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Article 

Compound Eye Morphology Revealed by SEM 

Enhances Species Discrimination in Temnothorax 

Ants (Tuberum Group) 

Joaquín L. Reyes-López 

Department of Botany, Ecology and Plant Physiology, Ecology Area, José Celestino Mutis Building,  

Rabanales Campus (C4), Carretera de Madrid Km 396, 14071 Córdoba, Spain; cc0relojl@uco.es 

Abstract 

The delimitation of cryptic species represents one of the main challenges, particularly in groups with 

low external morphological differentiation. In this context, scanning electron microscopy (SEM) 

enables the detection of diagnostic characters at the microscale. This study evaluates the potential of 

ocular morphology for interspecific discrimination within a group of species of the genus 

Temnothorax. A total of 246 workers from 52 nests, 13 populations, and 8 species from the Iberian 

Peninsula and North Africa were analyzed. Morphometric variables related to compound eyes were 

quantified from SEM images (ommatidia number, interommatidial setae, eye diameter). Data were 

analyzed using ANOVA, effect size estimation (η2), Linear Discriminant Analysis (LDA), and 

Random Forest models. All variables showed significant differences among species (p < 0.001), with 

varying discriminative power. Variables related to ommatidial organization exhibited the highest 

classification performance, achieving high rates of correct species assignment in multivariate 

analyses. The use of nest-level means values substantially improved classification accuracy. These 

results demonstrate that ocular morphology analyzed through SEM represents a promising 

complementary tool for species discrimination in Temnothorax, complementing traditional and 

molecular approaches. 
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1. Introduction 

In taxonomy, alpha taxonomy refers to the traditional approach focused on the description, 

identification, and classification of organisms based on observable morphology, including species 

delimitation and the development of taxonomic keys. Despite its classical foundations, it is evolving 

through the integration of new technologies while maintaining a central role in biodiversity research, 

whose importance is expected to increase in response to the global biodiversity crisis. Currently, the 

field is advancing toward more integrative and data-driven approaches, incorporating tools such as 

DNA barcoding and digital imaging to improve species identification and description [1]. 

At its core, alpha taxonomy addresses the fundamental process of recognizing, describing, and 

naming species. Traditionally, this process has relied on observable morphological features; however, 

more recent approaches have expanded its scope through techniques such as X-ray–based analyses. 

In particular, soft X-ray tomography (SXT) allows the examination of internal cellular and tissue 

structures, facilitating species identification and characterization when conventional methods are 

insufficient [2]. 

Furthermore, recent advances in computational technology and microscopy have opened new 

possibilities for generating three-dimensional and interactive imaging [3]. Among these techniques 

are scanning electron microscopy (SEM), micro-computed tomography (micro-CT) [4], and 

synchrotron X-ray tomography [5]. These tools have the potential to revolutionize studies based on 
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biological collections by enabling detailed analyses of both external and internal morphology in 

valuable or rare specimens without causing damage. 

Scanning electron microscopy (SEM) is a highly valuable tool in alpha taxonomy, particularly 

for the detailed examination of surface features and structures that are difficult to resolve using light 

microscopy. Owing to its superior magnification and resolution, SEM enables precise 

characterization of traits such as surface sculpturing, fine appendage morphology, and other 

microstructural features of taxonomic relevance. 

In the study of ants, SEM is especially useful for investigating external morphology, providing 

high-resolution images of exoskeleton. This includes detailed observation of structures such as setae, 

scales, and other surface ornamentations, as well as specialized appendages including antennae, legs, 

and mouthparts. Furthermore, SEM facilitates the analysis of ultrastructural features, such as 

cuticular layering and sensilla, which are critical for species delimitation and functional 

interpretation. SEM has been widely applied in myrmecological research, including the 

characterization of cuticular microstructures in Strumigenys [5], the analysis of mandibular cuticle 

morphology in Atta [7], and the description of spongiform bodies in Strumigenys [8]. 

Compound eyes are key sensory organs in insects, enabling visual perception finely tuned to 

their ecological and behavioral requirements. They are composed of multiple photoreceptive units 

known as ommatidia, each contributing a portion of the overall visual field and collectively providing 

panoramic vision with high sensitivity to motion and changes in light intensity [8]. This visual system 

is essential for critical behaviors such as foraging, predator avoidance, navigation in complex 

environments, and intraspecific visual communication [9]. Additionally, morphological variation in 

compound eyes may reflect ecological differences among species and can, in some cases, serve as a 

diagnostic character in taxonomic delimitation [2]. 

In ant systematics (taxonomy and phylogeny), ommatidia—the individual facets of the 

compound eye—are widely used as morphological characters due to their relative stability within 

species and variability across lineages subjected to different ecological pressures (e.g., subterranean 

lifestyles, nocturnality, or visually guided foraging). In practice, ommatidial counts are not 

performed as an end in themselves, but rather as a proxy for quantifying the degree of eye 

development. 

Taxonomic studies rarely involve counting all ommatidia, particularly in species with large eyes. 

Instead, standardized metrics are typically employed, such as the number of ommatidia in the longest 

row or the maximum number of ommatidia across the eye, usually assessed in lateral or oblique view. 

These measurements are widely used in modern descriptions due to their repeatability using 

microscopy and digital imaging. In taxonomic revisions, they are commonly reported as “eyes with 

~X ommatidia in the longest row.” Clear examples can be found in revisions of several genera and 

species complexes, such as Tetramorium [10], as well as in comparative diagnoses of hyperdiverse 

groups [11]. 

In other cases, ocular indices derived from standard morphometric measurements (e.g., eye 

length relative to head width) are employed, often in combination with ommatidial counts to provide 

an estimate of both eye size and functional “resolution.” In ant taxonomic literature, abbreviations 

such as EL (eye length) and OI (ocular index) are routinely used, frequently alongside ommatidial 

counts, particularly in species with reduced eyes [12]. As noted above, these characters are especially 

valuable in the diagnosis of cryptic species: when other morphological traits exhibit limited variation 

or overlap, eye size and structure—including ommatidial number—can provide reliable diagnostic 

features. 

Moreover, these traits carry important ecological signal. Strongly reduced eyes or those with few 

ommatidia are typically associated with hypogean lifestyles or low-light microhabitats, whereas 

more developed eyes reflect a greater reliance on vision. Comparative studies on eye structure and 

ecology in ants have revealed consistent patterns across lineages and life-history strategies, which 

helps explain why these characters are effective not only for taxonomic diagnosis but also for 

ecological interpretation [13] (PLOS). 
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In Temnothorax (Crematogastrini: Myrmicinae), ommatidial counts are a commonly employed 

character in regional revisions and clade-level studies, typically expressed as “X ommatidia in the 

longest row” and often accompanied by indices such as OI and EL. This approach is particularly 

informative in this genus, which comprises small-bodied species with relatively reduced eyes [14,15], 

where even slight differences in ommatidial number may carry diagnostic value. 

Although not always strictly focused on systematics, studies in Temnothorax have also 

incorporated ommatidial counts in behavioral and biological contexts (e.g., asymmetry and 

lateralization [16]). Such work provides valuable insight into the actual range of intraspecific 

variation, including differences among castes and sexes, thereby offering an important contextual 

framework for taxonomic studies. 

The primary aim of this study is to assess the value of compound eye structures and their 

immediate surrounding features as complementary characters for the delimitation of 

morphologically similar or cryptic species. We hypothesize that ocular morphology—particularly 

traits related to ommatidial organization and periocular structures—encodes a species-specific 

morphological signal that is partially independent of overall body size and provides additional 

discriminatory power beyond traditional morphometric characters. To this end, both the individual 

discriminatory power of these variables and their combined contribution in a multivariate framework 

are evaluated and compared with a set of traditional morphological variables commonly used in such 

studies. As a secondary objective, their applicability is explored across different species groups of 

Temnothorax within the same taxonomic complex. 

2. Materials and Methods 

Species Sampling 

This study included several species of the genus Temnothorax belonging to the tuberum group 

(sensu [17]): T. bejaraniensis Reyes-López & Carpintero-Ortega, 2013 (=BEJ), T. curtulus (Santschi, 

1929) (=CUR), T. luteus (Forel, 1874)(=LUT), T. pardoi (Tinaut, 1987)(=PAR), T. racovitzai (Bondroit, 

1918)(=RAC), T. tuberum (Fabricius, 1775)(=TUB), and T. unifasciatus (Latreille, 1798)(=UNI). 

To account for intraspecific geographic variation, most species were sampled from two or three 

geographically distant localities (in all cases separated by more than 50 km), except for T. tuberum 

and T. unifasciatus, for which only a single locality was available. 

For T. luteus, two populations were compared: one from the Natural Park of the Sierras de 

Cazorla, Segura y Las Villas and another from the Sierra Mágina Natural Park, separated by 

approximately 60 km in a straight line. In T. pardoi, populations from the Sierras de Cazorla, Segura 

y Las Villas Natural Park and the Sierra de Guadarrama National Park were analyzed, with an 

approximate separation of 330 km. In the case of T. curtulus, three populations were included: two 

from Spain (Strait of Gibraltar region and Subbetic area), separated by approximately 200 km, and 

one from North Africa (Morocco). For T. racovitzai, populations from Sierra Morena and Sierra de 

Cardeña (central Andalusia, southern Spain) were compared, with a separation of approximately 60 

km. 

T. bejaraniensis was compared with a morphologically similar, yet undescribed species from the 

autonomous city of Ceuta (North Africa). Based on their morphological affinities, both forms can be 

assigned to the so-called “tebesae superspecies” [17], here treated as T. tebesae cfr (in tebesae complex) 

within the tuberum group. The distance between these populations is approximately 230 km, 

including a marine barrier. For T. unifasciatus, colonies were sampled from the Sierra de Guadarrama 

National Park, whereas T. tuberum specimens were collected in the Sierra de Albarracín (Teruel, 

Spain). Detailed information on the sampled material is provided in Table S1 of the supplementary 

material (Appendix A). 

Preparation for Scanning Electron Microscopy (SEM) 

Samples intended for scanning electron microscopy (SEM) require specific preparation 

procedures, including dehydration and coating with a conductive material (e.g., gold or carbon), to 

optimize imaging conditions. In this study, specimens were oven-dried at 60 °C for 48 h. 
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Subsequently, the head of each worker was dissected and mounted on a metallic stub using a 

conductive adhesive (double-sided copper tape). Samples were then sputter-coated with a thin layer 

of gold to provide surface conductivity and enhance image quality. Only the head of each worker 

was prepared and mounted. For imaging and analysis, one side of the head was selected based on 

optimal orientation and preservation state (i.e., absence of debris, structural damage, etc.). When 

possible, measurements were also taken from the second eye of the same specimen. 

Images were acquired using a JEOL JSM-6300 scanning electron microscope (JEOL Ltd., Tokyo, 

Japan). The instrument provides a high depth of field compared to optical microscopy, allowing 

detailed visualization of three-dimensional structures. Observations were conducted at Accel Volt of 

10 kV and the magnifications ranging from 100× to 400× (wd = 39 mm). At 400×, the field of view was 

approximately 255 × 195 µm, allowing the entire compound eye to be imaged along with the 

surrounding setae. The microscope is housed at the Central Research Support Services (SCAI), 

University of Córdoba. 

Morphometric variables 

SM: Mean length of the setae surrounding the compound eye (µm, 400×). Five setae were 

selected from the periocular region, distributed between the anterior and posterior areas (see Figure 

1), and their mean length was calculated. Each seta was measured as a straight-line distance from its 

base to the distal tip (Figure 1). Preference was given to setae that were as straight as possible. In SEM 

images, these setae typically appear closely appressed to the cuticle, facilitating measurement (Figure 

2). 

 

Figure 1. Setae surrounding and interommatidial setae of compound eye of T. bejaraniensis. 

 

Figure 2. Tangential view of the compound eye where the setae are best seen. 
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EL: Maximum diameter of the compound eye (µm, 400×), including all structurally visible 

ommatidia (Figure 3). 

OMAT: Total number of ommatidia (400×). A key advantage of SEM is that specimens are coated 

with a conductive material, making visualization independent of ommatidial pigmentation. This is 

particularly relevant because, under light microscopy, some ommatidia may lack pigmentation and 

thus be difficult to discern. 

NEIS: Number of interommatidial setae (400×) (Figure 1). Many insect groups possess simple 

external setae located between ommatidial lenses [18], with diverse functional roles. These structures 

are also referred to as “interommatidial bristles” or “ommatrichia”. 

Traditional morphometric variables (µm, all measured at 100×): 

HW: Head width, measured in frontal view just above the compound eyes (Figure 4). 

HL: Head length. Length of the head capsule excluding mandibles, measured in full-face view 

as the straight-line distance from the midpoint of the anterior clypeal margin to the midpoint of the 

posterior head margin. 

 

Figure 3. Maximum diameter of the compound eye of T. curtulus. 

FRS: Distance between the frontal carinae (Figure 4), measured immediately caudal to the 

posterior intersection points between the frontal carinae and the lamellae dorsal to the torulus [19]. 

CLI: Distance from the most distal point of the clypeus to the midpoint of the line defined by the 

FRS measurement (Figure 4). 

 

Figure 4. Front view of the head of T. curtulus with some of the measured variables. 
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ML: Mesosoma length (Weber’s length). Distance from the caudalmost point of the propodeal 

lobe to the transition point between the anterior pronotal slope and the anterior propodeal shield, 

measured in lateral view. 

SPST: Distance between the center of the propodeal stigma and the tip of the propodeal spine, 

measured in lateral view (Figure 5). 

SPL: Minimum distance between the center of the propodeal spiracle and the subspinal 

excavation, measured in lateral view (Figure 5). 

Statistical Analysis 

 

Figure 5. Side view of the spine, with the measured variables. 

The discriminative power of the morphometric variables was assessed using multiple analytical 

approaches. First, a correlation matrix was examined to identify potential redundancy among 

variables. This was followed by an evaluation of the individual discriminatory capacity of each 

variable through univariate comparisons. Subsequently, multivariate analyses were performed, 

including Linear Discriminant Analysis (LDA), with species identity (SPP) treated as the response 

variable. All species included in this study are currently regarded as valid (“good”) species; therefore, 

the objective of the analyses was not to detect new taxonomic entities [13], but rather to assess 

whether the selected variables allow for a reliable separation among them. Additional 

methodological details are provided in the corresponding sections. 

All analyses were conducted in the R statistical environment (version 4.5.1, 2025-06-13 ucrt) (R 

Core Team, 2025. R: A Language and Environment for Statistical Computing. R Foundation for 

Statistical Computing, Vienna, Austria. https://www.R-project.org/). 

3. Results 

The analysis was based on a dataset comprising 246 workers, representing 52 nests, 13 

populations, and 8 species. 

3.1. Correlation Matrix Among Variables 

Table 1 shows the Pearson linear correlation coefficients between the variables proposed in this 

study and the traditional morphometric variables. 

OMAT and EL show the highest correlation values, predominantly positive and mostly 

statistically significant. In contrast, SM tends to be negatively correlated with several variables (CLI, 

SPST, CS), although with small to moderate effect sizes and, in some cases, lacking statistical 
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significance. NEIS also exhibits moderate correlations, mainly with SPST and SPL, and weaker 

associations with ML and CS. A particularly noteworthy finding is the linear relationship between 

OMAT (number of ommatidia) and CS (head size), indicating that larger head size is associated with 

a greater number of facets in the compound eyes. Consequently, techniques aimed at minimizing this 

effect will be applied subsequently. 

Table 1. Pearson correlations between SM, OMAT, NEIS, and EL and the remaining variables. Asterisks indicate 

significance levels: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). n = 246. 

Variable SM OMAT NEIS EL 

CS -0.165** 0.854*** 0.163* 0.915*** 

FRS -0.083ns 0.858*** 0.097ns 0.899*** 

CLI -0.331*** 0.131* 0.042ns 0.185** 

ML -0.005ns 0.878*** 0.180** 0.895*** 

SPST -0.158* 0.473*** 0.499*** 0.576*** 

SPL 0.008ns 0.516*** 0.450*** 0.594*** 

3.2. Variable-by-Variable Basis 

The following sections examine, on a variable-by-variable basis, the potential interspecific 

differences among the measured traits. 

3.2.1. Mean Length of the Setae Surrounding the Compound Eye (SM) 

Differences in SM among species were assessed using one-way ANOVA. Due to heterogeneity 

of variances (Levene’s test), a Welch’s ANOVA was applied, followed by post hoc comparisons using 

the Games–Howell test (α = 0.05). Significant differences among species were detected (Welch F(7, 

91.57) = 45.43, p < 0.001). The Games–Howell post hoc analysis revealed multiple significant 

differences (Table 2). Species grouping showed a clear gradient in mean SM values: BEJ exhibited the 

highest values; TUB and TEB formed a high-intermediate group; UNI and LUT an intermediate 

group; RAC showed moderate values; and PAR and CUR exhibited the lowest values. 

Table 2. Differences among species in SM, OMAT, NEIS, and EL. Values are presented as mean ± standard 

deviation. Identical letters within each column indicate no significant differences among species according to 

Games–Howell post hoc comparisons (α = 0.05) following a Welch’s ANOVA. 

SPP n SM (µm) OMAT NEIS EL (µm) 

BEJ 28 29.07 ± 2.73 a 35.32 ± 3.97 f 8.18 ± 1.68 c 114.96 ± 6.70 e 

CUR 38 21.69 ± 2.32 c 40.92 ± 5.15 e 6.76 ± 1.15 d 122.95 ± 7.42 d 

LUT 27 25.51 ± 1.77 b 55.04 ± 5.10 d 10.19 ± 1.47 b 141.11 ± 8.08 b 

PAR 38 22.36 ± 1.18 c 62.87 ± 4.65 c 9.68 ± 1.45 b 145.87 ± 6.89 b 

RAC 44 24.38 ± 1.76 b 55.36 ± 8.24 d 11.75 ± 2.06 a 138.36 ± 11.43 c 

TEB 21 26.86 ± 2.64 a 43.76 ± 4.84 e 10.62 ± 1.32 a 124.00 ± 6.16 d 

TUB 29 27.61 ± 2.60 a 76.10 ± 8.60 b 8.90 ± 1.61 b 155.72 ± 8.73 a 

UNI 21 25.55 ± 1.41 b 89.86 ± 9.03 a 8.90 ± 1.37 b 160.76 ± 9.44 a 

3.2.2. Number of Interommatidial Setae (NEIS) 

Differences in NEIS among species were assessed using a one-way ANOVA. Due to 

heterogeneity of variances (Levene’s test), a Welch’s ANOVA was applied, followed by post hoc 

comparisons using the Games–Howell test (α = 0.05). Significant differences among species were 

detected (Welch F(7, 93.51) = 39.30, p < 0.001). The Games–Howell post hoc analysis identified 23 

significant pairwise comparisons. Species grouping revealed a clear interspecific gradient: RAC 

exhibited the highest NEIS values; TEB and LUT formed a high-intermediate group; PAR showed 
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intermediate values; UNI, TUB, and BEJ formed a low-intermediate group; and CUR exhibited the 

lowest values. 

3.2.3. Number of Ommatidia 

Differences in the number of ommatidia per compound eye (OMAT) among species (SPP) were 

assessed using a one-way Welch’s ANOVA. Highly significant differences in OMAT were detected 

among species. The Welch’s ANOVA was significative (F(7, 92.99) = 211.20, p < 0.001). The Games–

Howell post hoc analysis identified 27 significant pairwise comparisons, revealing a pronounced 

interspecific gradient: UNI exhibited the highest OMAT values, followed by TUB, PAR, RAC, and 

LUT (the latter two not significantly different from each other), whereas TEB, CUR, and BEJ showed 

progressively lower values. Overall, these results demonstrate a very strong interspecific 

differentiation in the number of ommatidia per compound eye. 

3.3. Interocular Correlation 

3.3.1. Ommatidia 

Measuring both eyes of the same specimen under SEM is technically challenging; therefore, only 

a limited subset of individuals with both eyes measured was available (n = 37 workers). To assess 

bilateral symmetry in the number of ommatidia per compound eye (OMAT), the two measurements 

obtained per individual (OMAT and OMAT2) were analyzed. 

As laterality (right vs. left eye) was not recorded, directional asymmetry could not be evaluated. 

Instead, bilateral asymmetry was estimated using the absolute difference between eyes (|OMAT − 

OMAT2|). In addition, Pearson correlation coefficient was calculated between both measurements as 

indicators of overall bilateral symmetry. Measurements from both eyes showed an extremely high 

correlation (Pearson r = 0.996, p < 0.001), indicating strong bilateral symmetry in ommatidial number. 

The mean absolute difference between eyes was low (1.32 ± 1.27 ommatidia; maximum = 5), 

representing minimal variation relative to the total number of ommatidia per individual. Overall, 

these results demonstrate very high bilateral symmetry, although directional asymmetry could not 

be assessed due to the lack of laterality information. 

3.3.2. NEIS 

Asymmetry in the number of interommatidial setae (NEIS) was evaluated in individuals with 

measurements available for both eyes (NEIS and NEIS2; both eyes of the same worker; n = 37). As 

laterality (right vs. left eye) was not recorded, directional asymmetry could not be assessed. Instead, 

bilateral asymmetry was estimated using the absolute difference between eyes (|NEIS − NEIS2|). To 

test whether the magnitude of asymmetry differed among species, a one-way Welch’s ANOVA was 

performed. Mean difference in bilateral asymmetry in NEIS was low (1.49 ± 1.37 setae), with a 

maximum observed difference of 5 setae. No significant differences in asymmetry magnitude were 

detected among species (Welch ANOVA: F(5, 7.49) = 0.95, p = 0.504). Overall, these results indicate 

that, although NEIS exhibits moderate intra-individual variation between eyes, this variation is 

relatively consistent across species and does not display a significant interspecific pattern. 

3.4. Univariate Discriminative Power of the Variables 

The discriminative power of the variables was assessed using Linear Discriminant Analysis 

(LDA) and Random Forest (RF) with 5-fold cross-validation. Random Forest classifiers were 

implemented using the default settings of the “randomForest” package in R. 

As shown in Table 3, OMAT and FRS exhibited the highest classification performance, whereas 

SM, NEIS, SPL, and CLI showed considerably lower discriminative power. 

To remove the effect of body size, each variable was regressed against CS, and the resulting 

residuals were used in subsequent analyses (Table 4). Thus, the variables primarily reflect variation 
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in shape and proportions. Discriminative power was assessed using ANOVA effect size (η2), as well 

as univariate LDA and Random Forest analyses (RF). After this correction, SPST exhibited the highest 

discriminative power among species, followed by OMAT and SM, whereas CLI showed very low 

discriminative ability. 

Table 3. Univariate discriminative power of the variables (n=246). 

Variable η2 (Welch ANOVA) LDA accuracy RF accuracy Ranking 

OMAT 0.860 0.505 0.415 1 

FRS 0.855 0.511 0.476 2 

SPST 0.847 0.435 0.39 3 

EL 0.747 0.403 0.325 4 

ML 0.728 0.407 0.354 5 

SM 0.583 0.374 0.309 6 

SPL 0.542 0.309 0.284 7 

NEIS 0.511 0.366 0.342 8 

CLI 0.191 0.195 0.325 9 

Table 4. Values represent the discriminative power among species after removing the effect of body size (CS) 

through linear regression. Residuals from these regressions were used in the analyses. The ranking is based on 

the average of η2, LDA accuracy, and Random Forest accuracy (n=246). 

Variable (residual) η2 LDA accuracy RF accuracy Ranking 

SPST 0.875 0.545 0.443 1 

OMAT 0.678 0.371 0.284 2 

SM 0.561 0.317 0.273 3 

FRS 0.546 0.306 0.212 4 

NEIS 0.520 0.350 0.366 5 

SPL 0.506 0.289 0.227 6 

EL 0.490 0.305 0.223 7 

ML 0.307 0.321 0.317 8 

CLI 0.191 0.118 0.318 9 

3.5. Comparison of Interspecific Discrimination at the Individual vs. Nest Level 

Morphometric variables were size corrected by linear regression against head size (CS), used as 

a proxy for body size. For each variable, a linear model was fitted against CS, and the residuals were 

used as size-independent variables. 

Species discrimination was assessed using LDA. Two independent multivariate analyses were 

performed: one based on individual worker measurements and another on nest-level mean values. 

In both cases, a forward stepwise procedure was applied, whereby variables were sequentially 

included if they improved classification accuracy as estimated by 5-fold cross-validation. 

For each final model, cross-validated classification accuracy, apparent accuracy, confusion 

matrix, proportion of discriminant variance explained by LD1 and LD2, and Wilks’ λ (with χ2 

approximation) were calculated to assess overall model significance. 
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Figure 6. 

To specifically evaluate the discriminative power of the variables proposed in this study (SM, 

OMAT, NEIS, and EL), univariate LDAs were performed using each variable separately as a predictor 

of species identity. Classification accuracy was estimated using 4-fold cross-validation and compared 

with that of traditional morphometric variables. 

The stepwise procedure applied to individual workers selected seven variables: SPST, OMAT, 

FRS, SM, SPL, NEIS, and CLI. This model achieved a cross-validated accuracy of 0.871 and an 

apparent accuracy of 0.894. The first two discriminant axes explained 84.2% of the total discriminant 

variance (LD1 = 60.8%, LD2 = 23.4%; Figure 6). The model was highly significant (Wilks’ λ ≈ 0; χ2 = 

4891; df = 49; p < 0.001). 

In the nest-level analysis, the stepwise procedure selected four variables: SPST, OMAT, NEIS, 

and CLI. This model showed slightly higher classification performance (CV accuracy = 0.901; 

apparent accuracy = 0.923). In this case, LD1 and LD2 explained 76.7% and 18.6% of the discriminant 

variance, respectively (95.3% cumulative; Figure 7). The model was also highly significant (Wilks’ λ 

≈ 0; χ2 = 470.3; df = 28; p < 0.001). 

 

Figure 7. Relative position of the nests on the first two axes of the LDA. 
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Confusion matrices indicated that most species were correctly classified. In the individual-based 

analysis, the main misclassifications occurred among LUT, PAR, and RAC, as well as among BEJ, 

TEB, and UNI, suggesting higher morphological similarity within these groups. In contrast, the nest-

based analysis substantially reduced classification errors, with several species classified without error 

(BEJ, CUR, TEB, and UNI). 

Univariate LDA analyses showed that SPST had the highest individual discriminative power 

(accuracy = 0.62), followed by CS (0.54) and SPL (0.45). Among the variables proposed in this study, 

SM and NEIS exhibited moderate discriminative ability comparable to several traditional 

morphometric traits, whereas OMAT and EL showed lower performance when considered in 

isolation. However, the substantially higher accuracy of multivariate models indicates that species 

discrimination primarily depends on the combined effect of multiple morphological traits, suggesting 

that these variables provide complementary information in a multivariate framework. 

Overall, these results indicate that using nest-level means yields simpler and slightly more 

accurate models, suggesting that part of the variation observed at the individual level reflects within-

nest variability rather than true interspecific morphological differences. 

3.6. Application to the Tebesae Complex 

In this case, only T. bejaraniensis, T. cf. tebesae, and T. curtulus were compared. To reduce within-

nest variation, measurements were averaged at the nest level, retaining species and geographic 

location as grouping factors. 

 

Figure 8. Nests of T. tebesae complex on the first two axes of the PCA. 
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A head size metric (CS) was calculated from head length and width. Subsequently, nest-level 

means were computed for all morphometric variables. The structure of morphological variation was 

explored using Principal Component Analysis (PCA), based exclusively on SM, OMAT, EL, NEIS, 

and CS. Prior to analysis, all variables were centered and standardized. Geographic differentiation 

was visualized in space defined by the first two principal components. Convex hulls were computed 

for each geographic group to illustrate the occupied morphospace. In addition, centroids were 

calculated for each group in the PC1–PC2 plane, and Euclidean distances between centroids were 

used to quantify morphological divergence. The PCA revealed a strong dimensionality reduction of 

the dataset. The first principal component (PC1) explained 60.1% of the total variance, while the 

second component (PC2) explained 31.6%, together accounting for 91.7% of the total variation. 

Morphological variables showed a clear correlation structure: EL and OMAT were strongly 

positively correlated, whereas SM was negatively correlated with head size (CS), indicating that 

variation in eye morphology and head size contributes substantially to the main morphological 

gradients. In the PC1–PC2 space, geographic groups formed distinct clusters. BEJxSCO was located 

at the negative extreme of PC1, whereas CEUTA was primarily separated along PC2. CUR 

populations clustered in the positive region of PC1 (Figure 8). Centroid distances indicated that 

CURxBOU and CURxSRI were the most similar populations, whereas CURxTAR showed greater 

differentiation, particularly relative to CURxBOU. The mean distance among CUR populations in 

PC1–PC2 space was 1.27, compared to 3.01 between BEJxSCO and TEB. 

Multivariate differences in morphospace among species were assessed using permutational 

multivariate analysis of variance (PERMANOVA), implemented in the adonis2 function (vegan 

package). Euclidean distances were calculated from the first two PCA axes. Statistical significance 

was assessed using 9,999 permutations. Homogeneity of group dispersions was tested using a 

multivariate analogue of Levene’s test (betadisper). 

PERMANOVA revealed strong differences in morphospace among species (F = 30.20, R2 = 0.78, 

p < 0.001). Tests for homogeneity of dispersion were non-significant (F = 0.40, p = 0.68), indicating 

that these differences are driven by centroid separation rather than dispersion effects. 

4. Discussion 

The presence of morphologically cryptic species [20,21] represents a major challenge in insect 

systematics, including ants. In many groups, evolutionarily distinct lineages may exhibit highly 

similar external morphology, complicating species delimitation when relying solely on traditional 

characters observable under light microscopy. This has driven the development of new approaches, 

particularly the use of high-resolution imaging techniques and the exploration of novel quantitative 

morphological traits. 

In this context, scanning electron microscopy (SEM) has become a particularly valuable tool, 

enabling detailed examination of microscopic exoskeletal structures that often remain undetected 

using conventional methods. SEM allows precise characterization of traits such as cuticular 

microsculpture, setae arrangement, compound eye structure, and sensory morphology. 

At the same time, the incorporation of new morphometric variables represents a key strategy for 

addressing cryptic diversity. While ant taxonomy has traditionally relied on a limited set of linear 

measurements, the inclusion of additional traits—such as ocular morphology or cephalic geometry—

can provide additional discriminatory information, especially when analyzed within a multivariate 

framework. These findings suggest that ocular morphology represents an underexplored but 

evolutionarily meaningful axis of morphological differentiation in ants. 

Multivariate approaches allow detection of variation patterns that are not evident when 

characters are analyzed individually. Traits with limited individual discriminatory power may 

become informative when combined. Thus, the integration of high-resolution imaging (SEM) and 

new quantitative variables represents a promising strategy for species delimitation in 

morphologically conserved groups. 
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The total number of ommatidia remains a relatively underexplored trait. In Temnothorax, 

compound eyes typically contain a low number of ommatidia. In Temnothorax rugatulus, values 

between 45 and 76 ommatidia per eye have been reported, with variation linked to body size [22], 

and slight interocular asymmetries have been documented in T. albipennis [15]. 

The results show that morphometric approaches effectively discriminate among the studied 

species. Multivariate LDA models achieved high classification accuracy (≈0.87–0.90), indicating a 

strong taxonomic signal. Extremely low Wilks’ λ values further confirm the robustness of 

interspecific differentiation. 

Nest-level analyses produced simpler and slightly more accurate models than those based on 

individual workers, suggesting that part of the observed variation at the individual level reflects 

within-nest variability rather than true interspecific differences. Averaging at the nest level therefore 

appears to reduce intra-colonial noise and enhance discriminatory signal. 

Confusion matrices indicate that most species are clearly separated, although some overlap 

occurs among certain groups (e.g., LUT, PAR, RAC), suggesting morphological proximity or 

evolutionary affinities. In contrast, species such as CUR and TUB exhibit more pronounced 

differentiation. 

A key aspect highlighted by this study is the influence of body size on morphometric variables. 

Size correction reveals that a substantial proportion of the discriminative power is driven by 

allometric effects. After removing this component through regression against CS, interspecific 

differences primarily reflect variation in shape and proportions, which are more directly linked to 

evolutionary and functional divergence. 

In this context, the high discriminative power of SPST suggests that propodeal structures carry 

a strong morphological signal, potentially associated with mechanical or defensive adaptations. 

Similarly, OMAT retains high discriminative ability even after size correction, reinforcing its value 

as a functional and ecological trait, likely related to differences in visual reliance among species. The 

contribution of SM indicates that periocular pilosity also provides relevant information, albeit to a 

lesser extent. 

In contrast, the low discriminative power of CLI suggests that this trait is either relatively 

conserved or strongly influenced by overall body size, limiting its taxonomic usefulness. These 

findings highlight the importance of distinguishing between size and shape effects in morphometric 

studies. 

Univariate analyses confirmed that no single variable matches the performance of multivariate 

models, indicating that species discrimination relies primarily on the combined effect of multiple 

traits. Among the proposed variables (SM, OMAT, NEIS, EL), SM and NEIS showed performance 

comparable to traditional traits, while OMAT and EL contribute relevant information when 

integrated into multivariate models. 

Overall, these results demonstrate that incorporating new morphometric traits—particularly 

those related to ocular morphology—enhances the quantitative characterization of interspecific 

variation and contributes to more robust species delimitation within a multivariate framework. 

5. Conclusions 

The results of this study demonstrate that the combination of scanning electron microscopy 

(SEM) and the use of novel morphometric variables significantly improves species delimitation in 

morphologically conserved groups such as Temnothorax. Variables related to ocular morphology 

and cephalic structures provide relevant discriminatory information, particularly when integrated 

within multivariate frameworks. Correcting for body size is essential to disentangle allometric effects 

from true shape variation, revealing morphological patterns more directly associated with 

evolutionary divergence. In this context, traits such as SPST and OMAT exhibit high discriminative 

power, while other variables contribute complementary information in multivariate models. 

Moreover, the use of nest-level means enhances model accuracy and reduces the influence of intra-

colonial variability, representing a recommended methodological approach in morphometric studies. 
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Overall, these findings highlight the value of integrating new quantitative morphological approaches 

with high-resolution imaging techniques to improve the delimitation of cryptic species, providing a 

robust framework complementary to molecular methods. This approach may be broadly applicable 

to other morphologically conserved insect groups facing similar taxonomic challenges. 
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Appendix A 

Table S1. 

species. 
zone 

code 
zone province latitude longitude Alt(m) 

Temnothorax 

bejaraniensis 
BEJ Sierra de Córdoba Córdoba 37.918333 -4.887500 410 

Temnothorax cf 

tebessae 

TEB-

CEU 
Ceuta, Spain (N. Africa) Ceuta 35.913611 -5.370834 65 

Temnothorax cutulus 

CUR-

EST 
Los Alcornocales Natural Park Cádiz 36.084667 -5.533000 390 

CUR-

BOU 
Bouhachem National Park (N. Africa) 

Chefchaoue

n 
35.346830 -5.550360 725 

CUR-

SSU 
Sierras Subbéticas Natural Park Córdoba 37.459750 -4.351432 850 

Temnothorax luteus  

LUT-

CAZ 

Sierras de Cazorla, Segura y Las Villas 

Natural Park 
Jaen 37.813978 -2.960062 1807 

LUT-

SMA 
Sierra Mágina Natural Park Jaen 37.715660 -3.452142 1748 

Temnothorax pardoi  

PAR-

CAZ 

Sierras de Cazorla, Segura y Las Villas 

Natural Park 
Jaen 38.318962 -2.578504 1309 

PAR-

SGU 

PN de la Sierra de Guadarrama 

Natural Park 
Madrid 40.867149 -3.763088 1508 

Temnothorax 

racovitzai  

RAC-

CAR 

Sierra de Cardeña y Montoro Natural 

Park 
Córdoba 38.133328 -4.276874 567 

RAC-

SCO 
Sierra de Córdoba Córdoba 37.918333 -4.887500 410 

Temnothorax tuberum  TUB Sierra de Albarracín Teruel 40.484846 -1.587982 1822 

Temnothorax 

unifasciatus  

UNI-

SGU 
Sierra de Guadarrama National Park Madrid 40.867149 -3.763088 1508 
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