linked to species 

distribution. Phytophagous mole crickets feed on the root systems of plants including 

various types of grasses, potatoes, cassava, strawberries, and turnips (Brandenburg et al., 

2002). Strawberries, potatoes, and turnips grow in temperate areas, while cassava is 

cultivated in tropical and sub-tropical areas. Genera and species are not limited to areas 

where the above mentioned vegetation is grown, nor are they found everywhere the 

vegetation is cultivated, but there is some overlap between Gryllotalpidae distribution and 

the vegetation they prefer to eat.  

The turf grass industry has been expanding since the 1950s and since then 

herbaceous mole crickets have been considered serious pests (Braman et al., 2000). Many 

Gryllotalpidae species can be found where different turf grass grow naturally or are 

cultivated. There is some correlation between vegetation/turf grass and geographic 

distribution of mole crickets, however, it does not seem to be the driving force behind 

distribution. Many species show a certain flexibility in diet. Many species are more 

carnivorous than phytophagous, and are not limited to the fertile lands or regions were 

turf grass has been introduced.  

Many of the soils preferred by Gryllotalpidae are not suited for cultivation 

without ample management and manipulation, or are soils where agriculture is 

problematic. In areas where these less-than-fertile soils are found the predominant 

vegetation available is field grasses. Field grass roots and stems are not a staple in 
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Gryllotalpidae diet. It is possible that soil influences Gryllotalpidae distribution more 

than vegetation or biome variability.  

Gryllotalpa africana was found in five soil types not shared by any of the other 

target species and presented the most unique soil preference compared to the other 

species examined. These soils are heavily textured and consist of 30% or more clay. 

Many of the preferred soil types are limited geographically. For example, Nitisols only 

covers 1.6% continental land mass and Ferralsols covers 6% continental land mass (based 

on world land area percentages provided by Encyclopedia Britannica, 2018). They are 

predominantly found throughout Africa, India, and other areas of the tropics. Lithosols 

are only found in the northern temperate zone of France, the United States, and Russia 

(Food and Agriculture Organization, 1974). Vertisols cover 2.7% continental land mass 

in both temperate and tropic zones, from southern United Stated to northern South 

America, India, northern Africa, and eastern Australia. Haplic Yermosols are found in 

desert, arid regions between the temperate zone and the tropics, but it mostly in Africa. 

Gryllotalpa africana was only found in geographic areas in which no other target species 

were found. Gryllotalpa africana are predominantly found in Africa, but there are a few 

isolated accounts of them in Asia, Europe, and North America (Nickle and Caster, 1984). 

Based solely on soil preference, it is possible that Gryllotalpa africana could thrive 

outside of its predominant domain and may be limited geographically not 

environmentally. However, the soils preferred by this species are most predominantly 

found in Africa and since this continent contains no other Gryllotalpidae species it has the 

least competition and largest potential niche space. Gryllotalpa africana seems well 

adapted to dryer, arid regions and the heavy clay soils of Africa.  This species will 
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increase the depth of their tunnels over 20cm under the surface when the soil is too dry or 

warm (Graaf et al., 2004). 

The other two species of the genus Gryllotalpa also showed unique soil selection. 

Gryllotalpa gryllotalpa preferred soils predominantly found in France, Germany, and the 

United States (Food and Agriculture Organization, 1974). The other preferred soils were 

soils low in saturation or high in clay. This is similar to many of the Gryllotalpa preferred 

soils. Gryllotalpa gryllotalpa also shared the soil preference of Dystric Cambisols with 

Neo. vicinus. Neither of the target species were found or collected in the same geographic 

area. Gryllotalpa gryllotalpa showed preference toward Dystric Cambisols soil that was 

in the European area, while Neo. vicinus showed preference toward Dystric Cambisols 

soil that were found in Central America.  

Each of the target species showed at least one unique type of soil that was not 

preferred by any other species. These unique soil preferences were most often exhibited 

in areas of distribution overlap. Neocurtilla hexadactyla was seen in similar geographic 

locations as Neo. borellii, Neo. vicinus, and G. major.  Neocurtilla hexadactyla is native 

to North America but was introduced into South America, and their distribution now 

includes Central America (Frank et al., 2002; Frank and Parkman, 1999; Hill et al., 

2002). Neoscapteriscus borellii, and Neo. vicinus are native to South America and were 

introduced into North America (Frank and Parkman, 1999; Hill et al., 2002). Gryllotalpa 

major is the only species of Gryllotalpa found solely in the United States. Cambisols, and 

Haplic Kastanozems soils are found in areas around where Neo. borellii, Neo. vicinus, 

and G. major are seen but the unique soil preference prevents the species territories from 

overlapping. Neocurtilla hexadactyla prefers South American locations of Acric 
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Ferralsols soil type where no other species were seen. All four species show a degree of 

allopatric separation between distributions. Soil preference variation could be allowing 

for this type of separation to be possible, limiting competition over resources and space. 

For example, there was soil preference overlap in south eastern North America where N. 

hexadactyla, Neo. vicinus, and Neo. borellii were all collected. In these areas, N. 

hexadactyla shows preference to Haplic Kastanozems because the other preferred soils 

were inhabited by Neo. vicinus or Neo. borellii, the same could be said regarding G. 

major. Gryllotalpa major shares soil preference with the other North American dwelling 

target species. They all share preference for three out of four soil types in common, 

however, it is the only target species that showed preference to Luvic Phaeozems. 

Therefore, in a habitat shared by both G. major and the northern American species, G. 

major could inhabit the niche space containing Luvic Phaeozems, while the North 

American species could not. Luvic Phaeozems is a clay soil found in Canada, France, 

Germany, the United States, the USSR, and Argentina (Food and Agriculture 

Organization, 1974). The distribution of G. major in North America places it in some of 

the only areas of Luvic Phaeozems found in the United States. The presence of this soil 

could have a direct influence on its geographical distribution. Comparing this to the 

presence of habitat competition from the other native target species should be examined 

closer to see which influences G. major more. Overlap of soil preference could be due to 

adaptation that has occurred over time in the species that sometimes share the same 

habitats in the same geographic locations. This could be due to competition avoidance 

and/or avoidance of species-to-species cannibalism. 
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Soil preference could be influencing niche partitioning. Other Orthoptera have 

used acoustics and resources to establish niche separation. Allopatric areas could be 

created based on preference to soil instead of acoustics or available resources. 

Neoscapteriscus vicinus and Neo. borellii show much of the same soil preferences, 

however, their location data does not overlap.  For example, Neo. vicinus was found in 

Gleyic Podzol soil found in the United States and Central America, while Neo. borellii 

was found in Gleyic Podzols. Gleyic Podzols are only found in the United States. 

Another example can be seen along the east coast of North America (Figure 2.10 and 

Figure 2.11). Neoscapteriscus vicinus was found in Ferric Luvisols while Neo. borellii 

was found in Gleyic Acrisols. Though Neo. borellii was found to inhabit Ferric Luvisols 

in other locations, in this instance Neo. borellii uses the neighboring soil not being used 

by Neo. vicinus. These two species also show a certain flexibility in dietary preference. 

Neoscapteriscus vicinus is phytophagous and is a ferocious turf grasses pest, while Neo. 

borellii is both phytophagous and predacious (Braman et al, 2000). Neoscapteriscus 

borellii predominantly carnivorous diet could reflect on its soil preferences, and could 

explain how it is ably to avoid areas already inhabited by Neo. vicinus.  

Examples such as these show the benefits of variability in soil preference when 

soil flexibility is necessary. Villani et al., (2002) described avoidance behavior by Neo. 

borellii when Neo. vicinus was placed in the same test area. Every species, except G. 

africana, showed preference toward Luvisol soil. These are relatively common clay soils 

found in many areas around the world. There were few Luvisols found in Africa and in 

the areas where G. africana was collected/located. There was not enough information to 

determine if this species would show preference to Luvisols if given the chance.  
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Genera are grouped and described primarily by the morphology of their fossorial 

foreleg. This grouping could explain the similarities of soil preference shared between 

genera. If soil variation is driving species diversity then this similarity in soil preference 

is expected. Even similarities in soil preference between genera with similar foreleg 

morphology could be assumed. For example, Gryllotalpa and Neocurtilla both have a 

four clawed dactyl. These two genera share many similarities in soil preference. Soil 

preference could be due to soil driving the differentiation and similarity in morphology 

but soil preference could also be due to the geographic overlap exhibited by many of the 

target species. 

Soil variation could influence species diversity. Specialized morphology of the 

fossorial foreleg could allow species to burrow more or less successfully in certain soils. 

This could explain the wide geographic distribution with minimal cases of species habitat 

overlap. Competition over suitable habitat and soil that provides for optimal burrowing 

could explain the vast increase of species diversity. For example, Neocurtilla hexadactyla 

was once thought to be the only member of this genus. There are now at least six 

described species: N. claraziana, N. hexadactyla, N. ingrischi, N. robusta, N. scutata, N. 

townsendi (Cadena-Castaneda, 2015). Neocurtilla hexadactyla originated in North 

America but was introduced into South America. Since then, many species have been 

described and placed in the genus Neocurtilla, all spreading to different places 

throughout South America. Neocurtilla claraziana and N. robusta are found in Brazil 

(Cadena-Castaneda, 2015; Cigliana et al., 2018), N. scutata is found predominantly in 

Ecuador (Cigliana et al., 2018), and N. townsend is found in Colombia (Cadena-

Castaneda, 2015). Neocurtilla ingrischi is found in Colombia (Cigliana et al., 2018), but 
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may be responsible for the invasion into the Caribbean islands and Florida (Cadena-

Castaneda, 2015). Only soil data for N. hexadactyla was available for analysis. 

 One problem to note was the low quantity of location data. Based on observation 

records and literature, Gryllotalpidae has a worldwide distribution (refer to Figure 2.1). 

However, when that information is compared to that of the usable location points (1,334 

points collected from available databases), there seemed to be a great deal of information 

missing. Collection location data was not available for specific species. Only three of the 

eight Gryllotalpidae genera were included in this analysis. Without detailed location 

points, or site specific soils plus specimen collections, a more detailed soil analysis could 

not be performed.  

It would be interesting to look at collection location data of Neoscapteriscus 

abbreviates and Triamescaptor aotea with a soil map overlay. Neoscapteriscus 

abbreviates cannot fly, and is predominantly found in South America, but it was 

introduced to Florida by ship (Adjei et al., 2003). There could be a similarity in soil type 

between North and South America that enabled the species to settle when it was newly 

introduced. Triamescaptor aotea is confined mainly to the northern island of New 

Zealand, and has lost its ability to fly (Tindale, 1928). It would be interesting to see if T. 

aotea shares soil preferences with those species found in Australia, G. oya and G. 

australis, the closest related species and the closest species geographically.  

Based on the results in this chapter alone, one cannot say that soil was the only 

influence for speciation of Gryllotalpidae. However, the results rejected the null 

hypothesis. There was evidence to support species-specific soil preference. Without more 

data, one cannot determine whether or not soil variation alone is driving species diversity 
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or species locality. Soil preference does seem to cause allopatric niche partitioning. There 

is a link between dietary preference and species distribution, however, vegetation does 

not seem to be driving distribution due to the flexibility of diet exhibited by species. 

Additional collection location data of many other species in the family Gryllotalpidae 

need to be analyzed and their soil preference compared for clearer results. 
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CHAPTER III 

Analysis of metallization of the prothoracic dactyl 

Introduction 

The degree of sclerotization and hardening that occurs in the cuticle of arthropods 

has piqued the curiosity of many scientists over the decades. This curiosity has led to 

many publications studying this increased hardness. In many instances, the accumulation 

of elements along key areas of cuticle were found to be the cause of increased cuticle 

hardness (Chen et al., 2008; Cribb et al., 2008; Cribb et al., 2010; Fawke et al., 1997; 

Hillerton and Vincent, 1982; Hillerton et al., 1984; Schofield and Lefevre, 1989; Quicke 

et al., 1998). The accumulation of metal in organisms is called biomineralization. Cribb 

et al., (2008) found that areas of the insect cuticle containing metals were two to three 

times harder than those areas devoid of metal. Common metals found in the cuticle of the 

mandibles, mouth hooks, ovipositor, and claws are calcium, iron, manganese, and zinc 

(Cribb et al., 2008; Hillerton and Vincent 1982; Fawke et al., 1997; Hillerton et al., 1984; 

Schofield, 2005; Schofield and Lefevre 1989; Quicke et al., 1998). These metals were 

found using a number of different methods, the most common being Scanning Electron 

Microscopy (SEM) with X-ray microanalysis. Regardless of the method, metal 

accumulation, i.e. biomineralization, is expected to occur in areas that require an extreme 

degree of hardening due to physical demand on the body part in question. For example, 

the mandibles of the termite Cryptotermes primus (Kalotermitidae, Isoptera) show a great 

degree of hardening (Cribb et al., 2008).  The cutting edges of the mandibles are typically 

prone to wear but are critical for a wood-boring lifestyle. Cribb et al., (2008) found that 

hardening was due to mineralization along the incisors of the mandibles. The presence of 
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zinc increased mandible hardness by 20% in C. primus when compared to mandibles in 

termite species that did not show mineralization but exhibit similar mechanical tasks 

(Cribb et al., 2008). Biomineralization is most likely an environmental byproduct or an 

accumulation of elements consumed through dietary means. The elements cannot be 

reabsorbed once it is deposited into the cuticle, and additional elements have to be 

accumulated in each instar until adulthood to achieve increased hardening (Quicke et al., 

1998).   

The family Gryllotalpidae possess a highly modified digging apparatus in place of 

the typical coxa, femur, and tibia of the prothorax appendage (Figure 1.1). These 

segments exhibit an increased degree of sclerotization compared to other areas of the 

body, excluding the sclerotized pronotum. The coxa is wider than it is long, while the 

trochanter remains reduced, but is adorned with a highly sclerotized, paddle-like 

protrusion called a trochantal blade. The femur is enlarged to allow room for excess 

muscle required to move the rest of the leg (Kidd, 1825). The tibia is widened and 

modified into a heavily sclerotized shovel-like dactyl that allows the individual to move 

efficiently through soil. The dactyl is comprised of two parts: one main large claw, 

usually with two to four blades (depending on the genera) on the interior of the tibia, and 

a two-bladed smaller claw on the exterior of the tibia. These claws move independently 

and parallel to each other (Kidd, 1825). The two-part dactyl is thought to function like 

scissors, cutting through the fibrous roots as it tunnels through the soil, or as a way for 

the secondary exterior claw to clear away the dirt from the main claw (Kidd, 1825). The 

tarsi are very small and simple, and attached to the secondary claw. For example, the 

two-part dactyl of Neoscapteriscus borellii consists of a two-bladed main claw and a 
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smaller, two- bladed secondary claw. This is a common characteristic found in all the 

species found in the genus Neoscapteriscus (Nickle and Castner, 1984).  

The fossorial forelegs of mole crickets undergo the environmental stresses 

suggested to cause element accumulation in the cuticle. This chapter tested the hypothesis 

that metal would be found along the cutting edges of the dactyl of the forelegs on the 

prothorax of Neoscapteriscus borellii (Gryllotalpidae). Scanning Electron Microscopy 

(SEM) and Energy-dispersive X-ray spectroscopy (EDS) was used to examine the 

varying degrees of manganese, zinc and other elements found along the cutting edges of 

the fossorial legs of the prothorax of Neo. borellii.  

H2: Metallization exists along the cutting edges of the fossorial legs of the 

prothorax of Neoscapteriscus borellii (Gryllotalpidae). 

H02: Metallization does not exist along the cutting edges of the fossorial legs of 

the prothorax of Neoscapteriscus borellii (Gryllotalpidae). 

P2: Varying degrees of manganese, zinc or other elements will be found along 

the cutting edges of the fossorial legs of the prothorax of Neoscapteriscus 

borellii (Gryllotalpidae). 

Test: Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS) was used to quantify varying degrees of manganese, zinc or 

other elements found along the cutting edges of the fossorial legs of the 

prothorax of Neoscapteriscus borellii (Gryllotalpidae). 
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Methods 

Specimen collection 

Neoscapteriscus borellii were field collected locally. A number of soil extraction 

techniques, light traps, and hand collections were used to obtain specimens. Soil 

extraction techniques included (but were not limited to) the poring of liquid dish soap 

diluted in water directly down a surface tunnel or across scavenging tunnels (represented 

by surface erosion in the soil in the form of winding trails). Hand collection was 

performed by locating the tunnel entrance, digging about six inches from the entrance 

hole, and scooping the soil forward to expose the trapped cricket. Field collected 

specimens were stored in individual plastic containers filled with lightly moistened soil as 

a method of transport. No more than three individuals were placed in each container. 

Different species were stored separately. At the earliest opportunity the crickets were 

removed from the soil and frozen. Once dead, the individuals were pinned and dried until 

further preparation was required (further preparation varied based on desired method of 

analysis). 

Preparing dactyl for SEM scanning 

Scanning Electron Microscopy (SEM) with X-ray microanalysis or Energy-

dispersive X-ray spectroscopy (EDS) was used to locate the presence of elements along 

the cutting edges of the tibia of the forelegs of the prothorax. Preparations and methods 

similar to those of Hillerton and Vincent (1982) were followed. Eight Neoscapteriscus 

borellii specimens collected in Texas and Mississippi during 2014 were used. The pinned 

and dried specimens were washed, first in water, then in 70% ethanol, and left to air dry. 

A dissection was made above the coxa of the right foreleg to remove the leg from the 
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body. The leg segment was placed on a clean glass slide and a small piece of carbon tape 

was used to keep the leg in place. Specimens were not carbon- or gold-coated. A 

HITACHI S-3200N scanning electron microscope was used to locate the presence of 

elements. The presence of elements appear on screen as a concentrated area of white 

glow (Figure 3.1). An intense white glow that eclipses and extends beyond the natural 

edges of the specimen or distortion in the image indicates that there is charging that must 

be corrected before continuing. Charging occurs when the electron beam is not being 

effectively conducted across the surface of the specimen (Hafner, 2007).  

  
Figure 3.1. Ionized salt placed in the vacuum chamber of a HITACHI S-3200N scanning 
electron microscope. The image is set to 1mm field of view. The glowing white indicates 
the electrons becoming excited with the presence of elements. 
Establishing landmarks for SEM scanning 

Twelve landmarks were established along the cutting edges of the dactyl: one 

located on the outer edge, one along the inner edge and one point at the tip of each claw 

blade (Figure 3.2). Landmarks were kept consistent on each specimen and will be 

Neo. borellii 7 
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referred to as the points of interest from here on. Points of interest, or POI, are 

represented by a “P” and a number in all images and tables. The SEM was set at a 

working distance (WD) of 13mm, 20.0kV x 6.0K. The viewer was then focused on one of 

the POI and zoomed until the field of view was at 5µm. At this distance the entire screen 

glows bright white to grey-white.  

 

 
Figure 3.2. (A - B) Twelve landmarks, or points of interest (POI), along the interior 
dactyl claw of the left leg of Neoscapteriscus borellii. “P” represents the landmarks. “D” 
indicates each dactyl claw. (A) Represents how D3 and D4 can be obscured either 
completely or partially by D2. (B) Shows two-part dactyl spread out so none of the dactyl 
claws are obscured and all landmarks can be viewed 
 

A 

B 
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Elemental detection with EDS and INCA 

Leptinotarsa decemlineata (Coleoptera) mandibles, based on Hillerton and 

Vincent (1982) findings, were used during preliminary analyzed in order to establish 

SEM methods and determine preliminary target elements.   

Energy-dispersive X-ray Spectroscopy (EDS) and INCA energy software were 

used to determine the elemental composition at each POI. The INCA elemental map was 

set to detect the presence of aluminum, calcium, carbon, iron, rubidium, magnesium, 

manganese, silicon, and zinc. Carbon was recorded as a control. The rest of the elements 

were selected for one or both of the following reasons: it was present during preliminary 

x-ray microanalysis readings, or it was mentioned in the literature as being a mineral 

found in invertebrates. The program was left to run for 480 seconds to get a clear reading 

of elemental presence. Program run times for as long as 1800 seconds were performed 

but difference in elemental reading appeared negligible. The distribution and relative 

proportion, or intensity, of each element was measured in INCA separately. All results 

were saved as TIFF image files. 

The SEM was calibrated before examining each specimen by placing a slide of 

ionized salt (adhered using stub adhesive tap) into the chamber and allowing the program 

to run for 120 seconds with the elemental map set to detect intensity and presence of 

sodium and chlorine.  

Measuring elemental composition using ImageJ © 

ImageJ©, a Java-based image processing program, was used to analyze and 

measure the distribution, and relative proportion of all the INCA element readings. Each 

image file for each element measured at each point was opened in the program and 



39 
 

 

analyzed one at a time. In ImageJ©, the scale was set and the image was converted to 8-

bit. Four threshold readings were taken to determine the percentage of element present. 

The threshold readings allowed for the user to select a desirable color along a black-to-

white gradient (Figure 3.3). Measurements taken at each threshold represented the 

volume (µm2) of element presence. 

 

 
Figure 3.3. ImageJ © threshold adjustment tool indicating a maximum threshold of 255 
(white pixels) and a minimum threshold of 0 (black pixels). Modified from Ferriera and 
Rasband (2012) 
 

White pixels are seen at a threshold of 255 and black at a threshold of 0, with grey 

variants found in-between. Once the threshold was set, the pixels were selected and the 

area of the selection was measured. With the threshold readings the percentage of 

element presence could be measured. Since the INCA software denotes elements as white 

pixels, a threshold set to 255 would target only white pixels. White pixels or a threshold 

of 255 represented a 0% likelihood that the target elements are absence. A threshold set at 
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192 targeted light grey to white pixels and represented that there is a 25% likelihood that 

elements are not present. A threshold of 128 selects medium grey to white pixels and 

represents 50% likelihood that elements are not present. A threshold of 64 targets dark 

grey to white pixels and represents a 75% likelihood that elements are not present. The 

area of the whole image was measured by setting the threshold to 0, this served as a 

constant across all the threshold/landmark tests (A= 8.378µm2). Pixels selected with the 

threshold adjustment tool were highlighted red and pixels selected for measurement were 

highlighted yellow, often covering all red highlights (Figure 3.4). All measurements were 

entered into Excel for statistical evaluation and analysis. All area measurements in this 

chapter were taken in µm. 
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Figure 3.4. Scanning Electron Microscopy (SEM) image with Energy dispersive x-ray 
spectroscopy (EDS) after ImageJ © processing, threshold adjustment and pixel selection 
of Neoscapteriscus borellii. Yellow dots represent all pixels in the threshold 255 that 
were selected for measurement of element presence (µm2). (A-I) An example of selection 
measurement at POI 5. (A) Aluminum, (B) Calcium, (C) Carbon, (D) Iron, (E) Rubidium, 
(F) Magnesium, (G) Manganese, (H) Silicon, (I) Zinc 

B C

D E

A

F
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Results 

Fixing missing POI 

 Some of the specimens were missing points of interest (POI) readings. This is 

because the two-part dactyl claws move independently of each other and sometimes 

dactyl 2 would move to lie on top of dactyl 3 (Figure 3.2). The dactyl claw overlap 

happened before death and could not be corrected without the risk of breaking the dactyl. 

The problem of missing POI readings was resolved by filling in the missing point 

readings with “assumptions”. An assumption was made by taking the minimum of the 

column in a set of samples. For example, in Table 3.1 the highlighted cells represent the 

POI that could not be targeted for EDS and INCA readings because dactyl 2 was 

covering the desired landmarks. Any changes due to the assumptions was negligible but 

necessary in order to run the statistical tests.  
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Table 3.1  
 
ImageJ © calculations (µm) for aluminum, calcium, and carbon taken at a threshold of 
255 with assumptions. The top row represents the landmarks, or points of interest (POI), 
of the dactyl where the SEM image was taken, represented as P1-P12. The columns (from 
left to right) represent: the specimens that were examined, the element targeted by the 
EDM, and the ImageJ © element intensity measurements 
 

  

Statistical analysis 

Target elements vs. threshold test  

The first set of data evaluated contained the measurement readings for each of the 

nine target elements, calculated at a threshold of 255, 192, 128, and 64, and compared to 

each other at POI 1-12 (N=8). This was done with a two-way ANOVA with replication 

(Table 3.2).  

There was a significant difference between elements present at a threshold of 255 

or 0% likelihood that elements are not present (P = 6.4E-07). There was no significant 

difference between the points (P= 0.709) and no significant interaction between the 

different points and the different elements (P=0.976). At a threshold of 192 or 25% 

Neo. borellii Metal P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
2 Al 0 0 0 0.0110 0.0080 0.0075 0 0.0206 0 0 0 0
3 0 0.0040 0 0 0 0.0080 0 0 0 0.0001 0.0100 0.0010
4 0.0080 0.0090 0.0007 0.0020 0.0010 0.0040 0 0.0160 0 0.0010 0.0050 0.0060
6 0.0130 0.1070 0.0070 0.0140 0.0310 0.0250 0 0.0240 0 0.0060 0.0300 0.0200
7 0.0004 0 0.0010 0.0350 0.0010 0.0070 0.0020 0.0450 0 0.0030 0.0170 0.0020
8 0.0180 0.0030 0.0004 0.0020 0.0050 0.0030 0 0.0200 0 0.0010 0.0030 0.0110
9 0.0030 0.0150 0.0010 0.0160 0.0070 0.0007 0 0.0300 0 0.0020 0.0030 0.0020
10 0 0.0010 0.0040 0.0010 0 0.0050 0.0002 0.0090 0 0.0003 0 0.0040
2 C 0.0030 0.0010 0.0002 0.0400 8.3780 0.0060 0.0100 0 0 0.0010 0.0060 0
3 0.0400 0.0600 0.0002 0.0050 0.0060 0.2710 0 0 0.0190 7.7130 0.0190 0.0220
4 0.0440 0.0650 0.0130 0.0130 0.0230 0.0220 0.0220 0.0030 0 0.0130 0 0.0200
6 0.0050 0.0680 0.0110 0.0160 0.0120 0.0060 0 0.0070 0.0040 0.0130 0.0050 0.0080
7 0.0020 0.0290 0.0260 0.0180 0.0210 0.0270 0.0620 0.0120 0.0010 0.0370 0.0220 0.0310
8 0.0620 0.0190 0.0540 0.0160 0.0090 0.0980 0 0.0070 0 0.0440 0.0100 8.3780
9 0.0180 0.0090 0.0700 0.0100 0.0080 0.0310 0 0.0200 0 0.0570 0.0250 0.0160
10 0.4810 0.0470 3.2190 2.4250 0.0050 0.0480 1.6170 0.1080 0 0.0580 0 0.8100
2 Ca 0.0010 0 0 0.0007 0.0009 0 0 0 0 0 0 0
3 0 0.0020 0 0 0 0.0050 0 0 0.0004 0 0.0007 0
4 0.0006 0.0140 0.0002 0 0.0020 0 0.0002 0.0050 0 0.0004 0 0
6 0.0040 0.0030 0 0.0009 0.0020 0.0030 0 0.0120 0 0.0040 0.0090 0.0020
7 0 0 0.0004 0 0 0 0.0009 0.0006 0 0 0.0002 0.0002
8 0 0.0080 0.0004 0.0006 0.0030 0.0004 0 0.0010 0 0 0 0.0004
9 0 0.0004 0.0002 0.0050 0.0010 0.0020 0 0.0004 0 0 0.0002 0.0006
10 0 0.0002 0.0006 0.0002 0.0004 0.0004 0.0002 0 0 0 0 0
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likelihood that elements are not present there was a difference between the elements 

present (P=8.6E-16). There was no significant difference between the points (P= 0.741) 

and no significant interaction between the different points and the different elements 

(P=0.979). There was a significant difference between the elements present at a threshold 

of 128 or 50% likelihood that elements are not present (P = 7.40E-75). There was no 

significant difference between the points (P= 0.098) but a significant interaction between 

the different points and the different elements (P=0.024). At a threshold of 64 or 75% 

likelihood that elements are not present there was a difference between the elements 

present (P=5E-104). There was also a significant difference between the points (P= 

4.80E-7) but no significant interaction between the different points and the different 

elements (P=0.027). 

Table 3.2  
 
P-values from two-way ANOVA for volume (µm2) comparison between presences of the 
nine target elements at each threshold 
 

 
 

 From this point of the paper on, the threshold readings taken at 192, 128, and 64 

were removed from all data tables. For the strongest representation of element presence, 

Threshold Target P-value Significance
255 Between Metals 6.40E-07 YES

BetweenPoints 0.709 NO
Interaction 0.976 NO

192 Between Metals 8.60E-16 YES
BetweenPoints 0.741 NO
Interaction 0.979 NO

128 Between Metals 7.40E-75 YES
BetweenPoints 0.098 NO
Interaction 0.024 YES

64 Between Metals 5.00E-104 YES
BetweenPoints 4.80E-07 YES
Interaction 2.70E-02 YES



45 
 

 

only a threshold reading of 255 was considered and examined because there was a 0% 

likelihood that elements were not present. All other threshold reading had a greater than 

0% likelihood that elements were not present and, after review of the preliminary results 

(Appendix B), these readings were deemed unnecessary for this particular analysis.  

Element vs. element test 

 A one-way ANOVA was performed to test the null hypothesis that there is no 

difference between elements at a threshold of 255 (Table 3.3). The eight individual Neo. 

borellii specimens were used as replications. An average was taken from the 12 POI’s 

measurements. There was a significance found between elements (P= 3.88E-07), 

supporting the target elements vs. threshold test. 

Table 3.3  
 
Measurements (µm) of average element presence in Neo. borellii specimens (N=8) taken 
at a threshold of 255 
  

 

Element binomial test setup 

The second data set examined the presence/absence of elements. This was done 

with a normal approximation to the binomial test using the following equation: 

! = # − %&'
(%&')'

 

where “X” is equal to the number of success’s, “n” is equal to the samples taken, “p0” is 

equal to the probability of success, and “q0” is equal to the complement of “p0”, or 1- p0 

Al C Ca Fe Mg Mn Rb Si Zn
Nb2 0.00393 0.70377 0.00022 0.00003 0.00158 0.00002 0 0.00188 0
Nb3 0.00192 0.67960 0.00068 0 0.00133 0.00002 0.00002 0.00150 0
Nb4 0.00440 0.01983 0.00186 0 0.00636 0.00002 0 0.00636 0.00002
Nb6 0.02308 0.01292 0.00333 0.00011 0.00328 0.00003 0 0.01345 0
Nb7 0.00945 0.02400 0.00019 0.00003 0.00255 0.00005 0 0.00758 0
Nb8 0.00553 0.72475 0.00114 0.00012 0.00383 0.00030 0 0.01000 0.00006
Nb9 0.00665 0.02200 0.00081 0.00108 0.00266 0.00003 0 0.00703 0.00025
Nb10 0.00204 0.73483 0.00015 0 0.00008 0.00000 0 0.01808 0
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(Zar, 2009). The probability of success was measured at 0.5 or 50% because it was 

assumed that the likelihood of element presence was equal to the likelihood of element 

absent. The presence of an element (a reading greater than zero) was represented as 1 and 

absence of an element (a reading or zero or less) was represented as 0. The value of 1 was 

added to represent “X”. A critical value of  !'.'+(-) = 1.9600 was calculated using t-

tables and the following equation: 

!∝(-) = 4∝(-),6 

therefore, the null hypothesis will be rejected if the Z > 1.9600. Z-scores between 1.9600 

and -1.9600 were considered insignificant compared to the mean, and Z < -1.9600 were 

considered to indicate a significant absence of an element. The presence absence tables 

can be seen in Appendix C. 

Twelve POI vs target element binomial test  

 The presence/absence of an element was tallied from measurements taken for 

Neo. borellii at each of the 12 POI’s (N=8) for each of the 9 elements. The Z-scores were 

calculated and are presented in Table 3.4. Aluminum scored Z > 1.9600 at P4, P6, P8, 

P10, and P12, indicating a significant presence, and Z < -1.9600 at P9, indicating a 

significant absence. Calcium scored Z > 1.9600 at none of the POI, and Z < -1.9600 at 

P9, indicating a significant absence. All other POI Z-score values were considered 

insignificant compared to the mean. Carbon scored Z > 1.9600 at P1- P6, P10, and P12, 

indicating a significant presence. Carbon did not score Z < -1.9600 at any POI’s. Iron 

scored Z > 1.9600 at none of the POI, and Z < -1.9600 at P1, P3-P4, P6-P7, and P9-P12, 

indicating a significant absence. Magnesium scored Z > 1.9600 at P12, indicating a 

significant presence and Z < -1.9600 at P9, indicating a significant absence. All other POI 
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Z-score values were considered insignificant compared to the mean. Manganese scored Z 

> 1.9600 at none of the POI’s, and Z < -1.9600 at P1, P3-P6, and P9-P12, indicating a 

significant absence. Rubidium scored Z > 1.9600 at none of the POI’s, and Z < -1.9600 at 

P1-P12, indicating a significant absence. Silicon scored Z > 1.9600 at P-P2, P4-P5, P10, 

and P12, indicating a significant presence, and Z < -1.9600 at P9, indicating a significant 

absence. Zinc scored Z > 1.9600 at none of the POI’s, and Z < -1.9600 at P1-P4, and P9-

P12, indicating a significant absence. The control high for this Z-test was 2.8284, and the 

control low was -2.8284. The control high and low represents the greatest and lowest 

possible Z-score that was possible. 

 When examined from the POI’s, P1 scored Z > 1.9600 at two out of the nine 

target elements, carbon and silicon, indicating a significant presence, and Z < -1.9600 at 

four out of nine target elements, iron, manganese, rubidium, and zinc, indicating a 

significant absence. All other target elements Z-score values were considered 

insignificant compared to the mean. P2 scored Z > 1.9600 at two out of the nine target 

elements, carbon and silicon, indicating a significant presence, and Z < -1.9600 at two out 

of nine target elements, rubidium and zinc, indicating a significant absence. All other 

target elements Z-score values were considered insignificant compared to the mean. P3 

scored Z > 1.9600 at one out of the nine target elements, carbon, indicating a significant 

presence, and Z < -1.9600 at four out of nine target elements, iron, manganese, rubidium, 

and zinc, indicating a significant absence. All other target elements Z-score values were 

considered insignificant compared to the mean. P4 scored Z > 1.9600 at three out of the 

nine target elements, aluminum, carbon, and silicon, indicating a significant presence, 

and Z < -1.9600 at four out of nine target elements, iron, manganese, rubidium, and zinc, 
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indicating a significant absence. All other target elements Z-score values were considered 

insignificant compared to the mean. P5 scored Z > 1.9600 at two out of the nine target 

elements, carbon and silicon, indicating a significant presence, and Z < -1.9600 at two out 

of nine target elements, manganese and rubidium, indicating a significant absence. All 

other target elements Z-score values were considered insignificant compared to the mean. 

P6 scored Z > 1.9600 at two out of the nine target elements, aluminum and carbon, 

indicating a significant presence, and Z < -1.9600 at four out of nine target elements, 

iron, manganese, rubidium, and zinc, indicating a significant absence. All other target 

elements Z-score values were considered insignificant compared to the mean. P7 scored 

Z > 1.9600 at none of the nine target elements, and Z < -1.9600 at three out of nine target 

elements, iron, rubidium, and zinc, indicating a significant absence. All other target 

elements Z-score values were considered insignificant compared to the mean. P8 scored 

Z > 1.9600 at one out of the nine target elements, aluminum, indicating a significant 

presence, and Z < -1.9600 at two out of nine target elements, rubidium and zinc, 

indicating a significant absence. All other target elements Z-score values were considered 

insignificant compared to the mean. P9 scored Z > 1.9600 at none of the nine target 

elements, and Z < -1.9600 at eight out of nine target elements, all except for carbon, 

indicating a significant absence. P10 scored Z > 1.9600 at three out of the nine target 

elements, aluminum, carbon, and silicon, indicating a significant presence, and Z < -

1.9600 at four out of nine target elements, iron, manganese, rubidium, and zinc, 

indicating a significant absence. All other target elements Z-score values were considered 

insignificant compared to the mean. P11 scored Z > 1.9600 at none of the nine target 

elements, and Z < -1.9600 at four out of nine target elements, iron, manganese, rubidium, 
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and zinc, indicating a significant absence. All other target elements Z-score values were 

considered insignificant compared to the mean. P12 scored Z > 1.9600 at four out of the 

nine target elements, aluminum, carbon, magnesium, and silicon, indicating a significant 

presence, and Z < -1.9600 at four out of nine target elements, iron, manganese, rubidium, 

and zinc, indicating a significant absence.  

Table 3.4  
 
Z-Scores for the presence of target elements measured at each of the 12 dactyl POI’s 
(N=8) 
 

 

Target element binomial test  

The presence/absence of an element was tallied from measurements taken for 

Neo. borellii for each element (N=96). The Z-scores were calculated and are presented in 

Table 3.5. Aluminum, carbon, and silicon densities had a Z > 1.9600, indicating a 

significant presence. Aluminum presence was Z= 3.87836, carbon presence was Z= 

6.94022, and silicon presence was Z= 4.69486. Calcium and magnesium Z-score values 

were considered insignificant compared to the mean. Iron, manganese, rubidium, and 

zinc had Z < -1.9600, indicating a significant absence. Iron presence was Z= -7.1443, 

manganese presence was Z= -6.3278, rubidium presence was Z= -9.5938, and zinc 

presence was Z= -9.1856. The control high was Z= 9.79796 and the control low was -

9.7996. The control high and low represents the greatest and lowest possible Z-score that 

was possible. 

Select MetalsP1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
AL 0.70711 1.41421 1.41421 2.12132 1.41421 2.82843 -1.4142 2.12132 -2.8284 2.12132 1.41421 2.12132
C 2.82843 2.82843 2.82843 2.82843 2.82843 2.82843 0 1.41421 -0.7071 2.82843 1.41421 2.12132
CA -0.7071 1.41421 0.70711 0.70711 1.41421 0.70711 -0.7071 0.70711 -2.1213 -1.4142 0 0.70711
FE -2.8284 -1.4142 -2.1213 -2.1213 -1.4142 -2.8284 -2.1213 -0.7071 -2.8284 -2.1213 -2.1213 -2.1213
MG 0 1.41421 1.41421 1.41421 -0.7071 1.41421 -1.4142 1.41421 -2.8284 0.70711 0.70711 2.12132
MN -2.1213 -1.4142 -2.1213 -2.1213 -2.1213 -2.1213 0 0 -2.8284 -2.1213 -2.8284 -2.1213
RB -2.8284 -2.8284 -2.8284 -2.8284 -2.8284 -2.1213 -2.8284 -2.8284 -2.8284 -2.8284 -2.8284 -2.8284
SI 2.12132 2.12132 1.41421 2.12132 2.12132 1.41421 0 1.41421 -2.1213 2.82843 0.70711 2.12132
ZN -2.8284 -2.8284 -2.8284 -2.8284 -1.4142 -2.8284 -2.8284 -2.8284 -2.8284 -2.8284 -2.1213 -2.8284
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Table 3.5  
 
Z-Scores for presence of each target element (N=96) 

 
 

POI binomial test  

The presence/absence of an element was tallied from measurements taken for 

Neo. borellii for the overall elements at each POI (N=72). The Z-scores were calculated 

and are presented in Table 3.6. None of the POI scored Z > 1.9600, P7 and P9 scored Z < 

-1.9600, indicating a significant absence (P7 Z= -3.7712, and P9 Z= -7.3068). All other 

POI Z-score values were considered insignificant compared to the mean. The control 

high was Z= 8.48528, and the control low was -8.48528. The control high and low 

represents the greatest and lowest possible Z-score that was possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Select Metals Presence Z-Score
AL 67 3.87836
C 82 6.94022
CA 50 0.40825
FE 13 -7.1443
MG 56 1.63299
MN 17 -6.3278
RB 1 -9.5938
SI 71 4.69486
ZN 3 -9.1856
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Table 3.6  
 
Z-score from overall elements at each POI (N=72) 
 

 
 

Element vs. specimen mean POI test 

A one-way ANOVA was performed to determine if there was a significant 

difference between the specimen tibias that were evaluated, with the POI’s data averaged 

(Table 3.7). There was no significant difference (P=0.81195) found between the 

specimens. 

Table 3.7  
 
Elemental measurement readings (µm) when the point of interest data is averaged for 
each Neo. borellii specimen 
  

 

POI Presence Z-Score
P1 28 -1.8856
P2 37 0.2357
P3 33 -0.7071
P4 35 -0.2357
P5 35 -0.2357
P6 35 -0.2357
P7 20 -3.7712
P8 37 0.2357
P9 5 -7.3068
P10 32 -0.9428
P11 28 -1.8856
P12 35 -0.2357

Nb2 Nb3 Nb4 Nb6 Nb7 Nb8 Nb9 Nb10
Al 0.0039255 0.0019238 0.0043953 0.023083 0.009447658 0.005530992 0.006645 0.002041992
C 0.7037655 0.6795988 0.0198333 0.012917 0.024 0.72475 0.022 0.734833333
Ca 0.0002228 0.0006763 0.0018585 0.003327 0.000185967 0.001139467 0.000806 0.000154975
Fe 0.000031 0 0 0.000114 0.000031 0.000123975 0.001077 0
Mg 0.0015833 0.0013275 0.0063643 0.003275 0.002550283 0.003833333 0.002661 7.74917E-05
Mn 0.0000155 0.0000155 0.0000155 0.000031 4.64917E-05 0.0002965 0.000031 0
Rb 0 0.0000155 0 0 0 0 0 0
Si 0.0018798 0.0015 0.0063643 0.013448 0.007583333 0.01 0.007025 0.018083333
Zn 0 0 0.0000155 0 0 6.19833E-05 0.00025 0
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POI volume tests 

Since there was no significant difference between the specimens, an average 

volume (µm2) of elemental presence was taken within the Neo. borellii specimens (N=8) 

for each of the 12 POI’s shown in Figure 3.2. With these calculations, three examinations 

were made: the mean volume of element occurrence between P1-P6 (D1-D2), the mean 

volume of element occurrence between P7-P12 (D3-D4), and the overall mean volume of 

element occurrence (Table 3.8). POI’s 1-6 and 7-12 were grouped because of the two-

part dactyl of Neo. borellii. The first six POI’s are found on the large main, two-bladed 

claw on the interior side of the tibia. The second group of POI’s are found on the smaller, 

two-bladed claw on the exterior side of the tibia. 

Table 3.8  
 
Mean volume, range, and standard error (µm2) of element occurrence at a threshold of 
255, or 0% chance that an element is not present, measures at POI 1-6, POI 7-12, and 
POI 1-12 
 

 
 

Mean volume comparisons graphed 

The Mean volume and standard error of POI 1-6, POI 7-12, and POI 1-12 were 

graphed and compared (Figure 3.5 and 3.6). 

TH 255 P1-P6 P7-P12 OVERALL TH 255 P1-P6 P7-P12 OVERALL TH 255 P1-P6 P7-P12 OVERALL
AL 8.12E-03 6.13E-03 7.12E-03 AL 1.56E-02 2.06E-02 2.06E-02 AL 2.17E-03 3.19E-03 1.86E-03
C 3.30E-01 4.00E-01 3.65E-01 C 1.02E+00 1.16E+00 1.16E+00 C 1.59E-01 1.29E-01 1.29E-01
CA 1.30E-03 7.96E-04 1.05E-03 CA 3.24E-03 2.32E-03 3.40E-03 CA 4.59E-04 3.59E-04 2.88E-04
FE 2.89E-04 5.57E-05 1.72E-04 FE 1.57E-03 2.41E-04 1.57E-03 FE 2.57E-04 3.73E-05 1.29E-04
MG 2.51E-03 2.91E-03 2.71E-03 MG 1.50E-03 1.20E-02 1.20E-02 MG 2.79E-04 1.86E-03 9.00E-04
MN 8.19E-05 3.10E-05 5.64E-05 MN 3.75E-04 1.39E-04 3.75E-04 MN 5.89E-05 2.22E-05 3.10E-05
RB 3.88E-06 0.00E+00 1.94E-06 RB 2.33E-05 0.00E+00 2.33E-05 RB 3.88E-06 0.00E+00 1.94E-06
SI 9.31E-03 7.17E-03 8.24E-03 SI 1.16E-02 2.07E-02 2.07E-02 SI 1.87E-03 3.00E-03 1.72E-03
ZN 1.94E-05 6.25E-05 4.09E-05 ZN 1.16E-04 3.75E-04 3.75E-04 ZN 1.94E-05 6.25E-05 3.19E-05

Mean Range Standard Error
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Figure 3.5. Mean volume of element present compared between POI 1-6, POI 7-12 and 
overall POI 1-12 at the threshold of 255, or 0% chance that the element is not present 
 

 
Figure 3.6. Standard error of element present compared between POI 1-6, POI 7-12, and 
POI 1-12 at the threshold of 255, or 0% chance that the element is not present 
 
Mean volume comparisons without carbon  

Because the control, carbon, was present in such a high volume compared to the 

other eight elements, it was removed from the data table (Table 3.9) and the remaining 

element volumes were graphed (Figure 3.7 and 3.8). 
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Table 3.9  
 
Mean volume and standard error (µm2) of element occurrence at a threshold of 255, or 
0% chance that an element is not present, measures at POI 1-6, POI 7-12, and POI 1-12, 
without the carbon control values 
 

 

 
Figure 3.7. Mean volume of element presence, without carbon control, compared 
between POI 1-6, POI 7-12 and overall POI 1-12 at the threshold of 255, or 0% chance 
that an element is not present 
 

0% P1-P6 P7-P12 OVERALL 0% P1-P6 P7-P12 OVERALL
AL 8.12E-03 6.13E-03 7.12E-03 AL 2.17E-03 3.19E-03 1.86E-03
CA 1.30E-03 7.96E-04 1.05E-03 CA 4.59E-04 3.59E-04 2.88E-04
FE 2.89E-04 5.57E-05 1.72E-04 FE 2.57E-04 3.73E-05 1.29E-04
MG 2.51E-03 2.91E-03 2.71E-03 MG 2.79E-04 1.86E-03 9.00E-04
MN 8.19E-05 3.10E-05 5.64E-05 MN 5.89E-05 2.22E-05 3.10E-05
RB 3.88E-06 0.00E+00 1.94E-06 RB 3.88E-06 0.00E+00 1.94E-06
SI 9.31E-03 7.17E-03 8.24E-03 SI 1.87E-03 3.00E-03 1.72E-03
ZN 1.94E-05 6.25E-05 4.09E-05 ZN 1.94E-05 6.25E-05 3.19E-05

Standard Error  with out CarbonMean with out Carbon

0.00E+00
2.00E-03
4.00E-03
6.00E-03
8.00E-03
1.00E-02

AL CA FE MG MN RB SI ZN

Mean volume (µm2) of element presence at a threshold of 
255 without the control

P1-P6 P7-P12 OVERALL
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Figure 3.8. Standard error of element presence, without carbon control, compared 
between POI 1-6, POI 7-12, and POI 1-12 at the threshold of 255, or 0% chance that an 
element is not present 
 
POI’s vs element test 

A one-way ANOVA was used to determine if the POI’s were significantly 

different from each other if looked at as individual samples rather than grouping them. 

For example, P1 vs P2 vs P3, etc., instead of P1-6 vs P7-12, etc. A separate area of 

variance was calculated for each element (Table 3.10). Only the aluminum readings 

indicated that there was a significance presence (P=0.04226) between each point. The P-

value for carbon readings indicated that there was an insignificance presence (P=0.72974) 

between each point. The P-value for calcium indicated that there was an insignificance 

presence (P=0.16016) between each point. The iron readings indicated that there was an 

insignificance presence (P=0.40648). The P-value for manganese indicated that there was 

an insignificance presence (P=0.07340) between each point. The magnesium readings 

indicated that there was an insignificance presence (P=0.51746). The P-value for 

rubidium indicated that there was an insignificance presence (P=0.72974) between each 

point. The silicon readings indicated that there was an insignificance presence 

0.00E+00

2.00E-03

4.00E-03

6.00E-03

8.00E-03

AL CA FE MG MN RB SI ZN

Standard error of element presence at a threshold of 255 
without the control

P1-P6 P7-P12 OVERALL
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(P=0.12259). The P-value for zinc indicated that there was an insignificance presence 

(P=0.47100) between each point. 

Table 3.10  
 
P-value results for a one-way ANOVA measuring the significance between the points of 
interest along the dactyl 
 

 
 
Discussion 

There was a significant difference in elemental presence when measurements 

were compared against each other at each threshold (255, 192, 128, and 63). To reduce 

the likelihood that the measured pixels were not present due to residual electronic noise 

or charging, only the threshold of 255, or 0% likelihood no metal was present, was 

examined. The target elements were present in different quantities. 

The most predominant element was carbon. This was expected because of the 

abundance of carbon-binding found throughout all organisms. Carbon was expected to be 

present in high quantities because of chitin, the chains of nitrogenous polysaccharide 

sugar rings of N-acetyl-glucosamine, which are the primary component of the insect 

cuticle (Moussian, 2010). This was also the reason carbon was chosen as the control.  

The mean volume comparisons without carbon show that aluminum and silicon 

were present in a higher volume than the other elements. This could have been be due to 

P-value Significance
Aluminum 0.04226 YES
Carbon 0.72974 NO
Calcium 0.16016 NO
Iron 0.40648 NO
Manganese 0.07340 NO
Magnesium 0.51746 NO
Rubidium 0.45351 NO
Silicon 0.12259 NO
Zinc 0.47100 NO
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the fact that these are common soil elements. The presence of aluminum and/or silicon 

could also add to the cuticular hardness that the dactyl exhibits. To better understand the 

role of cuticular hardness, a comparison made between an area of the body without 

increased sclerotization, such as the pleurites, and the highly sclerotized dactyl should be 

performed. This comparison would help to determine what impact the presence of 

elements on cuticular hardening.  

If the presence of elements in the soil was the reason for the elemental presence in 

the dactyl, then one would expect the volume of rubidium to be much higher. Rubidium 

is a soft element that is commonly found in many soil types but would likely not aid in 

cuticular hardening. Rubidium was added to the selected target elements because 

preliminary examination of the dactyl, using SEM and EDS, which found rubidium to be 

present in a higher than expected quantity. The rubidium measurements and data set did 

not completely eliminate rubidium from interest but the presence volume was so low its 

occurrence may be negligible noise, or component of a mineral compound.  

Magnesium was the fourth most abundant element, after carbon, aluminum, and 

silicon. It is possible that the presence of magnesium is strengthening the cuticle. 

However, it is present in a very low quantity and may only be a byproduct of diet. Clark 

(1958) describes the importance of magnesium for the maintenance and stability of 

certain intercellular matrices and suggests that it is almost as common as carbon in 

insects. With the current data, it is not possible to determine whether or not the presence 

of magnesium is increasing the cuticular hardness. Magnesium was constantly considered 

insignificant compared to the mean at all POI, except in one instance at P9 and P12. At 

P9 is was considered significantly absent and P12 it was considered significantly present. 
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Because magnesium is often considered an important element (Clark, 1958), it should be 

reevaluated in future studies. 

The levels of manganese varied between tests but its volume was abundant 

enough in the preliminary tests that its presence should be examined further. This is not a 

prevalent soil element, like many of the others, and could be providing some sort of 

increase in structural integrity to the cutting edge of the dactyl. Manganese, zinc, and iron 

are common element ions that are found in cuticle and are mentioned throughout the 

literature as being a component that increases cuticular hardening (Cribb et al., 2008; 

Hillerton and Vincent 1982; Fawke et al., 1997; Hillerton et al., 1984; Schofield, 2005; 

Schofield and Lefevre 1989; Vincent and Wegst, 2004; Quicke et al., 1998). The 

presence of these elements could be merely structural. In order to determine if the 

presence of manganese, iron, and zinc is increasing the cuticular hardness further 

examination is necessary.  

Calcium levels were as low as expected. The presence of increased quantities of 

calcium to the cuticle, called biomineralization, in the form of calcium carbonate is 

predominantly seen in crustaceans (Chen et al., 2008) and some insect larvae (Clark, 

1958). Calcium was constantly considered insignificant compared to the mean at all POI, 

except in one instance at P9, where it was considered significantly absent. It is safe to say 

that calcium in not present at a significant level and can be disregarded as an element that 

is increasing the hardness of the cuticle.  

The two-dactyl blade may affect metal presence and quantity. The larger, interior 

set of claws had more biomineralization and biometallization than the smaller, exterior 

claw. This could be due to the mechanical requirements exhibited by the elaborate 
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digging morphology. Kidd (1833) described how the larger claws cuts through the soil, 

while the smaller claws cut through fibrous roots within the soil and clear the soil away 

from the main claws. It is possible that the environmental pressures upon the larger, main 

claws influence more elemental accumulation to increase hardness.  

Upon review of the metal found along the points of interest, the measurements at 

P7, P9, and P11 should also be reevaluated. Neither of these points indicated the presence 

of any element, not even carbon. Since carbon was selected as the control, there should 

have been some traces of carbon seen at every POI. P7 and P9 had the most assumptions 

and P7 and P11 provided the fewest significant presence/absence measurements. This is 

likely because many of the measurements were assumed replicates. All three of these 

points are found between D3 and D4, the smaller two-bladed claw which sits under the 

main, two-bladed claw. These points were often hard to see, and it was hard to keep the 

POI’s consistent if they were not completely concealed behind D2. SEM and EDS 

analysis of the external vs. internal dactyls would allow for further examination of 

elemental variation. 

There was not a significant difference between specimens examined. This was 

important to determine because it suggests that there is a reliable consistency between 

specimens. Though all of the specimens are of the same species, many of them were 

collected from different locations, even different states (Texas and Mississippi). It would 

be interesting to compare Neo. borellii specimens from South America to those collected 

and examined from North America. This additional comparison would determine if 

geographic distribution influences elemental accumulation. 
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Quicke et al. (1998) described how biomineralization is most likely an 

environmental byproduct or an accumulation through dietary means that is replaced after 

each molt until adulthood. In order to determine the true significance of elemental 

presence, images of another area of Neo. borellii should be taken. An additional 

comparison should be done between a sclerotized dactyl blade and a non-sclerotized area, 

such as the pleurites, and then compared the elemental presence and POI readings. This 

would provide more accurate data. 

Neoscapteriscus borellii prefers Acrisols, Luvisols, Podzols, and Vertisol soils. 

Each of these soil types make up between 2.7% to 8% continental land area (based on 

world land area percentages provided by Encyclopedia Britannica, 2018). Many of these 

soils are hard, heavy in clay, humus, contain aluminum and iron metal oxides, and 

calcium minerals. Acrisols, Podzols, and Vertisol soils are not often managed for 

agricultural purposes because only acid tolerant crops will grow in them. Luvisols are 

high in sodium, magnesium, calcium, and iron, as well as plant nutrient, making these 

soils suitable for husbandry such as grains, orchards, and vineyards (Encyclopedia 

Britannica, 2018). The metals and minerals in the soil could account for the high levels 

found in the dactyl blades. It would be interesting to compare the elemental levels of Neo. 

borellii to those of a species found in less aluminum rich soils, such as Gryllotalpa 

major, who do not prefer aluminum rich soils. Almost all of the soils preferred by the 

Gryllotalpidae species examined in chapter two contain high levels of one or more of the 

following: aluminum, calcium, iron, magnesium. 

All in all, one can say with confidence that there are elements present along the 

cutting edge of the fossorial foreleg. The data did collectively reject the null hypothesis. 
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One could suggest that the presence of the examined elements aid in the increased 

hardness of the cuticle. However, there was not enough data at this time to explain the 

significance of the elemental presence.  It is possible that the elemental presence is only 

there as a side effect of the mole crickets soil dwelling life style. A multi-species 

comparison analysis, a sclerotized vs. unsclerotized cuticle analysis, and a closer analysis 

of threshold differentiation is required in order to gain a clearer understanding as to what 

is happening in this modified digging claw.    
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CHAPTER IV 

Examination of the cuticular thickening of the legs of the prothorax, mesothorax, 

and metathorax legs 

Introduction 

The insect integument is made up of an epidermal layer and a cuticular layer. The 

cuticle is arguably one of the most important and complex organs of the insect body. It 

provides the insect with its shape and structural integrity, its water proofing and wear 

resistance, and its means of locomotion and flight. The cuticle also acts as an 

environmental barrier against external antagonists such as parasites or disease (Vincent 

and Wegst, 2004). The cuticle is produced by the epidermis and is renewed after each 

molt, or after the later stages of metamorphosis. Sclerotization, or the hardening of the 

exoskeleton by the cross linking of cuticle components, and melanization, or tanning, of 

the cuticle, provides the structure and stability of all cuticle layers (Moussian, 2010).  

The insect cuticle contains unidirectional chitin nanofibers in a protein matrix, 

metal ions, lipids, calcium carbonate, and water (Chen et al., 2002; Moussian, 2010; 

Vincent and Wegst, 2004). The cuticle is comprised of multiple layers: the epicuticle and 

the procuticle, or the exocuticle and the endocuticle (Figure 4.1). The epicuticle is 

typically between 0.1-0.3µm thick and is predominantly made up of wax, lipids, and 

protein (Chen et al., 2002). The procuticle is approximately 10-100µm thick (Chen et al., 

2002), but can be as thick as 200µm in areas like the elytra, and as thin as 1µm in areas 

like the gills or hind gut (Vincent and Wegst, 2004). The horizontal lamina sheets, 

stacked parallel to each other, contain anti-parallel chitin fibers providing much of the 

structural and mechanical stability exhibited by the procuticle (Moussian, 2010). 
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Figure 4.1. The multiple layers that make up the insect integument  
 

There is still much about the cuticular matrix that we do not fully understand. 

Metallization or increased mineralization is not the only reason for increased hardness 

that is exhibited by the cuticle. This realization bore a number of research projects that 

focused on cuticle composition and hardness measurement analysis of the arthropod 

cuticle. Increased hardening is seen in mandibles, mouth hooks, ovipositor, and claws of 

arthropods (Cribb et al., 2008; Hillerton and Vincent, 1982; Hillerton et al., 1984; 

Schofield and Lefevre, 1989; Quicke et al., 1998). Thickening is found in areas that 

require an extreme degree of hardening due to physical demand on the body part usually 

due to the arthropod performing repetitious actions or environmental pressures.  Yigit and 

Benli (2010) showed that the stinger of a venomous scorpion, Euscorpius mingrelicus 

(Scorpiones, Euscorpiidae) has a great degree of thickening in both the endocuticle and 

exocuticle. When examined, they found that the endocuticle was thicker than the telson 

(i.e. the structure containing the venom gland and the stinger), and that the exocuticle was 

composed of alternating layers. These combined attributes could account for the 
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hardening of the stinger, and help explain the reduction of abrasive wear caused by the 

repetitive mechanical behavior performed by this organ during the stinging event. 

The morphology of the Gryllotalpidae foreleg varies between genera and species. 

Gryllotalpa, Gryllotalpella (Cadena- Castaneda, 2015), and Neocurtilla have a tibia with 

a dactyl made up of a large, fixed, claw with four blades and a small, moving, claw with 

two blades. Triamescaptor aotea has a dactyl with a large, fixed, claw with three blades 

and a small, moving, claw with two blades. Scapteriscus (Cadena- Castaneda, 2015) and 

Neoscapteriscus have a dactyl with a large, fixed, claw with two blades and a small, 

moving, claw with two blades. Gryllotalpidae tibias and dactyls also vary in overall size, 

shape, blade length, the spaces between the blades, and the density of hairs present. 

Pictures of the prothoracic legs of each specimen examined can be found in Appendix D. 

This chapter compares cross sections of the tibia of mole crickets to characterize 

cuticular morphology in the fossorial legs of the prothorax of different species and 

between the tibia of the prothorax, mesothorax, and metathorax of a single individual. 

Increased cuticular width and area could be an explanation of increased hardening of the 

fossorial foreleg of Gryllotalpidae.  

H3: Cuticular thickenings exist in the fossorial legs of the prothorax of 

Gryllotalpidae. 

H03: Cuticular thickenings does not exist in the fossorial legs of the prothorax of 

Gryllotalpidae. 

P3: Varying degrees of cuticular thickening will be found along the fossorial legs 

of the prothorax and may vary by species. 
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Test: Histological cross sectioning methods were used to characterize cuticular 

morphology in the fossorial legs of the prothorax of different species and between 

the legs of the prothorax, mesothorax, and metathorax of a single individual. 

Measurements taken of the cuticular width will determine the nature of the cuticle 

as an explanation of increased hardening. 

Methods 

Specimen collection 

Field collection and museum loans were used to acquire the specimens necessary 

for analysis. Neoscapteriscus borellii and Neo. vicinus were collected locally. A number 

of soil extraction techniques and hand collections (listed and described in chapter 3). 

Field collected specimens were stored in individual plastic containers filled with lightly 

moistened soil as a method of transport. No more than three individuals were placed in 

each container. Different species were stored separately. At the earliest opportunity the 

crickets were removed from the soil and frozen. Once dead, the individuals were pinned 

and dried until further preparation was required (further preparation varied based on 

desired method of analysis). Gryllotalpa africana, G. australis, G. gryllotalpa, G. major, 

G. pluvialis, Neocurtilla hexadactyla and Triamescaptor aotea were obtained through 

museum and university loans. Other individuals of this family could not be found or 

obtained but were found unnecessary as the above mentioned species provided a good 

base line for geographic distribution and morphological examples of the foreleg of the 

prothorax.  
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Specimen and material preparation 

 Histological cross sectioning was used to examine the cuticle width in the tibia of 

the leg of the prothorax, mesothorax, and metathorax. Fresh specimens and older, dried 

specimens were separated. Fresh specimens were stored in 70% ethanol until needed and 

older specimens were washed, first in water then in 70% ethanol, and left to dry. 

Traditional histological methods of fixing, staining, processing, embedding and 

sectioning were not successful when attempted on the prothorax, mesothorax, and 

metathorax legs. The cuticle was either too hard, weakened during processing, or the 

successfully sliced sections would not adhere to the microscope slides. Histological 

methods that were tried are detailed in Appendix E. Traditional histological methods did 

not work and an original technique of examination was established.  

Custom molds were made by cutting 2.54cm wide PVC pipe into 0.635-1.27cm 

inch tall pieces. Clear packing tape was placed across one side. This provided a sticky 

surface that kept the legs in place during the remainder of the mold preparations. On the 

non-adhesive side of the tape, a straight line was drawn to indicate where the future cut 

should be. This line also allowed for some standardization of leg placement between the 

molds, to reduce variability. 

Specimen embedding 

A dissection was made below the coxa of each leg on the right-hand side of each 

specimen. Specimens that were stored in 70% ethanol were gradually dehydrated in 

ethanol in an ascending graded series from 70% to 100% for three minutes each and then 

in a second graduated series from 100% ethanol to 100% xylene. The legs were placed 

into a warm paraffin bath at approximately 30°Celsius for 12-14 hours. This step was 
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used to fill any and all open cavities on the inside of the legs with paraffin wax. The legs 

were placed in the molds, placing the middle of the tibia along the pre-drawn line. Mid 

and hind legs of each specimen were placed in a mold together, and all forelegs were 

placed in molds of their own. EpoFix epoxy was mixed and pored slowly into the molds. 

Epoxy was added until the legs were fully covered. The epoxy was left undisturbed for 12 

hours or until dry. 

Specimen sectioning and image capture 

Once dry, the molds were cut along the pre-drawn line with a table saw equipped 

with a diamond blade (Figure 4.2). Fine tune sanding was done with a diamond sander to 

insure that the cross section was at mid-tibia. The part of the mold containing the tarsi 

were set aside. The part of the mold containing the majority of the leg was saved for 

imaging. An Olypus DP72 camera attached to an Olypus SZX16 dissecting microscope, 

was used to capture digital images of the specimens after sectioning. CellSence© was 

used to take pictures of the prothoracic, mesothoracic, and metathoracic leg molds. Scale 

bars were set and burned to images as needed. Molds were photographed lying flat, 

providing an inside ventral view of the legs. The molds were then rotated to provide an 

anterior view of the leg, and photographed. Xylene was added slowly, as needed, to get a 

clearer image of the cut cross-section, allowed for the outer cuticle to become more 

visible. Photographs were taken before and after the introduction of xylene. The images 

were saved for later measurements.  
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Figure 4.2. Interior lateral view of the right leg of the prothorax of Neoscapteriscus 
borellii cut down the middle of the tibia. Dashed lines indicate the location where the 
mold was cut 
 
Cuticular measurements 

CellSence© draw tools were used to analyze and measure the physical attributes 

of the outer cuticle located along the mid-tibia in order to compare the overall thickness 

of the cuticle. Cuticular comparisons were made between the fossorial foreleg of the 

prothorax to that of the legs of the mesothorax and metathorax of a specimen. Species to 

species comparisons were also made. This was done by performed two tests. The first test 

calculated area of cuticle at the cross section. From the anterior view of the leg slice, the 

overall area of the leg slice was measured (A1) and the area of the structure, leg slice, 

without the cuticle was measured (A2). With these dimensions, the area of the cuticle was 

calculated (Ac). With this determined, the percentage (%C) of viewable cuticle was 

calculated.  

A1- A2=Ac Ac/ A1= %C 

 The second test analyzed the width of the cuticle cross section. In the anterior 

view of the structure, an “area” circle was drawn. This circle represented the leg slice that 

was in view. Eight points that intersected this circle (four sets of parallel points) were 

Interior lateral view- Neo. borellii 
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then created. This allowed the points to be standardized and replicated without having to 

do exact measurements along the circle of each leg. At each intersecting line a point was 

created (P1- P8) and the width of the cuticle was measured at each point. With these 

measurements the Average, Range, and Standard Error was calculated. Both tests were 

performed on the leg of the prothorax, mesothorax, and metathorax of the following 

species: Gryllotalpa africana, G. austrialis, G. gryllotalpa, G. major, G. pluvialis, 

Neocurtilla hexadactyla, Neoscapteriscus borellii, Neo. vicinus, and Triamescaptor 

aotea. All measurements were entered into a spread sheet and one-way ANOVA’s were 

performed. 

Results  

Percentage of cuticle vs. species 

 The percent of cuticle that made up the examined slice area of the legs of the 

prothorax, mesothorax and metathorax of Gryllotalpa africana, G. austrialis, G. 

gryllotalpa, G. major, G. pluvialis, Neocurtilla hexadactyla, Neoscapteriscus borellii, 

Neo. vicinus, and Triamescaptor aotea species were examined using a one-way ANOVA. 

An example of measurements performed to determine the percent area that is comprised 

of cuticle along the sliced area of the prothorax, mesothorax and metathorax legs of 

Gryllotalpa africana can be seen in Figure 4.3. 
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Figure 4.3 Measurements taken on the percent of area that is comprised of cuticle in the 
tibia cross-section of the examined legs of Gryllotalpa africana. (A) Prothoracic tibia 
analysis (B) Mesothoracic tibia analysis (C) Metathoracic tibia analysis 

 
B C 

A 
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Gryllotalpa africana analysis (N=6) showed that the examined area of the tibial 

slice in the foreleg was comprised of an average of 66.525% cuticle, while the midleg 

area was made up of an average of 21.705% cuticle and the hind leg area was made up of 

24.764% cuticle (Table 4.1). There was a significant difference in cuticle percentage 

between the legs of the pro, mesa, and metathorax when compared (P= 2.07E-6). 

Table 4.1  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Gryllotalpa africana 
 

 
 

Gryllotalpa austrialis analysis (N=4) showed that the examined area of the slice 

in the foreleg was comprised of an average of 73.844% cuticle, while the midleg 

examination sight was made up of an average of 32.208% and the hind leg was made up 

of 25.395% cuticle (Table 4.2). There was a significant difference in cuticle width 

between the three legs (P= 5.334E-5). 

 

 

 

 

 

 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 62.844 20.072 25.438
2 53.556 26.903 22.585
3 69.396 18.887 18.642
5 64.642 10.557 25.665
6 82.186 32.106 31.488

AVG 66.525 21.705 24.764
RANGE 28.630 21.549 12.846
STND ERROR 4.684 3.675 2.106
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Table 4.2 
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Gryllotalpa austrialis 
 

 

Gryllotalpa gryllotalpa analysis (N=4) showed that the examined area of the tibia 

of the prothorax was comprised of an average of 77.020% cuticle, while the midleg area 

was made up of 24.406% cuticle and the hind leg area was made up of 46.925% cuticle 

(Table 4.3). There was a significant difference in cuticle width when the three legs were 

compared (P= 0.008). 

Table 4.3  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Gryllotalpa gryllotalpa 
 

 

Gryllotalpa major analysis (N=5) showed that the examined area of the tibia in 

the foreleg was comprised of an average of 71.236% cuticle, while the midleg area was 

made up 27.880% cuticle and the hind leg area was made up of 40.221% cuticle (Table 

4.4). There was no significant difference in cuticle width when the three legs were 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 73.844 21.085 29.531
2 75.574 24.800 31.429
3 79.347 47.651 18.035
4 63.772 35.296 22.583

AVG 73.134 32.208 25.395
RANGE 15.575 26.566 13.394
STND ERROR 3.325 5.962 3.104

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 74.426 24.590 21.416
2 80.691 21.852 91.723
3 83.676 27.263 40.113
4 69.287 23.919 34.447

AVG 77.020 24.406 46.925
RANGE 14.389 5.411 70.307
STND ERROR 3.219 1.116 15.437
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compared (P= 0.017). The percent cuticle of the front leg for specimen one and two were 

not used in the ANOVA, N=3, but was used when determining the overall average, range, 

and standard error. 

Table 4.4  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Gryllotalpa major 
 

 

Gryllotalpa pluvialis analysis (N=3) showed that the examined area of the slice in 

the foreleg was comprised of an average of 52.321% cuticle, while the midleg 

examination sight was made up 22.744% and the hind leg was made up of 18.236% 

cuticle (Table 4.5). There was no significant difference in cuticle width between the three 

legs (P= 0.009427). 

Table 4.5  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Gryllotalpa pluvialis 
 

 
 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 79.256 - -
2 69.996 - -
3 68.427 23.314 42.816
4 62.424 27.790 18.950
5 76.080 32.537 58.897

AVG 71.236 27.880 40.221
RANGE 16.832 9.223 39.946
STND ERROR 2.957 2.663 11.604

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 37.931 23.539 15.537
2 54.763 14.392 14.261
3 64.269 30.300 24.909

AVG 52.321 22.744 18.236
RANGE 26.339 15.908 10.648
STND ERROR 7.701 4.610 3.357
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Neocurtilla hexadactyla analysis (N=6) showed that the examined area of the 

slice in the foreleg was comprised of an average of 61.049% cuticle, while the midleg 

examination sight was made up 29.206% and the hind leg was made up of 20.949% 

cuticle (Table 4.6). There was no significant difference in cuticle width between the three 

legs (P= 0.0004). 

Table 4.6  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Neocurtilla hexadactyla 
 

 
 

The Neoscapteriscus borellii analysis (N=7) showed that the examined area of the 

slice in the foreleg was comprised of an average of 57.442% cuticle, while the midleg 

examination sight was made up 36.971% and the hind leg was made up of 36.801% 

cuticle (Table 4.7). There was a significant difference in cuticle width between the three 

legs (P= 0.0184). 

 

 

 

 

 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 25.051 39.441 16.366
2 68.775 15.587 17.299
3 71.032 43.660 30.939
4 69.910 28.167 15.754
5 55.086 13.154 13.498
11 76.442 35.227 31.837

AVG 61.049 29.206 20.949
RANGE 51.392 30.505 18.339
STND ERROR 7.759 8.740 4.710
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Table 4.7  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Neoscapteriscus borellii 

 

The Neoscapteriscus vicinus analysis (N=7) showed that the examined area of the 

slice in the foreleg was comprised of an average of 55.613% cuticle, while the midleg 

examination sight was made up 29.946% and the hind leg was made up of 35.039% 

cuticle (Table 4.8). There was a significant difference in cuticle width between the three 

legs (P= 0.004). 

Table 4.8  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Neoscapteriscus vicinus 
 

 

The Triamescaptor aotea (N=3) showed that the examined area of the slice in the 

foreleg was comprised of an average of 42.974% cuticle, while the midleg examination 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
2/5 63.762 49.252 58.039
3 43.492 24.077 28.900
4 66.186 22.967 23.557
6 34.008 32.846 59.331
7 59.820 30.354 36.675
9 73.238 49.178 20.508
11 61.587 50.119 30.599

AVG 57.442 36.971 36.801
RANGE 39.231 27.153 38.824
STND ERROR 5.193 4.618 5.977

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 28.086 26.116 15.676
2 68.419 37.132 39.206
3 70.335 26.590 50.235
4 69.446 41.554 38.309
5 66.239 41.840 38.603
6 77.395 66.762 50.996
11 72.669 22.327 41.514

AVG 55.613 29.946 35.039
RANGE 42.249 11.016 34.559
STND ERROR 13.775 3.595 10.192
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sight was made up 25.149% and the hind leg was made up of 21.434% cuticle (Table 

4.9). There was a significant difference in cuticle width between the three legs (P= 

0.1068). 

Table 4.9  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of Triamescaptor aotea 
 

 
 

 
Figure 4.4. Comparison of the percentage of cuticle that makes up the overall legs of the 
prothorax, mesothorax, and metathorax in the analyzed Gryllotalpidae species 
 
Percent cuticle vs. prothoracic, mesothoracic, and metathoracic legs 

 Using the different species leg measurements as replications, the percent cuticle 

found in the prothoracic, mesothoracic, and metathoracic were compared. All nine 

Gryllotalpidae species examined (N=44) showed that the examined area of the slice in the 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
1 24.720 31.768 18.112
2 50.710 15.382 28.044
3 53.490 28.298 18.146

AVG 42.974 25.149 21.434
RANGE 28.769 16.386 9.931
STND ERROR 9.162 4.985 3.305
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Front (µm2) 66.525 73.134 77.020 71.236 52.321 57.442 55.613 61.049 42.974
Middle (µm2) 21.705 32.208 24.406 27.880 22.744 36.971 29.946 29.206 25.149
Hind (µm2) 24.764 25.395 46.925 40.221 18.236 36.801 35.039 20.949 21.434

0

10

20

30

40

50

60

70

80

90

P
er

ce
n
t 

cu
ti

cl
e

Percent cuticle in Gryllotalpidae legs



77 
 

 

foreleg was made up an average of 63.552% cuticle, while the midleg examination sight 

was made up 29.968% and the hind leg was made up of 31.205% cuticle (Table 4.10). 

Table 4.10  
 
Percent of area that is comprised of cuticle in the sliced areas that were examined in the 
legs of the prothorax, mesothorax, and metathorax of all nine Gryllotalpidae species 
examined 
 

 

Average cuticle width vs. species 

The average width of cuticle was analyzed by taking the mean of eight selected 

points that transected the cuticular area of the examined slices of the legs of the 

prothorax, mesothorax, and metathorax of Gryllotalpa africana, G. austrialis, G. 

gryllotalpa, G. major, G. pluvialis, Neocurtilla hexadactyla, Neoscapteriscus borellii, 

Neo. vicinus, and Triamescaptor aotea were examined using a one-way ANOVA. An 

example of measurements performed to find the average width of cuticle along the sliced 

area of the prothorax, mesothorax and metathorax legs of Gryllotalpa africana can be 

seen in Figure 4.5. 

% Cuticle Front (µm2) Middle (µm2) Hind (µm2)
AVG 63.552 29.968 31.205
RANGE 58.955 56.205 78.225
STND ERROR 2.263 1.796 2.449
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Figure 4.5. Measurements taken on the average width of cuticle in the tibia cross-section 
of the examined legs of Gryllotalpa africana. (A) Prothoracic tibia analysis (B) 
Mesothoracic tibia analysis (C) Metathoracic tibia analysis 

 

 
 

B C 

A 
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Gryllotalpa africana analysis (N=6) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 11.242µm, while the midleg 

width was made 2.724µm and the hind leg width was 3.384µm (Table 4.11). There was a 

significant difference in cuticle percentage between the legs of the prothorax, 

mesothorax, and metathorax when compared (P= 4.317E-05). 

Table 4.11  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Gryllotalpa africana 
 

 

Gryllotalpa austrialis analysis (N=4) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 12.683µm, while the midleg 

width was made 2.513µm and the hind leg width was 2.938µm (Table 4.12). There was a 

significant difference in cuticle percentage between the legs of the prothorax, 

mesothorax, and metathorax when compared (P= 2.929E-6). 

 

 

 

 

 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 14.004 2.534 4.660
2 7.906 2.616 3.034
3 15.389 1.874 3.244
5 7.805 3.199 2.515
6 11.106 3.395 3.466

OVERALL AVG 11.242 2.724 3.384
RANGE 7.584 1.521 2.145
STND ERROR 1.546 0.269 0.356
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Table 4.12  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Gryllotalpa austrialis 
 

 

Gryllotalpa gryllotalpa analysis (N=4) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 21.913µm, while the midleg 

width was made 3.567µm and the hind leg width was 4.517µm (Table 4.13). There was a 

significant difference in cuticle percentage between the legs of prothorax, mesothorax, 

and metathorax when compared (P= 1.866E-8). 

Table 4.13  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax and metathorax of Gryllotalpa gryllotalpa 
 

 

Gryllotalpa major analysis (N=5) showed that the average cuticle width measured 

along the selected cross section in the foreleg was 19.684µm, while the midleg width was 

made 2.473µm and the hind leg width was 3.105µm (Table 4.14). There was a significant 

difference in cuticle percentage between the legs of the pro, mesa, and metathorax when 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 12.528 1.630 3.108
2 12.475 2.003 3.171
3 15.499 3.250 3.174
4 10.229 3.170 2.300

OVERALL AVG 12.683 2.513 2.938
RANGE 5.270 1.620 0.874
STND ERROR 1.081 0.410 0.213

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 20.529 4.061 2.605
2 22.699 3.476 4.524
3 23.250 3.443 7.200
4 21.175 3.286 3.738

OVERALL AVG 21.913 3.567 4.517
RANGE 2.721 0.775 4.595
STND ERROR 0.637 0.170 0.977
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compared (P= 7.091E-6). The cuticular width of specimens one and two were not used in 

the one-way ANOVA, N=3, but they were considered when calculation the overall mean. 

Table 4.14  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Gryllotalpa major 
 

 

Gryllotalpa pluvialis analysis (N=3) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 9.753µm, while the midleg 

width was made 1.886µm and the hind leg width was 1.891µm (Table 4.15). There was a 

significant difference in cuticle percentage between the legs of the prothorax, 

mesothorax, and metathorax when compared (P= 0.0012).  

Table 4.15  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Gryllotalpa pluvialis 
 

 

Neocurtilla hexadactyla analysis (N=6) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 13.747µm, while the midleg 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 23.705 - -
2 16.873 - -
3 16.854 3.240 2.996
4 20.121 1.981 2.600
5 20.869 2.199 3.719

OVERALL AVG 19.684 2.473 3.105
RANGE 6.851 1.259 1.119
STND ERROR 1.298 0.388 0.328

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 6.929 2.123 1.270
2 11.778 1.110 1.689
3 10.551 2.426 2.715

OVERALL AVG 9.753 1.886 1.891
RANGE 4.849 1.316 1.445
STND ERROR 1.456 0.398 0.429
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width was made 2.958µm and the hind leg width was 2.654µm (Table 4.16). There was a 

significant difference in cuticle percentage between the legs of the prothorax, 

mesothorax, and metathorax when compared (P= 8.37E-08).  

Table 4.16  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Neocurtilla hexadactyla 
 

 
 

Neoscapteriscus borellii analysis (N=7) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 14.225µm, while the midleg 

width was made 4.268µm and the hind leg width was 3.826µm (Table 4.17). There was a 

significant difference in cuticle percentage between the legs of prothorax, mesothorax, 

and metathorax when compared (P= 6.074E-07).  

 

 

 

 

 

 

 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 11.909 3.203 3.199
2 14.503 2.273 1.717
3 12.439 4.704 4.344
4 14.350 3.554 1.986
5 10.214 1.058 1.214
6 19.066 2.955 3.464

OVERALL AVG 13.747 2.958 2.654
RANGE 8.853 3.646 3.130
STND ERROR 1.883 0.762 0.707
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Table 4.17  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Neoscapteriscus borellii 
 

 

Neoscapteriscus vicinus analysis (N=7) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 15.621µm, while the midleg 

width was made 4.377µm and the hind leg width was 5.074µm (Table 4.18). There was a 

significant difference in cuticle percentage between the legs of prothorax, mesothorax, 

and metathorax when compared (P= 1.57E-09).  

Table 4.18  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Neoscapteriscus vicinus 
 

 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
2/5 16.145 6.518 7.725
3 8.070 2.028 1.893
4 15.000 2.603 2.371
6 12.168 3.429 3.604
7 15.194 3.500 4.729
9 19.885 6.269 2.546
11 13.111 5.530 3.916

OVERALL AVG 14.225 4.268 3.826
RANGE 7.718 2.840 2.183
STND ERROR 1.719 0.719 0.451

Cuticle Width Front (µm) Middle (µm) Hind (µm)
2/5 12.131 3.979 5.071
3 16.431 4.525 4.984
4 17.888 3.193 9.406
6 16.441 4.695 2.878
7 13.868 5.536 3.816
9 18.094 6.244 4.168
11 14.491 2.470 5.195

OVERALL AVG 15.621 4.377 5.074
RANGE 4.226 3.774 2.318
STND ERROR 0.962 0.819 0.479
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Triamescaptor aotea analysis (N=3) showed that the average cuticle width 

measured along the selected cross section in the foreleg was 11.833µm, while the midleg 

width was made 2.587µm and the hind leg width was 2.343µm (Table 4.19). There was a 

significant difference in cuticle percentage between the legs of prothorax, mesothorax, 

and metathorax when compared (P= 0.0676).  

Table 4.19  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of Triamescaptor aotea 
 

 
 

 
Figure 4.6. The average cuticular width measured along a cross section taken at the tibia 
of the legs of the prothorax, mesothorax and metathorax of select Gryllotalpidae species 
 
Average cuticle width vs. prothoracic, mesothoracic, and metathoracic legs 

Using the different species leg measurements as replications, the average cuticle 

width found in the prothoracic, mesothoracic, and metathoracic were compared. All nine 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
1 7.303 2.915 1.499
2 7.538 1.383 3.269
3 20.660 3.464 2.261

OVERALL AVG 11.833 2.587 2.343
RANGE 13.358 2.081 1.770
STND ERROR 4.414 0.623 0.513
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Gryllotalpidae species examined (N=44) showed that the average cuticle width measured 

along the selected cross section in the foreleg was 14.754µm, while the midleg width was 

3.263µm and the hind leg width was 3.500µm (Table 4.20). There was a significant 

difference in cuticle percentage between the legs of prothorax, mesothorax, and 

metathorax (P= 5.2E-41).  

Table 4.20  
 
Average cuticle width measured in the tibial cross-section of the examined legs of the 
prothorax, mesothorax, and metathorax of all nine Gryllotalpidae species examined 
 

 
 
Discussion 

 The tibia of the prothorax was larger than the tibia of the mesothorax and 

metathorax of Gryllotalpa africana, G. austrialis, G. gryllotalpa, G. major, G. pluvialis, 

Neocurtilla hexadactyla, Neoscapteriscus borellii, Neo. vicinus, and Triamescaptor 

aotea. This was seen when measuring the overall percentage of cuticle and the overall 

average width of cuticle in the tibias of the prothorax, mesothorax, and metathorax of 

nine species of four genera. Analysis of all species indicate a larger percentage of cuticle 

in the digging fore-tibia than in the middle and hind tibias. The fore-tibia, on average, 

was comprised of over 50% cuticle, while the average percent of middle and hind tibia 

was less than half that. The average width of the prothoracic tibia was 3x greater than that 

of the mesothoracic and metathoracic tibias.  

Gryllotalpidae prothoracic legs are highly modified externally as well as 

internally. They are adapted to hold an increased muscle mass that runs through the 

Cuticle Width Front (µm) Middle (µm) Hind (µm)
AVG 14.754 3.263 3.500
RANGE 16.776 5.460 8.193
STND ERROR 0.692 0.208 0.258
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fossorial foreleg compared to the mesothoracic and metathoracic walking legs. The femur 

is enlarged to allow room for excess muscle required to move the rest of the leg (Kidd, 

1825). Muscles run through the leg and attach directly to the smaller, external claws in 

the tibia, allowing them to move independently and parallel to the larger, internal claws 

(Kidd, 1825). The leg also moves bidirectional where the femur and tibial meet, which 

allows for soil to be scooped away.  

The prothoracic legs exhibit an increased degree of sclerotization compared to 

other areas of the body. The increased thickness is likely a result of the increased muscle 

mass found within the appendage. Studies have shown that there is a direct relationship 

between an organism’s lifestyle and the structural design of its bones, or in this case, 

exoskeleton (Botha, 2003). The increased thickness of the cuticle, in turn, reinforces in an 

increased degree of hardness. The claws of crabs where found to be thicker and harder in 

areas of increased muscle compared to the other walking legs (Chen et al., 2008). It is 

likely a similar situation is occurring in Gryllotalpidae fossorial legs. However, the 

muscle within the leg extends to the tarsi but does not extend past the base of the dactyl 

blades.  

The cuticular thickness that is found in the dactyl blades is likely thickness that 

had accrued due to environmental pressures exhibited on the area, such as the thickness 

seen in mandibles. Since there is no independent movement of the trochantal blade and 

no muscle attachment beyond the top of the trochantum, it is likely that any cuticular 

thickening found along the trochantal blade is a result of necessary reinforcement, not as 

a result of muscle. The examined species had a greater cuticular width in the tibia of the 
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metathoracic leg than in the mesothoracic leg. This is likely due to the vestigial trait of 

the ancestral jumping hind leg common in Orthoptera. 

Gryllotalpa gryllotalpa had the largest cuticular width measured in the 

prothoracic, mesothoracic, and metathoracic tibias. Gryllotalpa gryllotalpa has the widest 

geographic distribution and niche variation. This species is both phytophagous and 

predacious, allowing a certain degree of flexibility to required diet and resource 

requirements. It is possible that the increased thickness reinforced by the increased 

cuticular width allows geographic flexibility. Triamescaptor aotea had the smallest 

percentage of cuticle in the prothoracic leg and is only found in New Zealand. It would 

be interesting to see if T. aotea preferred soils that were softer and geographically 

specific to New Zealand. Gryllotalpa gryllotalpa is the second largest of the 

Gryllotalpidae species and Triamescaptor aotea is one of the smallest. Their size could 

play a role in the percentage of cuticle that was measured. Gryllotalpa austrialis had the 

second largest percentage of cuticle in the prothoracic tibia. Clark (1958) describes that 

G. austrialis and G. africana are very similar to each other and are sometimes hard to tell 

apart. However, percent cuticle measurements show that there is a clear difference in 

cuticular percentage between not only the prothoracic tibia, but that of the mesothoracic 

tibia and metathoracic tibia. The difference between the metathoracic tibia of G. 

austrialis and G. africana is not as great as that of the prothoracic and mesothoracic legs.  

Gryllotalpa austrialis had a higher percentage of cuticle in the tibia of the 

mesothoracic leg than the metathoracic leg. Tindale (1928) mentioned that Gryllotalpa 

austrialis and G. africana display signs of polymorphism within populations. With the 

small sample size examined, it is difficult to say whether or not a spine was measured as 
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part of the cuticle, or if polymorphism is what caused the mesothoracic leg measurements 

to exceed those of the metathoracic leg measurements. It would be interesting to see what 

the data would suggest if a larger sample size was examined.  

Gryllotalpa africana had the smallest amount of cuticular thickness measured in 

the prothoracic tibia, G. major has the smallest cuticular width measured in the 

mesothoracic tibia, and G. austrialis has the smallest cuticular width measured in the 

metathoracic tibia, while G. pluvialis had the smallest percentage of cuticle on the 

metathoracic tibia. Gryllotalpa major is the largest Gryllotalpidae species, and it is 

surprising that the prothoracic tibia was not found to be wider than it was. According to 

the measurements collected, it has the second smallest cuticular width of the nine 

examined species. Gryllotalpa austrialis and G. pluvialis are both found in Australia and 

are similar in size. It would be interesting to compare soil preference to the cuticular 

variations seen between these two species. Also, it is interesting that G. austrialis and G. 

africana are so different in terms of tibia cuticular width if they are so similar in external 

morphology (Clark, 1958). 

Triamescaptor aotea measurements should be re-evaluated once more specimens 

are procured. It is likely that two of the three specimens analyzed were juveniles, while 

the third was an adult. Gryllotalpidae, like all Orthoptera, are hemimetabolous. Though 

the early instars (i.e. life stages) look like the adults, it is probable there are differences 

between juvenile stages and adults other than their lack of fully formed wings and 

reproductive organs. It is likely the cuticular hardness and thickness of the fossorial legs 

are different in juveniles vs. adults. The juveniles that were used for this analysis were of 
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an unknown instar and were much smaller than the adult. The inconsistency in age and 

size likely skewed the results. 

All species showed an increased degree of cuticular thickening in the tibia of the 

digging leg of the prothorax compared to the tibia of the legs of the mesothorax and 

metathorax. This was seen when both the percent cuticle analysis and the average width 

analysis. The above mentioned results can collectively reject the null hypothesis. This 

increase degree of thickening corresponds with the assumptions that were made based on 

the literature review. Due to the increased stress that is exhibited on the digging foreleg 

due to environmental cues, the cuticle exhibits an increased degree of thickening. 
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CHAPTER V 

Final Discussion 

Discussion of specific soil selection using geographic information systems 

Chapter two was set up to test the hypothesis that species of Gryllotalpidae have a 

soil preference. The soil analysis of Gryllotalpidae collection location points suggests that 

both genus and species show preference toward particular soils. Preference was shown 

toward 20 out of 128 available soils types, and 10 out of 25 soil groups depicted on the 

designated soil map. Additionally, many species show preference to one or more 

particular soil types in which no other species dwells. All species examined showed a 

preference for four to five different soil types, and three to four different soil groups. 

Many of these soils are species-specific or geographically specific.  

Gryllotalpidae are found throughout many tropical and temperate biomes. The 

different species examined show a degree of flexibility in vegetation preference 

compared to geographic distribution. The genus Gryllotalpa contains many species that 

are predominantly in the eastern hemisphere of the world. Gryllotalpa major is the only 

species in this genus that is exclusively endemic to North America. Gryllotalpa 

gryllotalpa is found in North America and Europe. Based on the literature, Gryllotalpa 

species are spread out along the eastern hemisphere but very few overlap geographically. 

Gryllotalpa africana is found exclusively in Africa, G. australis is endemic Australia, G. 

septemdecimchromosomica is only endemic to Spain, etc. Based on the GIS soil analysis, 

no member of Gryllotalpa shares the same soil preference. It is possible that soil 

preference variation is a driving force for Gryllotalpa diversity. Broza et al., (1998), 

discusses the chromosomal similarity between many of the species in the genus 
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Gryllotalpa. Many of the species were descried as a European chromosomal race of G. 

gryllotalpa. Each of the chromosomal “races” were found in different geographical 

locations (Broza et al., 1998).  

Neocurtilla was once thought to have only one member, N. hexadactyla. There 

are now at least six species described: N. claraziana, N. hexadactyla, N. ingrischi, N. 

robusta, N. scutata, N. townsendi (Cadena-Castaneda, 2015). Neocurtilla hexadactyla is 

the only species of the group that is found in both North and South America. Neocurtilla 

claraziana and N. robusta is found in Brazil (Cadena-Castaneda, 2015; Cigliana et al., 

2018), N. scutata is found in western South America, specifically in Ecuador (Cigliana et 

al., 2018), and N. townsend is found in Colombia (Cadena-Castaneda, 2015). Neocurtilla 

ingrischi is also found in Colombia (Cigliana et al., 2018), but it is possible that the 

invasion into the Caribbean islands and Florida are N. ingrischi that have been 

misidentified as N. hexadactyla (Cadena-Castaneda, 2015). Only soil data for N. 

hexadactyla was available for analysis. Neocurtilla hexadactyla showed soil preference 

toward three soil types not shared by any other species, one soil type shared by G. major, 

and one soil type shared with G. major, Neoscapteriscus borellii, and Neo. vicinus. Soil 

similarity and difference allows for habitat plasticity when sharing niche space with other 

species of Gryllotalpidae, or if their preferred habitat is unavailable. Soil preference could 

result in niche partitioning. Acoustic resonance and resources availability have been 

shown to cause partitioning, but soil variation causes a similar segregation.  

Behavioral plasticity is when multiple species share allopatric niche space. 

Neoscapteriscus were introduced to the United States and the Caribbean from South 

America (Adjei et al., 2003; Nickle and Carstner, 1984). Fowler (1987) hypothesized that 
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Neo. borellii found in Florida shifted from a one-generation per year life cycle to a two-

generation per year life cycle because of the environmental differences between South 

American climate and tropical Florida. Most all of the species in Neoscapteriscus have a 

one-generation per year life cycle. Fowler (1987) explains that Neo. borellii and Neo. 

vicinus, which are often found in close geographic proximity, show variation in flight 

activity. Most of the species in Neoscapteriscus and Neocurtilla have predictable flight 

activity dependent on seasonality and latitude. Neoscapteriscus borellii has an earlier 

flight activity than Neo. vicinus.  

GIS is a useful tool for a wide manner of applications, such as economic, 

environmental, and urban mapping, but like many other computer analysis tools, it is 

restricted by the amount of data that is available. Only 1,334 georeference points were 

found for the Gryllotalpidae soil analysis and 1,093 were available for analysis of soil 

preference of genus and species. When looking at the overall Gryllotalpidae distribution, 

this sample size is rather small. There are many geographical locations where literature 

and recorded sightings have placed members of the Gryllotalpidae family but no location 

data was available. There were also many members of the family that were not analyzed 

at all because they provided very few (less than ten), or no collection location points. 

Gryllotalpidae consists of eight genera and only three had enough points for analysis. In 

spite of the short comings, this experiment provided an interesting preliminary 

examination of soil preference.  

Discussion of metallization along the dactyl of the prothorax 

Chapter three tested the hypothesis that metallization exists along the cutting 

edges of the fossorial legs of the prothorax of Neoscapteriscus borellii. According to 
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Vincent and Wegst (2004), the areas of the cuticle along the cutting edges of the 

mandible, compared to other areas of sclerotized cuticle, scored the highest on the 

Vicker’s hardness scale. The presence of elements has been found to reinforce hardness, 

and protect against natural wear and tear in certain areas of cuticle, such as the 

mandibles, mouth hooks, ovipositor, and claws (Cribb et al., 2008; Hillerton and Vincent, 

1982; Hillerton et al., 1984; Schofield, 2005; Schofield and Lefevre, 1989; Quicke et al., 

1998). The scanning electron microscopy with x-ray spectroscopy analysis allowed for a 

preliminary look into the presence or absence of elements in the fossorial leg of the 

prothorax in Gryllotalpidae. Multiple analyses support the presence of elements at 

various levels of statistical significance. Carbon was present in the highest quantity at all 

12 POI’s, 3.30E-01 to 4.00E-01. Aluminum, calcium, magnesium, and silicon are all 

present, ranging from about 1.00E-03 to 9.30E-03. Calcium and manganese are common 

elements that have been found in the cuticle (Cribb et al., 2008; Hillerton and Vincent, 

1982; Hillerton et al., 1984; Schofield, 2005; Schofield and Lefevre, 1989; Quicke et al., 

1998). Aluminum, a soft element, and silicon, a hard element, are commonly found in 

soil and plants. It is unknown at this point if the presence of these elements is aiding in 

increased hardness of the cuticle, or if it is a natural byproduct of molecular compounds 

found in the cuticle and in the environment. Iron, manganese, rubidium, and zinc were 

present in a very low quantity, less than 2.89E-04. Iron, manganese, and zinc are 

common metals found in sclerotized cuticle (Cribb et al., 2008; Hillerton and Vincent, 

1982; Hillerton et al., 1984; Schofield, 2005; Schofield and Lefevre, 1989; Quicke et al., 

1998). Vincent and Wegst, (2004) found iron, manganese, and zinc in the cutting edge of 

the mandibles and a significant increase the hardness, even in small quantities. It is 
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possible the presence of these elements is aiding in increased hardness of the cuticle of 

the dactyl. Rubidium is unlikely providing structural support to the dactyl blade, not only 

because it is present in such a small quantity, but because it is a soft metal. Rubidium 

ions have a similar charge as potassium ions, and is often taking in to the cells of 

organisms in a similar fashion as potassium (Relman et al., 1957).  

The presence of aluminum, calcium, iron, manganese, rubidium, and silicon was 

highest in P1-P6, where the presence of carbon, magnesium, and zinc was highest in P7-

P12. The morphology of the two-piece dactyl seems to play a role in the different 

elemental quantity. Dactyl points P1-P6 are found on the larger, interior claw, and points 

P7-P12 are found on the smaller, exterior claw (Figure 1.1 and Figure 3.2). Further 

analysis should be conducted to see if there is a difference in element type and quantity 

found alone the exterior vs. interior claws. It is possible the smaller, bottom claw (P7-

P12) does not retain the same high degree of hardness as the larger, top claw (P1-P6). 

Additional analysis is needed in order to better understand the morphological and 

structural importance of the presence/absence of elements in highly sclerotized areas of 

cuticle. The first step should be to compare the dactyl points of interest (POI’s) examined 

within this experiment to another area in the mole cricket body, such as the pleurites. 

This would also show that metals, or elements, are being distributed to the dactyl through 

dietary or environmental means and not to non-sclerotizedareas of the body. It would also 

be interesting to look at the elemental presence/absence difference between the 

prothoracic, mesothoracic, and metathoracic tibias, or legs. Next, one could look at 

elemental presence and variability between other species with their fossorial legs, such as 

immature Cicadidae, and other specialized leg morphologies, such as aquatic insects with 



95 
 

 

natatorial (swimming) legs, or Mantispidae with raptorial legs. Species variation, 

specialized legs morphologies, geographic locality, and dietary preferences (herbaceous 

vs. carnivorous) could all affect the presence and absence of elements. 

Future examination of the pronotum and the trochantal blade of Gryllotalpidae 

could determine if structural integrity is aided by the presence of elements. The trochantal 

blade is a unique modification of the trochanter that is highly sclerotized and aids in 

digging. The pronotum has a high degree of sclerotization and is larger than most other 

pronotal plates of Orthopteran. Since elements are present in the dactyl, it is possible that 

it is also present in the pronotum and/or trochantal blade. 

Discussion of the cuticular thickening of the legs of the prothorax, mesothorax, and 
metathorax legs 

Chapter four tested the hypothesis that cuticular thickenings exist in the fossorial 

legs of the prothorax of Gryllotalpidae. Histological methods provided evidence that the 

cuticle of the fossorial foreleg of the prothorax showed increased thickness when 

compared to that of the cursorial mesothorax and metathorax legs. The fossorial foreleg 

of the prothorax was comprised, on average, of over 50% cuticle, while the average 

percent of middle and hind tibia was less than half. The cuticle measured an average 

width of 14.754µm, while the mesothorax and metathorax legs measured less than an 

average of 4µm. Gryllotalpa gryllotalpa had the highest percentage of cuticle, and 

greatest average cuticle width of the fore-tibia. Triamescaptor aotea had the lowest 

percentage of cuticle of the fore-tibia. It was also the only examined species to measure 

less than 50% cuticle (% cuticle = 42.974). Gryllotalpa africana had the lowest average 

cuticle width of the fore-tibia. The increased thickness is likely a result of the increased 

muscle mass necessary for the actions of digging. The increased thickness also serves to 



96 
 

 

reinforcing the hardening seen along the leg of the prothorax. There was an increased 

cuticle width seen in the metathoracic legs compared to the mesothoracic legs. This is 

likely a result of the vestigial trait of the jumping hind leg seen in other members of 

Orthoptera. 

Many of the species collected are hard to get and are not available through 

museum loans. This created an uneven sample number between examined species. 

Further analysis of additional genera and species would provide a more rounded picture 

of cuticle width differentials in the prothorax, mesothorax, and metathorax legs. The use 

of a vacuum impregnated, for a more complete imbedding process, and a laser cutter, to 

get more precise, controlled, and thinner slices would allow for further analysis of the 

entire leg, not just the tibia. Additional histological thin slicing could determine if the 

cuticle is consistently thick throughout the entire dactyl, including the tips of the claw 

blades. 

Overall discussion 

Geographic location and a similarity in cuticle width could be related. Individuals 

that live in similar geographic location but had different soil preferences provided 

interesting similarities and differences in variation of cuticle width. Gryllotalpa major, 

Neocurtilla hexadactyla, Neoscapteriscus borellii, and Neo. vicinus have overlapping 

habitats. Neoscapteriscus borellii, and Neo. vicinus reside in South America, and have 

been introduced into North America, while N. hexadactyla resides in North America and 

have been introduced into South America, and G. major resides in south-central North 

America (Frank and Parkman, 1999; Frank et al., 2014; Hill et al., 2002). The average 

cuticle width of Neo. borellii, and Neo. vicinus was identical for the prothorax, 
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mesothorax, and metathorax legs. Neoscapteriscus borellii had a slightly higher percent 

cuticle measurement for the prothorax, mesothorax, and metathorax legs. Neocurtilla 

hexadactyla showed a slightly higher average cuticle width and a higher percent cuticle 

in the fore-tibia of the prothorax only. The mesothorax, and metathorax legs has a lower 

percent cuticle than Neo. borellii, and Neo. vicinus. These species only share a preference 

for two of the same soils, one of the soils is preferred by all of them. It is possible that the 

soil preference variation is aiding in species diversity and/or species habitat distribution. 

Gryllotalpa africana did not share any soil type preference with the other target species 

and does not exhibit habitat overlap. Gryllotalpa africana had the lowest average cuticle 

width compared to the prothoracic legs of the other target species. Gryllotalpa africana 

had the second lowest percent cuticle in the prothoracic leg in the Gryllotalpa genus, only 

larger than G. pluvialis. Gryllotalpa gryllotalpa only shared preference of one soil type 

with Neo. vicinus. Both of these species were introduced into North America. The 

similarities and differences in soil preference of G. gryllotalpa and Neo. vicinus could be 

an example of habitat flexibility required by introduced species when in direct 

competition with other invasive and native species. Gryllotalpa gryllotalpa had the 

highest percent cuticle and highest average cuticle width of all prothoracic legs measured. 

Perhaps this accounts for the species vast geographic distribution and ability to compete 

with neighboring species. 

 To determine if there is a relationship between geographic location and cuticle 

width, an analysis of Gryllotalpa austrialis, G. pluvialis, and Triamescaptor aotea should 

be done. These species are closely related and closely located geographically. Gryllotalpa 

austrialis and G. pluvialis resides in Australia, while Triamescaptor aotea resides in New 
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Zealand (Frank and Parkman, 1999; Frank et al., 2014; Hill et al., 2002; Otte, 2007). 

Gryllotalpa austrialis and Triamescaptor aotea showed many similarity between cuticle 

percentage and average cuticle width, but neither shared these similarities with G. 

austrialis. If these three species showed little to no soil preference overlap it is possible 

that soil preference could play an important role in species variation and/or species 

habitat distribution. 

The increased cuticular width of the leg of the prothorax and the presence of 

elements could be linked.  Grodwitz et al., (1987) found that the mineralized cuticle of 

arthropods is 55% thicker than sclerotized cuticle void of metal. Statistical analysis of the 

experiments mentioned in this paper has supported that there is a presence of elements, 

and that the cuticle width of the leg of the prothorax tibia is larger than that of the 

mesothorax, and metathorax tibias, however, without further evaluation, one cannot say 

with confidence that this is the case here. 
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CHAPTER VI 

Conclusion 

Gryllotalpidae is a family of underground dwelling crickets, whose soil life style 

has yet to be fully understood. By examining the morphology of their highly modified 

digging foreleg and species-specific soil preference of these individuals, one may be able 

to better understand habitat selection and the diversification of species. Gryllotalpidae 

show a species-specific soil preference when analyzed using GIS soil mapping. This 

selection seems to provide species with an independent niche space when other 

Gryllotalpidae species are in the same habitat space. It also seems to allow species to 

inhabit many different geographic location whether introduced naturally or accidentally. 

When the cutting edge of the prothoracic dactyl blade of Neoscapteriscus borellii was 

examined using SEM with EDM x-ray analysis, elements were found in different 

quantities. Carbon was the most abundant, followed by aluminum, silicon, manganese, 

and calcium. The presence of these elements could be assisting in the increase of 

cuticular thickening that is seen along the cutting edges of the dactyl. Iron, magnesium, 

rubidium, and zinc were present in such a low quantity that the presence of these 

elements alone are likely not providing structural support to the dactyl blade. Cuticular 

thickening was seen in the prothoracic tibia, of multiple members of Gryllotalpidae, when 

compared to the mesothoracic and metathoracic tibia. Both the percentage of cuticle and 

average width of cuticle was measured and calculated. The results were as expected, with 

the tibia of the prothoracic leg having the largest degree of cuticular thickening, followed 

by the metathoracic tibia, then the mesothoracic tibia. 
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APPENDIX A 

Colored soil key from the FAO-UNESCO Digital Soil Map 
 

 
Figure 1. Colored soil key used by ArcMap 10.3© from the FAO-UNESCO Digital Soil Map when doing select-by-location task. The 
legend and associated map was created by Food and Agriculture Organization 1991 
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APPENDIX B 

Preliminary analysis of element presence vs. thresholds 
 

A preliminary analysis was performed in order to determine the importance of 

including each of the four thresholds in each of the elemental analysis tests. Data tables 

containing the ImageJ © elemental presence measurement’s for the nine target elements 

calculated at the thresholds of 255, 192, 128, and 63 were analyzes against the total area 

of the scanned image and running through a two-way ANOVA with replication.  

Table 1.  
 
P-values from two-way AVOVA for volume (µm2) comparison between presences of the 
overall volume area of each of the nine target elements at each threshold 

 

Threshold Target P-value Significance Threshold Target P-value Significance Threshold Target P-value Significance
255 Between Metals 0 YES 255 Between Metals 0 YES 255 Between Metals 0 YES

BetweenPoints 0.157 NO BetweenPoints 0.407 NO BetweenPoints 0.445 NO
Interaction 0.157 NO Interaction 0.407 NO Interaction 0.445 NO

192 Between Metals 0 YES 192 Between Metals 0 YES 192 Between Metals 0 YES
BetweenPoints 0.001 NO BetweenPoints 0.424 NO BetweenPoints 0.445 NO
Interaction 0.001 NO Interaction 0.424 NO Interaction 0.445 NO

128 Between Metals 3.00E-248 YES 128 Between Metals 0 YES 128 Between Metals 0 YES
BetweenPoints 0.006 NO BetweenPoints 0.492 NO BetweenPoints 0.471 NO
Interaction 0.006 NO Interaction 0.492 NO Interaction 0.471 NO

64 Between Metals 1.00E-135 YES 64 Between Metals 9.70E-196 YES 64 Between Metals 9.10E-268 YES
BetweenPoints 0.114 NO BetweenPoints 0.629 NO BetweenPoints 0.453 NO
Interaction 0.114 NO Interaction 0.629 NO Interaction 0.453 NO

Threshold Target P-value Significance Threshold Target P-value Significance Threshold Target P-value Significance
255 Between Metals 2.86E-83 YES 255 Between Metals 0 YES 255 Between Metals 0 YES

BetweenPoints 0.737 NO BetweenPoints 0.147 NO BetweenPoints 0.417 NO
Interaction 0.737 NO Interaction 0.147 NO Interaction 0.417 NO

192 Between Metals 1.29E-82 YES 192 Between Metals 0 YES 192 Between Metals 0 YES
BetweenPoints 0.761 NO BetweenPoints 0.056 NO BetweenPoints 0.64 NO
Interaction 0.761 NO Interaction 0.056 NO Interaction 0.64 NO

128 Between Metals 3.06E-65 YES 128 Between Metals 1.90E-276 YES 128 Between Metals 3.00E-202 YES
BetweenPoints 0.568 NO BetweenPoints 0.243 NO BetweenPoints 0.298 NO
Interaction 0.568 NO Interaction 0.243 NO Interaction 0.298 NO

64 Between Metals 3.29E-37 YES 64 Between Metals 8.00E-144 YES 64 Between Metals 2.20E-119 YES
BetweenPoints 0.706 NO BetweenPoints 0.856 NO BetweenPoints 0.213 NO
Interaction 0.706 NO Interaction 0.856 NO Interaction 0.213 NO

Threshold Target P-value Significance Threshold Target P-value Significance Threshold Target P-value Significance
255 Between Metals 0 YES 255 Between Metals 0 YES 255 Between Metals 0 YES

BetweenPoints 0.297 NO BetweenPoints 0.537 NO BetweenPoints 0.469 NO
Interaction 0.297 NO Interaction 0.537 NO Interaction 0.469 NO

192 Between Metals 0 YES 192 Between Metals 0 YES 192 Between Metals 0 YES
BetweenPoints 0.437 NO BetweenPoints 0.653 NO BetweenPoints 0.469 NO
Interaction 0.437 NO Interaction 0.653 NO Interaction 0.469 NO

128 Between Metals 2.30E-256 YES 128 Between Metals 0 YES 128 Between Metals 0 YES
BetweenPoints 0.405 NO BetweenPoints 0.525 NO BetweenPoints 0.636 NO
Interaction 0.405 NO Interaction 0.525 NO Interaction 0.636 NO

64 Between Metals 5.16E-73 YES 64 Between Metals 1.50E-244 YES 64 Between Metals 1.20E-266 YES
BetweenPoints 0.824 NO BetweenPoints 0.582 NO BetweenPoints 0.953 NO
Interaction 0.824 NO Interaction 0.582 NO Interaction 0.953 NO

Zinc

Silicon

RubidiumAluminum Iron

ManganeseCarbon

Calcium Magnesium
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Each element was examined at a threshold of 255 or 0% likelihood that an 

element is not present. There was a significant in the aluminum (Al) presence (P = 

0.000). There was no significance between the points (P=0.157) and the points did not 

significantly affect the presence/absence of the element (P=0.157). There was a 

significance of carbon (C) presence (P= 2.86E-83). There was no significance between 

points (P= 0.737) or in interaction between points and presence (P= 0.737). There was a 

significance in calcium (Ca) presence (P= 0.000) but no other significant was seen (P= 

0.297). There was a significance in iron (Fe) presence (P= 0.000) but no other significant 

was seen (P= 0.407). There was a significance in manganese (Mg) presence (P= 0.000) 

but no other significant in presence was seen (P= 0.147). There was a significance in 

magnesium (Mn) presence (P= 0.000) but no other significant of presence was seen (P= 

0.537). There was a significance in rubidium (Rb) presence (P= 0.000) but no other 

significant presence was seen (P= 0.445). There was a significance in silicon (Si) 

presence (P= 0.000) but no other significant presence was seen (P= 0.417). There was a 

significance in zinc (Zn) presence (P= 0.000) but no other significant presence was seen 

(P= 0.469). 

At a threshold of 192, or 25% likelihood that an element is not present, there was 

a significance in Al presence (P=0.000), a significant difference between the points 

(P=0.001) and a significant interaction between the different points and presence of Al 

(P=0.001). There was a significance in C presence (P= 1.29E-82), but no other significant 

presence was seen (P= 0.761). There was a significance of Ca presence (P=0.000) but no 

other significant presence was seen (P= 0.437). There was a significance of Fe presence 

(P=0.000) but no other significant presence was seen (P= 0.424). There was a 
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significance in Mg presence (P= 0.000) but no other significant presence was seen (P= 

0.056). There was a significance in Mn presence (P= 0.000) but no other significant 

presence was seen (P= 0.653). There was a significance in Rb presence (P= 0.000) but no 

other significant presence was seen (P= 0.445). There was a significance in Si presence 

(P= 0.000) but no other significant presence was seen (P= 0.640). There was a 

significance in Zn presence (P= 0.000) but no other significant presence was seen (P= 

0.469). 

At a threshold of 128, or 50% likelihood that an element is not present, there was 

a significance in Al presence, (P = 3E-248), a significant difference between points (P= 

0.006) and a significance in the interaction between the points and AL presence (P= 

0.006). There was a significance in C presence significant (P= 3.06E-65) but no other 

significant presence was seen (P= 0.568). There was a significance in Ca presence (2.3E-

256) but no other significant presence was seen (P= 0.405). There was a significance in 

Fe presence (0.000) but no other significant presence was seen (P= 0.492). There was a 

significance in Mg presence (P= 1.9E-276) but no other significant presence was seen 

(P= 0.243). There was a significance in Mn presence (P= 0.000) but no other significant 

presence was seen (P= 0.525). There was a significance in Rb presence (P= 0.000) but no 

other significant presence was seen (P= 0.471). There was a significance in Si presence 

(P= 3E-202) but no other significant presence was seen (P= 0.298). There was a 

significance in ZN presence (P= 0.000) but no other significant presence was seen (P= 

0.636). 

At a threshold of 64, or 75% likelihood that an element is not present, there was a 

significance in Al presence (P= 1E-135). There was no significant difference between the 
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points (P= 0.114) and no significant interaction between the different points and element 

presence (P= 0.114). There was a significance in C presence (P= 3.29E-37) but no other 

significant presence was seen (P=0.706). There was a significance in Ca presence (5.16E-

73) but no other significant presence was seen (P= 0.824). There was a significance in FE 

presence (9.7E-196) but no other significant presence was seen (P= 0.629). There was a 

significance in Mg presence (P= 8E-144) but no other significant presence was seen (P= 

0.856). There was a significance in Mn presence (P= 1.5E-244) but no other significant 

presence was seen (P= 0.582). There was a significance in Rb presence (P= 9.1E-268) but 

no other significant presence was seen (P= 0.453). There was a significance in Si 

presence (P= 2.2E-119) but no other significant presence was seen (P= 0.213). There was 

a significance in Zn presence (P= 1.2E-266) but no other significant presence was seen 

(P= 0.953). 
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APPENDIX C 

Element presence and absence data tables used for Z-tests 
 

The following tables contain the presence/absence data, where “1” represented 

element presence and “0” represented element absence. All the presence and absence 

tallies were added together and used to calculate the Z-tests performed element presence/ 

absence test results section of chapter 3. 

Table 1.  
 
Presence calculation of elements at each Dactyl Point (N=8) 

 

 

P1 P2 P3 P4
Select MetalsPresence Absence Presence Absence Presence Absence Presence Absence
AL 5 3 6 2 6 2 7 1
C 8 0 8 0 8 0 8 0
CA 3 5 6 2 5 3 5 3
FE 0 8 2 6 1 7 1 7
MG 4 4 6 2 6 2 6 2
MN 1 7 2 6 1 7 1 7
RB 0 8 0 8 0 8 0 8
SI 7 1 7 1 6 2 7 1
ZN 0 8 0 8 0 8 0 8

P5 P6 P7 P8
Select MetalsPresence Absence Presence Absence Presence Absence Presence Absence
AL 6 2 8 0 2 6 7 1
C 8 0 8 0 4 4 6 2
CA 6 2 5 3 3 5 5 3
FE 2 6 0 8 1 7 3 5
MG 3 5 6 2 2 6 6 2
MN 1 7 1 7 4 4 4 4
RB 0 8 1 7 0 8 0 8
SI 7 1 6 2 4 4 6 2
ZN 2 6 0 8 0 8 0 8

P9 P10 P11 P12
Select MetalsPresence Absence Presence Absence Presence Absence Presence Absence
AL 0 8 7 1 6 2 7 1
C 3 5 8 0 6 2 7 1
CA 1 7 2 6 4 4 5 3
FE 0 8 1 7 1 7 1 7
MG 0 8 5 3 5 3 7 1
MN 0 8 1 7 0 8 1 7
RB 0 8 0 8 0 8 0 8
SI 1 7 8 0 5 3 7 1
ZN 0 8 0 8 1 7 0 8
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Table 2.  
 
Presence/Absence of each element (N=96) 

 

Table 3.  
 
Presence/Absence of the overall elements at each Dactyl Point (N=72) 

 
 
Table 4.  
 
Presence/Absence of the overall elements (N=864) 

 

  

Select Metals Presence Absence
AL 67 29
C 82 14
CA 50 46
FE 13 83
MG 56 40
MN 17 79
RB 1 95
SI 71 25
ZN 3 93

P1 P2 P3 P4
Metal Presence Absence Presence Absence Presence Absence Presence Absence
ALL 28 44 37 35 33 39 35 37

P5 P6 P7 P8
Metal Presence Absence Presence Absence Presence Absence Presence Absence
ALL 35 37 35 37 20 52 37 35

P9 P10 P11 P12
Metal Presence Absence Presence Absence Presence Absence Presence Absence
ALL 5 67 32 40 28 44 35 37

Metal Presence Absence
ALL 360 504
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APPENDIX D 

Images of Gryllotalpidae species 

 
Figure 1.  Prothoracic forelegs of Gryllotalpidae species. (A) Right exterior view of Gryllotalpa africana, (B) Right exterior view of 
G. austrialis, (C) Right exterior view of G. gryllotalpa, (D) Right exterior view of G. major, (E) Right exterior view of G. pluvialis, 
(F) Left exterior view of Neocurtilla hexadactyla, (G) Left interior view of Neoscapteriscus borellii, (H) Right exterior view of Neo. 
vicinus, (I) Right exterior view of Triamescaptor aotea. Images not to scale  
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Figure 2.  Mesothoracic forelegs of Gryllotalpidae species. (A) Right exterior view of Gryllotalpa africana, (B) Right exterior view of 
G. austrialis, (C) Left exterior view of G. gryllotalpa, (D) Left exterior view of G. major, (E) Left exterior view of G. pluvialis, (F) 
Left exterior view of Neocurtilla hexadactyla, (G) Right interior view of Neoscapteriscus borellii, (H) Right interior view of Neo. 
vicinus, (I) Left exterior view of Triamescaptor aotea. Images not to scale  
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Figure 3.  Metathoracic forelegs of Gryllotalpidae species. (A) Right exterior view of Gryllotalpa africana, (B) Right exterior view of 
G. austrialis, (C) Right exterior view of G. gryllotalpa, (D) Right exterior view of G. major, (E) Right exterior view of G. pluvialis, 
(F) Left exterior view of Neocurtilla hexadactyla, (G) Right interior view of Neoscapteriscus borellii, (H) Right exterior view of Neo. 
vicinus, (I) Right exterior view of Triamescaptor aotea. Images not to scale
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APPENDIX E 

Histological methods attempted 
 

Note: All trials were performed with Neoscapteriscus borellii specimens that were hand 

collected in Huntsville, Texas (unless otherwise stated).  

Trial #1- Neutral 

A dried fossorial prothoracic leg specimen was placed in boiling water for 2.5 

hours in an attempt to soften the cuticle. It was then placed in a 10% Alcohol Formalin 

Acetic Acid (AFA) solution overnight. The leg was then placed in 70% EtOH then 

through a dehydration series from 70% to 100% EtOH for 2 hours each. It was then 

placed in three changes of 100% EtOH, 50:50 100% EtOH- Xylene, and three changes of 

100% xylene, all for 2 hours each. The leg was placed in a warm paraffin bath, moved to 

clean paraffin three times, left to rest in fourth bath. Total bath time “over weekend”. 

Specimen was placed vertically in paraffin block for slicing.   

Trial #2- Base 

A dried fossorial prothoracic leg was placed in a 10% bleach-water solution and 

boiled for 2.5 hours as an attempt to soften the cuticle. It was then placed in a 10% AFA 

solution overnight. The leg was then placed in 70% EtOH then through a dehydration 

series from 70% to 100% EtOH for 2 hours each. It was then placed in three changes of 

100% EtOH, 50:50 100% EtOH- Xylene, and three changes of 100% xylene, all for 2 

hours each. The leg was placed in a warm paraffin bath, moved to clean paraffin three 

times, left to rest in fourth bath. Total bath time “over weekend”. Specimen was placed 

vertically in paraffin block for slicing. Seemed to have the best result on cuticular 

softening. 
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Trial #3- Acid 

A dried fossorial prothoracic leg specimen was placed in a water plus 12 grams 

Urea solution and boiled for 1 hour as an attempt to soften the cuticle. It was then placed 

in a 10% AFA solution overnight. The leg was then placed in 70% EtOH and moved 

through a dehydration series from 70% to 100% EtOH for 2 hours each. . It was then 

placed in three changes of 100% EtOH, 50:50 100% EtOH- Xylene, and three changes of 

100% xylene, all for 2 hours each. The leg was placed in a warm paraffin bath, moved to 

clean paraffin three times, left to rest in fourth bath. Total bath time “over weekend”. 

Specimen was placed vertically in paraffin block for slicing.   

Trial #1-3 Microtome slicing   

Paraffin blocks with the embedded specimen was sliced in a microtome with a 

steel blade starting at 5µm and moving it up to 20µm. Slicing width was increased 

because tearing was seen in the wax and crumbling was seen in the cuticle. Sliced were 

placed on microscope slides treated with tissue section adhesive prior to microtome 

slicing. No viable cuticle slices on slide. All cuticle was fragmented or lost completely. 

During slicing of Trial #2-Acid block, Nair was added to aid in cuticle softening 

between slices. Every 5-10 slices, Nair was added and left for 5 minutes (Van Hemert et 

al., 2012). Sliced at 6µm Seemed to work some but not enough to get viable cuticle slices 

on slide. When this didn’t work cuticle width was changed back to 15µm, because the 

slices were starting to curl on top of its self, and adjustments were made to the 

microtome: the blade was cleaned, the blade was moved, the blade was replaced with a 

new steel blade, and the angle of the blade was increased from 15° to 30°. The last 

seemed to eliminate the paraffin curling problem.  
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 With the remaining block from Trial #1-Neutral and Trial #3-Base, manual slices 

were attempted. Cuticle was cut but slices were uneven and too large for the slide cover 

to lay flat. Slice was also too thick and inconsistent to be useful for cuticle analysis.  

Trial #4 

A recently caught immature mole cricket was used. Fossorial prothoracic leg was 

dissected. It was stored in AFA overnight. Sample was dehydrated, cleared, and fixed 

before being put through a staining series. The sample was placed in a paraffin bath, 

placed vertically in paraffin block for slicing, sliced at 50µm, and placed on microscope 

slides treated with tissue section adhesive prior to microtome slicing. Some viable cuticle 

slices on slide. Cuticle left on slide was still fragmented and incomplete but had more left 

on slide then all previous trials. 

Staining series 

The following series was used when staining all samples: Harris Hematoxylin (15 

minutes), Running tap water (3 minutes), 1% Acid destain (2 minutes), Running tap 

water (1 minute), Ammonia water (2 minutes), Running tap water (10 minutes), Eosin (2 

minutes), 50% EtOH (3 minutes), 70% EtOH (3 minutes), 95% EtOH (3 minutes), 100% 

EtOH (3 minutes), 100% EtOH (3 minutes), 100% EtOH (3 minutes), 50:50 EtOH-

Xylene (3 minutes), Xylene (3 minutes), Xylene (3 minutes), Xylene (3 minutes), Xylene 

(resting), Paraffin bath (time varies). Various staining combinations were attempted but 

the above process resulted in the most success. 

Paraffin removal from microscope slides 

After the paraffin block containing the sample is sliced, and the slices are placed 

on microscope slides treated with tissue section adhesive prior to microtome slicing, the 
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paraffin is removed, leaving the sample alone and adhered to the slide. Originally, the 

paraffin was removed from microscope slides by placing the slides into a vertically slide 

rack and dipped into xylene for 3 minutes at a time until all paraffin is gone. When 

paraffin is completely removed each slide had a coverslip added (adhered with balsam). 

A new method of removing xylene was established when tissue was absent from the 

slides of the early trials. Prepared slides were placed flat in large glass petri dishes, four 

to five slides at a time. Xylene was carefully pipetted on top of the flat slides and left for 

3 minute increments until all paraffin was removed. Old xylene was removed in-between 

soaking periods. This new method was used as a precaution to limit sample loss. It was 

hypothesized that the sample slices were being lost because they were sliding off the 

microscope slides during the vertical dip.  

Trial #5 

A dried fossorial prothoracic leg specimen was placed in a 10% bleach-water 

solution and brought to a rolling boiled with medium agitation for 2.5 hours as an attempt 

to soften the cuticle. The leg was then placed in a water bath for 15 minutes, followed by 

the staining series. Skipped EtOH-Xylene dehydration series and clearing. Paraffin bath 

over weekend. Leg looked white and appeared soft. Specimen was placed vertically in 

paraffin block for slicing, sliced at 50µm, and placed in microscope slides treated with 

tissue section adhesive prior to microtome slicing. No viable cuticle slices on slide. All 

cuticle was fragmented or lost completely. 

Trial #6 

A dried fossorial prothoracic, mesothoracic, and metathoracic legs were dissected. 

Each leg was placed in a separate beaker of 10% bleach-water solution and brought to a 
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rolling boiled. A small agitator was added to each beaker and set to 250, then slowed to 

200 once the water was boiling. The legs socked for 45-60 minutes, or until brown cuticle 

was mostly clear and a 00 curation pin could be inserted through the leg. The leg was 

then placed in a water bath for 3 minutes, followed by the staining series. Paraffin bath 

for 19 hours. Specimen was placed vertically in paraffin block for slicing, sliced at 50µm, 

and placed on microscope slides treated with tissue section adhesive prior to microtome 

slicing. Some tissue was seen in slices, but not very much. Still looked like cuticle is 

crumbling during slicing. Tried trial twice. No viable cuticle slices on slide. All cuticle 

was fragmented or lost completely. Shorter paraffin bath did seem to improve slice 

quality.  

Trial #7 

A dried fossorial prothoracic leg specimen was placed in a 10% bleach-water 

solution for 48 hours. When removed from the solution the leg appeared soft and white. It 

was placed in a water bath for 20 minutes, then put through the staining series. Paraffin 

bath for 21 hours before blocking. Specimen was placed vertically in paraffin block and 

sliced at 50µm, and placed on microscope slides treated with tissue section adhesive prior 

to microtome slicing. Some tissue was seen in slices, but not very much. Still looked like 

cuticle is crumbling during slicing. No viable cuticle slices on slide. It is possible that the 

long bleach process broke down the cuticle too much.  

Trial #8 

A dried fossorial prothoracic leg specimen was placed in a 10% bleach-water 

solution for 24 hours. When removed from the solution the leg were not completely white 

but seemed slightly soft. It was placed in a water bath for 20 minutes, then put through 
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the staining series. Paraffin bath for 21 hours before blocking. Specimen was placed 

horizontally in paraffin block and sliced at 50µm, and placed on microscope slides 

treated with tissue section adhesive prior to microtome slicing. Very little tissue in slices, 

but cuticle still very brittle. No viable cuticle slices left on slide. Horizontal vs. vertical 

placement of specimen in block made no difference. Bleach soak possibly not long 

enough.  

Trial #9 

 Dried fossorial prothoracic, mesothoracic, and metathoracic leg were placed in a 

10% bleach-water solution for about 6 days. It was placed in a water bath for 20 minutes, 

then put through the staining series. Paraffin bath for 15 hours before blocking. Specimen 

was placed vertically in paraffin block and sliced at starting at 0.5µm and increasing it to 

5µm. Slices placed on microscope slides treated with tissue section adhesive prior to 

microtome slicing. Very little tissue in slices, but cuticle still cutting unevenly and in 

fragments. No viable cuticle slices left on slide. Still did not see any difference between 

results or between the different legs. 

Trial #10 

 Dried fossorial prothoracic, mesothoracic, and metathoracic leg of 

Neoscapteriscus vicinus were placed in a 10% bleach-water solution for about 5 days. It 

was placed in a water bath for 20 minutes, then put through the staining series. Paraffin 

bath for 19 hours before blocking. Specimen was placed vertically in paraffin block and 

sliced at starting at 0.5µm and increasing it to 50µm. Very little cuticle regardless of the 

slicing width. Cuticle left in slices is fragmented. Slices placed on microscope slides 

treated with tissue section adhesive prior to microtome slicing. No viable cuticle slices 
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left on slide. Still did not see any difference between results or between the different legs. 

Used new molds, but it did not seem to make a difference. No apparent difference with 

species change. 

Trial #11 

 Dried fossorial prothoracic, mesothoracic, and metathoracic leg of 

Neoscapteriscus vicinus were placed in a 10% bleach-water solution for about 3 days. It 

was placed in a water bath for 20 minutes, then put through the staining series. Paraffin 

bath for 18 hours before blocking. Specimen was placed vertically in paraffin block and 

sliced at starting at 0.5µm and increasing it to 50µm. Very little cuticle regardless of the 

slicing width. Cuticle left in slices is fragmented. Slices placed on microscope slides 

treated with tissue section adhesive prior to microtome slicing. No viable cuticle slices 

left on slide. Still did not see any difference between results or between the different legs. 

Used new molds, but it did not seem to make a difference.  

Trial #12 

 Dried fossorial prothoracic, mesothoracic, and metathoracic leg were placed in a 

10% bleach-water solution for about 3 days. It was placed in a water bath for 20 minutes, 

then put through the staining series. Paraffin bath for 18 hours before blocking. Specimen 

was placed vertically in paraffin block and sliced at starting at 0.5µm and increasing it to 

50µm. during slicing process, steam was introduced to the block in an attempt to obtain 

more complete slices. Very little cuticle regardless of the slicing width and steam. Cuticle 

left in slices is fragmented. Slices placed on microscope slides treated with tissue section 

adhesive prior to microtome slicing. No viable cuticle slices left on slide. Still did not see 
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any difference between results or between the different legs. Used new molds, but it did 

not seem to make a difference. No apparent difference with species change. 

Trial #13 

 Dried fossorial prothoracic, mesothoracic, and metathoracic leg from Gryllotalpa 

africana were placed in a 10% bleach-water solution for about 3 days. It was placed in a 

water bath for 20 minutes, then put through the staining series. Paraffin bath for 18 hours 

before blocking. Specimen was placed vertically in paraffin block and sliced at starting at 

0.5µm and increasing it to 50µm. Very little cuticle regardless of the slicing width. 

Cuticle left in slices is fragmented. Slices placed on microscope slides treated with tissue 

section adhesive prior to microtome slicing. No viable cuticle slices left on slide. Still did 

not see any difference between results or between the different legs. Used new molds, but 

it did not seem to make a difference.  

Trial #14 

Dried fossorial prothoracic, mesothoracic, and metathoracic leg from Gryllotalpa 

africana were placed in a 10% bleach-water solution for about 3 days. It was placed in a 

water bath for 20 minutes, then put through the staining series. Paraffin bath for 20 hours 

before blocking. Specimen was placed vertically in paraffin block and sliced at starting at 

0.5µm and increasing it to 50µm. Very little cuticle regardless of the slicing width. 

Cuticle left in slices is fragmented. Slices placed on microscope slides treated with tissue 

section adhesive prior to microtome slicing. No viable cuticle slices left on slide. Still did 

not see any difference between results or between the different legs. Used new molds, but 

it did not seem to make a difference. No apparent difference with species change. 
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*New microtome in laboratory used from this point on. From this point all paraffin 

blocks were stored in the freezer until needed for slicing. 

Trial #17 

Fossorial prothoracic, mesothoracic, and metathoracic leg dissected from Neo. 

borellii specimen stored in 70% EtOH.  Legs moved to 50% EtOH for 45 minutes, water 

bath for 30 minutes, then put through the staining series. Paraffin bath for 18 hours before 

blocking. Specimen was placed vertically in paraffin block. Different slice widths were 

attempted with the new microtome to determine the most successful. Started slice width 

at 26µm, then moved to 50µm, 75µm, and 100µm. Very little cuticle regardless of the 

slicing width. Slices contained fragmented pieces of cuticle but most could be seen 

crumbling and landing in the microtome tray. Slices were placed on microscope slides 

treated with tissue section adhesive prior to microtome slicing. No viable cuticle slices 

left on slide. Still did not see any difference between results or between the different legs.  

Trial #18 

Dried fossorial prothoracic, mesothoracic, and metathoracic legs were placed in a 

10% bleach-water solution for about 24 hours. It was placed in a water bath for 20 

minutes, then put through the staining series. Paraffin bath for 12 hours before blocking. 

Specimen was placed vertically in paraffin block and sliced at 40µm. Saw some 

difference in slicing success. Cuticle left in slices is still fragmented but appeared to be 

more present. Slices placed on microscope slides treated with tissue section adhesive 

prior to microtome slicing. At this point it was determined that the cuticle (or tissue) did 

not seem to be adhering to the slides. Different methods attempted to correct this issue. 

First, slices were applied to the slides and placed into the incubator at 60°F until the 
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paraffin melted. No change. Second, slices were made over steam to keep wax soft and 

malleable then applied to slide. No change. Third, slides were dipped in water so the 

slices would stick slightly. Slides were left to dry. No change. Fourth, slices were left on 

slide in the incubator at 60°F overnight. No change. Fifth, steam was introduced in-

between slices then removed so wax hardened again. This was to insure the wax was 

fully affixed around the leg during slices. The slices were then placed on slides and left in 

the incubator at 60°F overnight. No change. No viable cuticle slices left on slide. Still did 

not see any difference between results or between the different legs.  

Trial #19 

An immature mole cricket stored in 70% EtOH was used. Fossorial prothoracic, 

mesothoracic, and metathoracic legs were dissected. The legs were put through a 

rehydration series from 70% EtOH to 50% EtOH to 100% water, 45 minutes each. 

Staining series. Paraffin bath for 12 hours. Specimen was placed vertically in paraffin 

block and sliced at 40µm. Cuticle still showed signs of crumbling but appeared to be less 

than the slices made along the adult leg blocks. Slices were placed on microscope slides 

treated with tissue section adhesive prior to microtome slicing. No viable cuticle slices 

left on slide. 

Trial #20 

The fossorial prothoracic, mesothoracic, and metathoracic legs from a specimen 

stored in 70% EtOH were used. The legs were put through a rehydration series from 70% 

EtOH to 50% EtOH to 100% water, 45 minutes each. Staining series. Paraffin bath for 12 

hours. Specimen was placed vertically in paraffin block and sliced at 40µm. Cuticle still 

showed signs of crumbling but possibly less crumbling than previous trials. Slices were 
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placed on microscope slides treated with tissue section adhesive prior to microtome 

slicing. Still very little cuticle but none of the slides are viable for analysis. Some muscle 

and connective tissue seen on slide. 

Trial #21 

Dried fossorial prothoracic, mesothoracic, and metathoracic legs were dissected 

and placed in a 10% bleach-water solution for about 72 hours. Staining series. Paraffin 

bath for 12 hours. Specimen was placed vertically in paraffin block and sliced at 40µm. 

Cuticle still showed signs of crumbling but possibly less crumbling than previous trials. 

Slices were placed on microscope slides treated with tissue section adhesive prior to 

microtome slicing. Still very little cuticle but none of the slides were viable for analysis. 

Some muscle and connective tissue seen on slide. 

Trial #22 

A scarab beetle was used in an attempt to determine the effect of dehydration on 

the cuticle. The whole body of the beetle that was being stored in 70% EtOH was put 

through a rehydration series from 70% EtOH to 50% EtOH to 100% water, 45 minutes 

each. Staining series. Paraffin bath for 12 hours. Specimen was placed horizontally in 

paraffin block and sliced at 40µm. Cuticle was too hard and appeared to be brittle when 

sliced. Some rotations of the blade cut the wax around the beetle. No slides were made 

because there were not enough complete slices. 

New slide adhesives 

 Cuticle still not adhering to the slides. Blocks left over from Trial #19 and 20 

were used Different methods attempted to correct this issue. Two new slide adhesives 

were used: Poly-L slide adhesive and Tissue Capture Pen. Slides were treated with Poly-
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L slide adhesive, slices were then placed on slides, extra paraffin was cut away from the 

slide edges, the paraffin was melted slightly in the incubator at 60°F, and left to cool for 

24hrs. Still very little cuticle but none of the slides were viable for analysis. 

Slides were treated with a Tissue Capture Pen, slices were then placed on slides. 

Extra paraffin was cut away from the slide edges. The paraffin was melted slightly in the 

incubator at 60°F, and left to cool for 24hrs. Still very little cuticle but none of the slides 

were viable for analysis. Appeared to be no difference between the above two adhesives 

and the originally used adhesive.  

Trial #23 

 Dried fossorial prothoracic leg was dissected and placed in: 10% bleach-water (72 

hours), hexamethyldisilazane or HMDS (1 hour), HMDS (1 hour), staining series, soak in 

paraffin oil, not wax (12 hours), and block. Paraffin oil was used in place of wax as an 

attempt to keep the cuticle as soft as possible. Paraffin wax can cause dehydration in 

tissue. Specimen was placed horizontally in paraffin block and sliced at 40µm. Slices 

were placed on microscope slides treated with tissue section adhesive prior to microtome 

slicing. Slides were placed in the incubator at 60°F for 5 minutes. Still very little cuticle 

but none of the slides were viable for analysis. 

Trial #24 

 Dried fossorial prothoracic leg was dissected and placed in: 10% bleach-water (72 

hours), HMDS (1 hour), HMDS (1 hour), staining series, series from 100%EtOH to 

HMDS, HMDS (6 minutes), soak in paraffin oil, not wax (12 hours), and block. 

Specimen was placed horizontally in paraffin block and sliced at 40µm. Slices were 

placed on microscope slides treated with tissue section adhesive prior to microtome 
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slicing. Slides were placed in the incubator at 60°F for 5 minutes. Still very little cuticle 

but none of the slides were viable for analysis. 

Trial #25 

 Dried fossorial prothoracic leg was dissected and placed in: 10% bleach-water (72 

hours), HMDS (1 hour), HMDS (1 hour), staining series, series from 100% EtOH to 

HMDS, HMDS (6 minutes), soak in paraffin wax (12 hours), and block. Specimen was 

placed horizontally in paraffin block and sliced at 40µm. Slices were placed on 

microscope slides treated with tissue section adhesive prior to microtome slicing. Slides 

were placed in the incubator at 60°F for 5 minutes. Still very little cuticle but none of the 

slides were viable for analysis. 

Trial #26 

 Dried fossorial prothoracic leg was dissected and placed in: 10% bleach-water (72 

hours), water bath (45 minutes), staining series, series from 100% EtOH to HMDS, 

HMDS (6 minutes), soak in paraffin oil (12 hours), and block. Specimen was placed 

horizontally in paraffin block and sliced at 40µm. Slices were placed on microscope 

slides treated with tissue section adhesive prior to microtome slicing. Slides were placed 

in the incubator at 60°F for 5 minutes. Still very little cuticle but none of the slides were 

viable for analysis. 

Trial #27 

 Dried fossorial prothoracic leg was dissected and placed in: 10% bleach-water (72 

hours), HMDS (1 hour), HMDS (1 hour), staining series, soak in paraffin wax (12 hours), 

and block. Specimen was placed horizontally in paraffin block and sliced at 40µm. Slices 

were placed on microscope slides treated with tissue section adhesive prior to microtome 
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slicing. Slides were placed in the incubator at 60°F for 5 minutes. Still very little cuticle 

but none of the slides were viable for analysis. 

Trial #23-27 used all three methods of slide adhesive. Still no success. 

Trial #28 

 Dried fossorial prothoracic leg was dissected and placed in a solution made up of 

1 pellet NaOH in a 2 dram vial of deionized water. Leg left to soak for 15 hours and 20 

minutes. Moved leg to acidic acid solution to wash for 30 minutes. 70% EtOH wash for 

10 minutes, paraffin oil bath for 4 days. A longer deration soak in paraffin oil is possible 

because it does not dehydrate tissue like paraffin does. Specimen was placed horizontally 

in paraffin block and sliced at 40µm. No successful slices. The microtome blade sliced 

the wax around the leg or cut away large, unusable chunks. 

Trial #29 

 Dried fossorial prothoracic leg was dissected and placed in a solution made up of 

1 pellet NaOH in a 2 dram vial of deionized water. Leg left to soak for 12 hours. Moved 

leg to acidic acid solution to wash for 30 minutes. 70% EtOH wash for 10 minutes, 

paraffin oil bath for 12 hours. Specimen was placed horizontally in paraffin block and 

sliced at 40µm. No successful slices. The microtome blade sliced the wax around the leg 

or cut away large, unusable chunks. 

Trial #30 

 Dried fossorial prothoracic leg was dissected and placed in a solution of equal 

parts NaOH- deionized water and 10% bleach-water (12 hours). Leg completely 

dissolved. 
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Trial #31 

 Dried fossorial prothoracic leg was dissected and placed in a solution made up of 

1 pellet NaOH in a 2 dram vial of deionized water. Leg left to soak for 24 hours. Moved 

leg to acidic acid solution to wash for 30 minutes. 70% EtOH wash for 10 minutes, 

paraffin oil bath for 12 hours. Specimen was placed horizontally in paraffin block and 

sliced at 40µm. Still no successful slices. Cuticle still appeared to be too hard. 

Trial #32 

 Dried fossorial prothoracic leg was dissected and placed in a solution of equal 

parts NaOH- deionized water and 10% bleach-water (3 hours). Leg completely dissolved. 

Trial #33 

 Dried fossorial prothoracic leg was dissected and placed in a solution of equal 

parts NaOH- deionized water and 10% bleach-water (2 hours). Moved leg to acidic acid 

solution to wash for 30 minutes. 70% EtOH wash for 10 minutes, paraffin oil bath for 12 

hours. Specimen was placed horizontally in paraffin block and sliced at 40µm. No 

successful slices. Cuticle still too hard for successful slices. 

Trial #34 

 Dried fossorial prothoracic leg was dissected and placed into a decalcification 

solution called Cal-Ex (4 hours). Moved leg to xylene for 15 minutes, into paraffin oil 

bath for 4 days, paraffin wax bath for 12 hours, hen blocked. Leg appeared brittle but was 

blocked anyway. Specimen was placed horizontally in paraffin block and sliced at 40µm. 

Block sliced well but the cuticle crumbled away when the paraffin was removed. 

Resulted in very fragmented and unusable slices. 
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Trial #35 

 Dried fossorial prothoracic leg was dissected and placed into a decalcification 

solution called Cal-Ex (4 hours), xylene (15 minutes), food grade gelatin kept warm in 

the incubator (72 hours). The gelatin was supposed to act as an alternative medium as 

wax (aim was for a consistency similar to ballistics jell). Specimen was placed 

horizontally in paraffin block. Block would not slice with microtome. Hand slices were 

attempted but unsuccessful.  

Trial #36 

 New fossorial prothoracic leg was dissected from a recently caught specimen that 

was stored in the freezer. This trial was to determine if the age of the specimen or the 

storage if specimens. The leg was placed in a solution made up of 1 pellet NaOH in a 2 

dram vial of deionized water (12 hours), acidic acid wash (30 minutes), xylene (10 

minutes), paraffin oil bath (12 hours), then blocked. Specimen was placed horizontally in 

paraffin block and sliced at 40µm. Very little to no cuticle was left on the slices. Not 

enough usable slices to make slides even though leg seemed soft before blocking.  

Trial #37 

 New fossorial prothoracic leg was dissected from a recently caught specimen that 

was stored in the freezer. This trial was to determine if the age of the specimen or the 

storage if specimens. The leg was placed a 10% bleach-water solution at a soft boil (25 

minutes), water bath (20 minutes), paraffin wax bath (12 hours), then blocked. When 

boiling in bleach solution, small brown particles were apparent in the solution. It is 

possible these particles were the outer most layer of cuticle. There was too much to be 

random debris. Specimen was placed horizontally in paraffin block and sliced at 40µm. 
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Very little to no cuticle was left on the slices. Not enough usable slices to make slides 

even though leg seemed soft before blocking. 

Trial #38 

 New fossorial prothoracic leg was dissected from a recently caught specimen that 

was stored in the freezer. This trial was to determine if the age of the specimen or the 

storage if specimens. The leg was placed formalin overnight, then water bath (30 

minutes), water to 100% EtOH series (30 minutes each), xylene (30 minutes), paraffin 

wax bath (12 hours), then blocked. Specimen was placed horizontally in paraffin block 

and sliced at 40µm. Sliced very well but very little cuticle was left on the slides when the 

paraffin was removed. Some cuticle seen floating in the xylene in the petri dish after the 

paraffin removal and before the cover slips were added. 

Trial #39 

 New fossorial prothoracic leg was dissected from a recently caught specimen that 

was stored in the freezer. This trial was to determine if the age of the specimen or the 

storage if specimens. The leg was placed in AFA overnight, then moved to 10% bleach-

water solution and kept at a slow boil (20 minutes). The leg was then moved to a 

dehydration series of water to 100% EtOH (30 minutes each), 100% EtOH to 100% 

xylene series (30 minutes each), paraffin wax bath (12 hours), then blocked. Specimen 

was placed horizontally in paraffin block and sliced at 40µm. Sliced very well but very 

little cuticle was left on the slides when the paraffin was removed. Some cuticle seen 

floating in the xylene in the petri dish after the paraffin removal and before the cover 

slips were added. 
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Trial #39 

 New fossorial prothoracic leg was dissected from a recently caught specimen that 

was stored in the freezer. This trial was to determine if the age of the specimen or the 

storage if specimens. The leg was placed in AFA overnight, then moved to Cal-Ex 

solution (4 hours). The leg was then moved to a dehydration series of water to 100% 

EtOH (30 minutes each), 100% EtOH to 100% xylene series (30 minutes each), paraffin 

wax bath (12 hours), then blocked. Specimen was placed horizontally in paraffin block 

and sliced at 40µm. Sliced very well but very little cuticle was left on the slides when the 

paraffin was removed. Some cuticle seen floating in the xylene in the petri dish after the 

paraffin removal and before the cover slips were added. 

 

In the end, the two main problems were that the cuticle would crumble upon slicing 

and/or the cuticle would not adhere to the slide. 

  



135 
 

 

CURRICULUM VITAE 

 
 

Kylee Kleiner 
Sam Houston State University 

Department of Biological Sciences 
Huntsville, Texas 77340-2116 

 
 

 
Education 
 

M.S. Biology, Sam Houston State University, Huntsville, Texas. 
 Advisor: Dr. Sibyl R. Bucheli 
 Projected Graduation Date: December 2018 
B.S. Biology with a Minor in Photography, Sam Houston State University, 

Huntsville, Texas. 
 Advisor: Dr. Todd Primm (GPA: 3.02) 
 Graduation Date: December 2013 
A.S. Brazosport College, Clute, Texas 
 Advisor: University Counselor (GPA: 3.16) 
 Graduation Date: May 2009 

 
Research Interest 
 
 Morphology and Evolution of Insects, specializing in Gryllotalpidae 

Morphometrics as a tool to help illuminate species problems. 
Ecological and behavioral data in morphological studies 
GIS mapping 
Scanning Electron Microscope (SEM) analysis with and without x-ray diffraction 
Histology 
Soil invertebrate ecology and burrowing behavior 
Museum Curation 
Collection management and databasing 
Scientific illustration and field photography 
Microscope and macro photography 
 

Science Publications 
 

Kleiner, K., Hanson, P., Pickering, J., (In Press). First record of Vanhorniidae 
(Hymenoptera: Proctotrupoidae) from Florida, Florida Journal of 
Entomology  

 
 
 



136 
 

 

Presentation 
 

Kleiner, K., Bucheli, S., Cook, T., Williams, J., Smith-Herron, A. Cuticular 
differentials between prothoracic, mesothoracic and metathoracic legs seen in 
Gryllotalpidae (Orthoptera). Entomological Society of America. Vancouver, 
Canada. November 2018 

Kleiner, K., Bucheli, S., Williams, J., Smith-Herron, A. Fine structure analysis of 
the fossorial forelegs of Gryllotalpidae (Orthoptera) diversity driven by Soil 
Variation. Entomological Society of America. Minneapolis, MN. November 
2015 

Kleiner, K., Bucheli, S., Williams, J., Santamaria, C. Preliminary investigation of 
the fossorial forelegs of Gryllotalpidae (Orthoptera). Entomological Society 
of America. Portland, OR. November 2014 

Kleiner, K., Bucheli, S., Williams, J., Santamaria, C. Preliminary investigation of 
the fossorial forelegs of Gryllotalpidae (Orthoptera). S.H.S.U. Graduate 
Student Symposium 2014 

Kleiner, K., Bucheli, S., Williams, J., Santamaria, C. Preliminary investigation of 
the fossorial forelegs of Gryllotalpidae (Orthoptera). Entomological Society 
of America. Austin, Texas, November 2013 

 
Professional Biology Experience 
 

Research Science Associate, Texas Research Institute for Environmental Studies, 
Invasive Ant Research. (November 2017 - current) 

Student Research Associate, DiscoverLife. (Feb 2016- current) 
Research Assistant, Entomology collection, Sam Houston State Natural History 

Collections, Huntsville, Texas. (August 2016 – November 2017) 
Student Research Associate, TRIES Histology Lab, Huntsville, Texas. (Spring 

2015 - October 2017) 
Participant in weekly Biology Seminar (2014 - current) 
Teaching Assistant, Botany, Sam Houston State University, Department of 

Biological Sciences, Huntsville, Texas. (Spring 2014 - Spring 2016)  
Curation work in the Natural History Museum of Zimbabwe, Bulawayo, Africa. 

May 2015 
Collection trip to the Zimbabwe, Africa May 2015 
Attended and presented research at the Entomological Society of America 

conference, Minneapolis, MN. November 2015 
Attended and presented research at the Entomological Society of America 

conference, Portland, OR. November 2014 
Attended and presented research at S.H.S.U. Graduate Student Symposium 2014 
Attended and presented research at the Entomological Society of America 

conference, Austin, Texas, November 2013 
Collection trip to Louisiana, Mississippi, Alabama and Flordia, Texas, July 2014 
Collection trip to the White and Christmas Mountains, Terlingua, Texas, May 

2014 
 South-East Coast Buchnera and Gryllotalpidae Collection Trip, June 2014 
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TRIS and TISI collections and research, Summer 2014 
Includes: Emerald Ash Borer field collections, specimen preparation and 
curation 

 Ash Tree identification and seed harvest 
 White and Christmas Mountains Insect Preparation and Curation  

Modification of Sam Houston State University Entomology Laboratory Manual, 
Fall 2013 

Attended Entomological Society of America conference, Austin, Texas, 
November 2013 

 
Skill Sets 
 
 SEM training 
 Botany and Entomology lab preparation and instruction 
 Insect field collections, preparation, curation, identification and dissection 

Basic GIS skills 
Tissue preparation and staining 
Histological processing and microscope slide creation 
Thin sectioning 
Museum specimen handling and curation 
Museum display preparation and construction 
Museum databaseing 
Scientific Illustration (predominantly for invertebrates) 

 Photography (35mm and 120mm film and digital) 
 Microscope and macro photography 
 Film and dark room developing 
 Professional photographic image printing and preparation for display in gallery 

exhibits 
 

University Memberships 
 

President, Better Understanding of Global Sustainability (B.U.G.S), Sam Houston 
State University.  

Office Held: President (Fall 2016 - current) 
President, Better Understanding of Global Sustainability (B.U.G.S), Sam Houston 

State University, (2015 – Spring 2016) 
President, Better Understanding of Global Sustainability (B.U.G.S), Sam Houston 

State University.  
Office Held: President (2014-2015) 

Member, Biological Studies of Graduate Students Organization, Sam Houston 
State University, (Spring 2014 - current) 

 
Professional Society Memberships 
 
 Florida Entomologist Society 

Entomological Society of America 
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 Sigma Xi 
 Texas Academy of Science 

 
Professional Art Experience 
 
 City of Huntsville, Texas Calendar (Pending Print date: October 2014) 
 Texas Firefighter Training School Photographer, March 2013 
 Huntsville Firefighter Photographer, February- May 2013 

Texas Wildlife Rehabilitation Photographer, February- May 2013 
Displayed multiple images during Huntsville City Council Meeting, 2013 
Scare on the Square and Haunted Hay Ride City Photographer October 2013 

Images printed: “This Week in Huntsville” city newsletter, October 2013 
Student Alumni Association Juried Show (two images displayed), September 

2013 
Not for Profit: Photographic narrative gallery show (three images displayed), May 

2012 
Student Alumni Association Juried Show (one image displayed), April 2012 

 
Peer Review Art Publications 
 

Kleiner, K. (2013). Waiting for Smoke and Ash: A story of the Huntsville Fire 
Department, Blurb Publishing  

Kleiner, K. (2012). Double Exposure: There's more than one layer to the world, 
Blurb Publishing 

 
Public Out Reach 
 

Community Service:  
Off campus Herbarium weekly volunteer hours (April 2017- current) 
Audubon Society Lunch (March 2017) 
SHSU President Meet and Greet at the SHS Natural History Collections, 
September 2016  

Herbarium Databasing, Sam Houston State Natural History Collections, 
Huntsville, Texas. (Fall 2016 - current) 
B.U.G.S Bi-annual Green House clean-up (2014 - current) 
B.U.G.S Monthly campus outreach (2014 - current) 
Montgomery County highway clean up Trash Bash (2015) 
S.H.S.U. School of Biology B.S.G.S.O. Tail Gate, September, 2014 
B.S.G.S.O. Highway Clean up, Spring 2014 
S.H.S.U. Biology Department Tank Clean Up September 11, 2014 

Lab and Teacher Assistant:  
Visiting speaker at Audubon Society monthly meeting (September 2017) 
Visiting speaker at Friends of Huntsville State Park monthly meeting (August 
2017) 
Taught home school children (Grade K-2) Entomology and Biology 101 
(Summer 2017) 
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Help undergraduate students in the annual Entomology course with 
collection and curation techniques in Dr. Sibyl Bucheli’s research laboratory 
(Spring 2014 – Spring 2016)  

 
Award 
 
 Dean’s List, Fall 2013 
 

 


