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RESUMEN

TITULO: CUANTIFICACION DE LA VARIACION MORFOLOGICA: DATOS DE
FORMA GEOMETRICA PARA LA DISCRIMINACION DE GENEROS Y ESPECIES EN

TABANINAE (DIPTERA: TABANIDAE).”
AUTOR: DIEGO FERNANDO ACEVEDO CHAPARRO™
PALABRAS CLAVES: TAXONOMIA, NEOTROPICO, FORMA DEL ALA.

DESCRIPCION: La determinacion taxonomica en Tabaninae (Diptera: Tabanidae) ha sido
historicamente dificil de abordar debido a la variacion de los caracteres morfologicos usados
para la clasificacion a nivel de subfamilia. Varios enfoques alternativos en las dltimas
décadas han sido utilizados para la identificacion de géneros y especies. Por medio de
métodos de Morfometria Geométrica digitalizamos configuraciones de 28, 29 y 30 landmarks
tipo | sobre las intersecciones y terminaciones de las venas en las alas derechas de 1158
hembras adultas, pertenecientes a 38 especies colectadas en 15 areas protegidas del pais, para
cuantificar la forma geométrica del ala como un grupo de caracteres para la correcta
determinacion taxonomica y estimamos el efecto del nimero y configuracion de landmarks
sobre la determinacion taxonomica en Tabaninae. Los resultados obtenidos en los analisis de
agrupamiento por el método UPGMA vy los andlisis de Componentes Principales no
permitieron la clara separacion de grupos a nivel de tribus y géneros. Sin embargo, los
andlisis de discriminantes permitieron la correcta determinacion en casi la totalidad de casos
evaluados y revelaron aquellos landmarks que deberian priorizarse para maximizar la
discriminacion taxonémica. Por lo tanto, la forma geométrica del ala permite la correcta

discriminacion taxondmica a nivel de tribu, género y especie en Tabaninae.

(*) Bachelor thesis
(**) Facultad de Ciencias. Escuela de Biologia. Supervisor: Daniel Rafael Miranda Esquivel, PhD



ABSTRACT

TITLE: QUANTIFYING MORPHOLOGICAL VARIATION: GEOMETRIC
MORPHOMETRICS DATA AS A TOOL FOR DISCRIMINATING GENERA AND

SPECIES IN TABANINAE (DIPTERA: TABANIDAE) (*)

AUTHOR: DIEGO FERNANDO ACEVEDO CHAPARRO (**)

KEYWORDS: TAXONOMY, NEOTROPIC, WING SHAPE.

DESCRIPTION: Taxonomic recognition in Tabaninae (Diptera: Tabanidae) has been
historically difficult to assess due to the variation of the morphological characters used for
classification at tribe, genus and species level in some particular groups. Non-morphological
(i.e molecular, enzimatic and biochemical) data have been collected in the last few decades
to approach taxonomy within and between groups and ease identification of genera and
species. Using GM methods and wing shape data, we identified and measured configurations
of 28, 29 and 30 type I landmarks on the veins of the right wings of 1158 female adults
belonging to 38 species, collected in 15 protected areas, to quantify wing shape as a set of
characters for taxonomic discrimination and estimated the effect of both number and
configuration of type I landmarks on taxonomic recognition in Tabaninae. We found unclear
taxa identification through UPGMA cluster analysis and PCA analysis at tribe and genus
level. Nevertheless, Discriminant Analysis allowed the correct identification of taxa in most
cases and revealed those landmarks that might be prioritized to maximize taxonomic
discrimination scores at each level. Thus, wing shape data is a feasible and reliable tool for

taxonomic discrimination in the subfamily Tabaninae at tribe, genus and species level.

(*) Bachelor thesis
(**) Facultad de Ciencias. Escuela de Biologia. Supervisor: Daniel Rafael Miranda Esquivel, PhD



Introduction
Horse-flies, deer-flies and clegs (Diptera: Brachycera: Tabanidae) are a monophyletic family
(Morita et al. 2016; Wiegmann et al. 2000) listing about 4400 species with world-wide distribution
(Lambkin et al. 2013; Morita et al. 2016; Pape et al. 2011). Tabanids are generally large flies with
black, brown or grey bodies in which pale areas are common, bearing large calypteres and lacking
body bristles (Chainey, 1993). Since nearly 25% of its known diversity occurs in the Neotropical
region (Coscaron & Papavero, 2009; Henriques et al. 2012) a growing interest on the local
tabanofauna has been aroused (Rodrigues Guimardes et al. 2017) and to date in Colombia 256
species have been recorded (Wolff & Miranda-Esquivel, 2016). Nowadays, the current
classification scheme splits Tabanidae into four subfamilies (Tabaninae, Chrysopsinae,
Pangoniinae, and Scepsidinae) with further division into 10 tribes (Coscarén et al. 1979;
Mackerras, 1954). However, in some cases their high morphological variation makes taxonomy
within the family difficult to assess (Chainey, 1983; Oldroyd, 1957; Usher, 1972) and today
taxonomic research on Neotropical Tabanidae is a yet developing field (Torres & Miranda-

Esquivel, 2016).

Taxonomic identification keys are based on external and internal morphological features of
adults and the known immature stages (Coscaron & Papavero, 2014). Abdomen coloration patterns
and wing venation characters (Maity et al. 2015) are diagnostic for classification at subfamily level
(Chainey, 1993). However, taxonomic discrimination of genera or species is not always feasible
since some characters do not exhibit enough variation or might be altered because of age and
preservation methods (Morita et al. 2016). Therefore, problems related to taxonomic recognition
based on morphological traits are common in Tabanidae (Coscaron & Papavero, 1993) and are

especially evident for some of its subfamilies, such as Tabaninae.



For helping solve this problems related to taxonomic recognition non-morphological evidence,
such as enzymatic (Hudson & Teskey, 1976), biochemical (Sutton & Carlson, 1997) and molecular
data (Banerjee et al. 2015) have been gathered. These researches include the Tabanus nigrovittatus
Macquart complex (Sofield et al. 1984), some species of Stypommisa Enderlein (Céardenas et al.
2009) and the taxonomic discrimination of Diachlorus Osten-Sacken using wing shape data

(Torres & Miranda-Esquivel, 2016).

In this taxonomic context, Geometric Morphometrics uses homologous morphological loci or
landmarks (Thompson, 1917) to estimate and characterize biological shape (Arbour & Brown,
2014) through collecting and analyzing information otherwise impossible to be examined (Adams,
Rohlf, & Slice, 2004; Bookstein, 1991, 1997). Thus, Geometric Morphometrics represents a
suitable tool for discriminating taxa (Arbour & Brown, 2014) and approach taxonomic surveys
(Baylac et al. 2003) in a wide range of life forms (Beolchini & Corti, 2004; Costa-Schmidt & de
Araujo, 2010; Perrard et al. 2014). Tabanids wings, as in most taxa within the Insecta, present
appropriate attributes for Geometric Morphometrics data acquisition, since they are mainly hyaline
and its features are easy to recognize (Dujardin et al. 2012; Klingenberg et al. 2001; Torres &
Miranda-Esquivel, 2016), as well they hold detectable and quantifiable interspecific variation

(Houle et al. 2003).
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1  Objectives

1.1 General objective

Quantify wing shape as a set of characters for taxonomic discrimination in Tabaninae.

1.2 Specific objective

Estimate the effect of number and configuration of type | landmarks on taxonomic discrimination

in Tabaninae.
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2 Materials and methods

2.1  Samples and data collection

We used 1158 adult females collected in 15 protected areas (See supplementary material Table 1)
belonging to 38 species (12 genera of Diachlorini and 2 genera of Tabanini). We used females as
blood-feeding females are more abundant than nectar-feeding males (Coscardn, & Papavero, 2009;

Lessard et al. 2013).

We identified all samples using taxonomic keys to each genus and species (See
supplementary material Table 2) and included into the analysis those specimens with complete and
unfolded right wings. The specimens under study belong to the Entomology collections of Instituto
de Investigacidn de Recursos Biologicos Alexander von Humboldt (IAvH-E), Instituto de Ciencias
Naturales de La Universidad Nacional de Colombia (ICN) and Museo de Historia Natural de la

Universidad Industrial de Santander (MHN-UIS).

Localities. We used samples from 15 localities belonging to five biogeographic provinces (See

supplementary material figure 1).
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Wings. We mounted each wing in dorsal view, not removing any from the axillary sclerites, over
microscope slides and photographed them using a Canon Rebel Xs 10.1 megapixel camera

attached to a Nikon SMZ 1000 stereoscopic microscope.

For selecting the sample size, we followed two criteria: availability of specimens in the
museum collection (Cardini et al. 2015) and exploratory analyses (Bartlett et al. 2001; Cochran,

1977; Kar & Ramalingam, 2013).

Landmarks digitization. Based on venation patterns, we defined 28 homologous traits or Type-I
landmarks (Bookstein, 1991) to represent wing shape at tribe, genus and species level (See
supplementary material figure 2). A fork of variable length at R4 in some specimens provided 1
or 2 additional landmarks (29 or 30). In these late cases, the analysis were performed only at
species level. We included all recognizable venation features and did not considered spots or
coloration patterns (See supplementary material figure 2). We followed wing venation

nomenclature as proposed by Brown et al. (2010).

Geometric morphometrics analysis. First, we removed the effect of size, rotation and orientation
from our landmark data set through Generalized Procrustes Analysis (GPA) under the least squares
criterion (Gower, 1975; Rohlf & Slice, 1990) and, using the GPA values, we calculated the
consensus shapes (CS). Then, we evaluated whether the taxonomic groups are recovered through
Cluster Analysis under the UPGMA method (Sokal & Michener, 1958) based on the Mahalanobis
distances. For selecting the optimal number of clusters, we tested different Gaussian distribution
models and selected the model with the highest Bayesian Information Criterion (BIC) value
(Fraley & Raftery, 2002). Next, we reduced data dimensions and observed trends in shape variation

through Principal Component Analysis (Pearson, 1901) based on the GPA values. Finally, we
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estimated taxonomic differences between groups in terms of wing shape through Discriminant

Analysis (DA) (Fisher, 1936).

We split our data set so that GPA, CS and DA were calculated at each taxonomic level,
regardless of the number of landmarks. For the analyses at tribe and genus level, we only included
all taxa in which 28 landmarks were measured. At genus level we took a sample of some species
of Diachlorus Osten-Sacken, Phaeotabanus Lutz, Dichelacera Macquart, Poeciloderas Lutz and
Tabanus Linnaeus (See supplementary material Table 3). At species level, we also included those
in which 29 and 30 landmarks were digitized, performing the comparisons between groups of four,
three or two species. The four groups of species with 28 landmarks were group 1: D. curvipes
Fabricius, D. leucotibialis Wilkerson & Fairchild, T. secundus Walker and T. simplex Walker;
group 2: T. occidentalis Linnaeus, T. secundus and T. simplex; group 3: D. curvipes, P.
magnificus Krober, T. secundus and T. simplex; group 4: P. serenus Krdber and T. simplex. The
three groups of species with 29 landmarks were group 5: C. inanis Fabricius and T. occidentalis;
group 6: D. leucotibialis, D. marginata Macquart and T. simplex; group 7: D. curvipes, D.
fasciata Walker and D. nuneztovari Fairchild & Ortiz. The three groups of species with 30
landmarks were group 8: T. thiemeanus Enderlein and T. occidentalis; group 9: T. thiemeanus
and T. surifer Fairchild; group 10: D. nuneztovari, T. occidentalis var. modestus Krober, T.

secundus and T. surifer. (See supplementary material Table 4).

Optimal configuration. We performed 905 pseudo replicates extracting landmarks from the data
set to measure their contribution to taxonomic recognition based on both, number and
configuration. As we aimed to find configurations that optimize the analyses through estimating
their effect on taxonomic discrimination we included those close landmarks since they could be

potentially functional.
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First, we removed one individual landmark at a time, starting from L1 to L28, L29 or L30.
Then, we removed pairs of landmarks as follows: L1 and L2, L1 and L3 and so on. We did not
remove landmark sequences starting form L2, L3 or any other landmark. Next, we removed
sequences of greater numbers of landmarks representing particular wing regions: basal region: L1-
L6; Upper margin region: L7-L12; Lower margin region: L13-18; Radial-Cubital region: L19-
L24; Radial-Medial region: L25-L30. Finally, we subtracted random landmark arrangements (10
to 24) until finding a minimum viable number of landmarks that allow discrimination scores
greater than 50 % at each taxonomic level. Landmarks digitized on cross-veins (L1-L16) are
referred to as inner landmarks while landmarks digitized on the end of veins (L17-L30) are referred
to as margin landmarks (See supplementary material figure 2). All the analyses and comparisons

were performed as mentioned in the Geometrics Morphometrics Analysis section.

Software. For landmark digitization or data collection we used the package geomorph (Adams &
Otérola-Castillo, 2013). For the geometric morphometrics analyses we used the libraries geomorph
(Adams et al., 2004) cluster (Maechler et al. 2018), DiscriMiner (Sanchez, 2013), ellipse
(Murdoch & Chow, 2018), colorspace (lhaka et al. 2016), ggplot2 (Wickham, 2016), mclust
(Fraley et al. 2018), shapes (Dryden, 2018) and vegan (Oksanen et al. 2018). Landmark
digitization and all geometric morphometrics analyses were performed using The R software

environment for statistical computing (R Core Team, 2017).

2.2 Results

Landmarks digitization. Specimens with configurations of 28 landmarks are present in 14 genera
occurring in all localities. In 9 of these localities and 12 of these genera we also found specimens

with configurations of 29 and 30 landmarks. Thus, we found no evidence to suggest that the
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number of landmarks of a given taxon may be defined by geography but, instead, could be related
to taxonomy, since only in two genera (Stypommisa and Poeciloderas) the number of landmarks

was 28 in all cases.

Geometric morphometric analyses.

Cluster analysis. Classification at tribe level (Diachlorini and Tabanini) based on the BIC value

showed six groups represented in our dataset (See supplementary material figure 3).

Principal component analysis. At tribe level, the first two components accounted for 55% of the
variance. We found two overlapping groups that did not coincide with the two tribes. We could
not observe Diachlorini nor Tabanini occupying independent regions in the morphospace, as all

genera here included are distributed mainly on the PC2 (See supplementary material figure 4).

We did not observe independent clusters, but instead, Dichelacera and Tabanus appeared
overlapped, such as Phaeotabanus and Poeciloderas. Diachlorus was scattered over a wider range
than any other genus, accounting for more shape variation on the first two PC axis, compared to

the other genera (See supplementary material figure 4).

Conversely, most of the groups compared at species level were clustered independently in
the morphospace. All groups of species with 28 landmarks could be recognized except for T.
simplex and T. occidentalis (See supplementary material figure 5) and all groups of species with

29 landmarks formed independent clusters (See supplementary material figure 6).

Nevertheless, in some of the groups of species with 30 landmarks we observed partial or
total overlapping (i.e. Tabanus occidentalis var. modestus, T. secundus and T. simplex; and T.

surifer and T. thiemeanus) (See supplementary material figure 7).



16

Discriminant analysis. Wing shape data allowed the successful taxonomic recognition of both
tribes, since discrimination score for Diachlorini was 98% and for Tabanini was 99%. These scores
were similar at genus level, in which Diachlorus, Dichelacera, Phaeotabanus, Poeciloderas and

Tabanus had 100% discrimination scores (See supplementary material Table 6).

For all the groups of species discrimination scores were, in almost all cases, over 95%. The
only species under this score was T. occidentalis var. modestus (group 10) which discrimination

score was 50%.

Optimal configuration. For most of the configurations tested at tribe, genus and species level,
removing landmarks individually or by the pairs used showed little or no effect on taxonomic
recognition. For Diachlorini and Tabanini, we observed negative deltas in discrimination scores
when removing some particular landmarks or pairs of landmarks. A similar behavior was observed
when subtracting arrangements of up to ten or fifteen landmarks, in which for Diachlorini
discrimination scores remained above 78% in all cases, and for Tabanini remained above 89%

(See supplementary material Table 5).

For the groups of species, in only one case a positive delta in discrimination scores was
caused after subtracting landmark Ry and C for T. occidentalis var. modestus. In contrast, when
the landmark on appendix vein R4 was removed the discrimination score dropped to 25%. (See

supplementary material Table 7).

These arrangements of landmarks do not belong to a particular region of the wing, but
instead, are found at different vein junctions and ending of veins. We found that using only four
landmarks: h and Sc, Rs and C, Petiole A1l and CuAz and br and R2.+3 discrimination scores

remained above 65% for both tribes. In addition, some of the configurations allowing the highest
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discrimination scores for both tribes included the Alular incision, M and Cu, h and Sc, Sc and C,
Rs and C, CuA, Al and CuAz, bm-cu and CuAl, bm-cu and M3, My and M3, br and Ra+3, r-m

and Rs+s and Rs and Rj4.

We observed no compromise in taxonomic identification when removing individual or
pairs of landmarks at genus level, since in all cases, discrimination scores remained at 100%. In
contrast, removing arrangements of four and up to twenty landmarks caused negative deltas on
discrimination scores for each genus, depending on which landmarks were subtracted (See
supplementary material Table 4). Even in these cases, the five genera were correctly discriminated
when using a configuration of ten landmarks, including h and Sc, h and C, R; and R2+3, R1and C,
R4 and C, My, Petiole Al and CuA2, My and Ms, r-m and Mi+2 and r-m and Rs+s. We found that,
some particular configurations of only four landmarks allow distinguishing Diachlorus: M and Cu,
Sc and C, R4 and C, bm-Cu and CuA1l and Poeciloderas: Alular incision, bm-cu and CuAl, L14

hand Sc, L17 Al and CuA; (See supplementary material Table 6)

Depending on the species, removing sequences or arrangements of up to 20 landmarks
caused different levels of impact on taxonomic recognition. However, in several cases,
discrimination scores remained above 75% (See supplementary material Table 7). As our most
remarkable result, we found that using five different configurations of four landmarks,

discrimination scores for T. occidentalis var. modestus raised from 50% to 100%.

We obtained perfect discrimination using only Riand C, Rz+3and C, bm-cu and CuA; and
br and Rz+3 for Diachlorus curvipes Fabricius, D. nuneztovari Fairchild & Ortiz and Dichelacera
fasciata Walker. Similarly, T. occidentalis and P. thiemeanus had %2100 discrimination scores

when including only hand C, Rs, CuA; and CuAz and r-m and Ras.
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2.3 Discussion

Landmarks digitization. The variation in the general venation pattern of 28 landmarks in
Tabaninae, represented by the fork of veins R4 and Rs (L29) and the appendix veins R4 (L30),
could be, as found in other taxa within the Insecta, related to environmental factors (Oguz et al.
2017) as localities are composed of different vegetation species and differ in their climatic
conditions, or seasonality (Prudhomme et al. 2016) since samples were collected in different
periods, instead of geographical variation (Bai et al. 2015). Nevertheless, as these two additional
landmarks are not common to all taxa under study they should be used cautiously for taxonomic

research through Geometric Morphometrics methods.

Cluster Analysis. We did not observe Diachlorini and Tabanini as independent tribes. However,
the groups formed are clear in terms of separation, but they do not coincide with the known taxa
within Tabaninae, as most of the genera of both tribes are clustered together. Genera of Diachlorini
appeared to be more similar to those of Tabanini, since they are recovered within Tabanus. Thus,
wing shape, as seen for morphological characters, might be highly variable within a given group

(Lorenz et al. 2017).

Principal Component Analysis. In Diachlorini, the most diverse and varied tribe, in
morphological terms, in the family (Bayless et al. 2009) shape behavior at the morphospace might
be caused by higher levels of variation at genus or species level, which might be related to the
absence of redundant information (Kucharczyk et al. 2012) or to sample size (Kocovsky, 2009).
At this taxonomic level, inner and margin landmarks (L1-L16 & L17-L28) account for the overall

within tribe variation, since both reveal deformations (Fig. 4).

In Tabanini, several characters used in taxonomic recognition tend to overlap, causing

identification problems (Wilkerson, 1978) because of morphological similarity. This might be
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reflected in wing shape data since some body variables could be correlated to shape variables

(Dujardin, 2008).

Considering the overlapping of both tribes on the first PC2 axes, it could be suggested that
there are wing landmarks that could share variation patterns (Kucharczyk et al. 2012). In geometric
morphometrics terms, those landmarks allowing a clear group separation at tribe level are not
represented by veins junctions, but instead, by endings of veins on the wing margin. Therefore,
visualizing data through the morphospace is a practical approach for distinguishing particular
features that might be functional for taxonomic recognition (Chartier et al. 2014; Egan, 2015;

Osman et al. 2011) even at higher-level taxa.

Discriminant analysis. Wing venation patterns are used for description at order or family level
(Comstock & Needham, 1899) but through Geometric Morphometrics data we found differences
that enable correct taxonomic discrimination at tribe, genus and species level, suggesting that
Geometric Morphometrics methods represent a reliable tool for taxonomic recognition in

Tabaninae.

Despite the high variation presented at subfamily level, wing shape data allowed the
successful recognition of each tribe, representing a suitable means for suprageneric identification,
as it is for the Scarabaeoidea (Ren et al. 2017). However, these results opposite to what have been
tested in other orders of Insecta, such as the Hymenoptera, since most of the variation is found at
the interspecific level (Perrard et al. 2014) or at the genus level, as in the Hemiptera (Li et al.

2017), but coincide traditional morphology within Tabanidae (Torres & Miranda-Esquivel, 2016).

As found at tribe level, despite not having a clear group separation through PCA, we

correctly identified all genera under study (See supplementary material Table 6). Therefore, at this
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taxonomic level, differences in wing shape are descriptive and functional to achieve a clear group
discrimination when all the initial landmarks are included, making possible to detect between-
group differences without losing accuracy on taxonomic recognition caused by lower-level
variation (Pretorius & Scholtz, 2001). Additional landmarks do not improve discrimination scores

at species level (See supplementary material Table 7).

Optimal configuration. Contrary to what we found through PCA analyses, in which margin
landmarks seem to be critical for taxonomic identification, there is no rule about whether inner or
margin landmarks should be used for taxonomic recognition, since particular arrangements of both
are necessary to optimize between-group discrimination at tribe, genus and species level. This
might suggests that partial datasets are useful for taxa identification (Gupta et al. 2018) since shape
variation in Tabaninae could be summarized by particular landmarks taken from the initial

configurations.

Using only 14% of the original landmark dataset (i.e. four landmarks) discrimination scores
in both tribes are similar, or even higher (See supplementary material Table 5) than those found
for other taxa in which a larger number of landmarks was used (Mooney & Kingsford, 2016;
Ruane, 2015; Sontigun et al. 2017). At genus level, we observed a similar behavior to that of tribes
regarding taxonomic discrimination based on wing shape data, in which inner and margin
landmarks improve recognition when used together (See supplementary material Table 6).
Compared to tribes, genera need more landmarks to be discriminated. However, such as at tribe
level, functional configurations might be selected from the dataset. For optimizing species
discrimination, particular configurations of different number of landmarks are required; although

there are particular landmarks present in several configurations (See supplementary material Table
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7), we could not detect a common configuration allowing the correct taxonomic discrimination for

all the groups of species under study.

3 Conclusions

Our results present a practical way for an efficient taxon recognition within Tabaninae, since
discrimination scores after removing landmarks suggest the viability for the correct identification
of tribes, genera and species using particular landmarks instead of the entire dataset. Therefore,
correct taxonomic discrimination based on Geometric Morphometrics data is feasible even when
only partial information is available or wings have been damaged, since particular landmarks
might summarize shape variation within the subfamily. These landmarks differ at each taxonomic
level; thus, there is at least one useful configuration for recognizing tribes, genera or species,

suggesting that wings shape varies independently at each taxonomic level.

Nevertheless, as in several of these configurations some landmarks are relatively close, the
effect of distance should be measured in further analyses. In addition, the correct taxonomic
discrimination in Tabaninae would be determined by how landmarks are arranged, rather than how
many of them are measured. Then, such exploratory analyses become relevant for detecting useful

information for taxonomic surveys in Tabaninae.
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