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Theropod Tridactyl Tracks Across the Triassic–Jurassic Boundary in Southern Africa: Implications for Pedal Morphology Evolution
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The end-Triassic mass extinction events mark a pivotal period in archosaur history, and have been proposed to contribute to the rise and dominance of dinosaurs throughout the Mesozoic. In southern Africa, the Triassic–Jurassic boundary is contained within the richly fossiliferous fluvio-lacustrine-aeolian deposits of the upper Stormberg Group in the main Karoo Basin. Due to an absence of high-resolution radioisotopic age constraints, the exact placement of the boundary remains difficult. The Stormberg Group theropod osteological record is limited to scarce, fragmentary material; therefore, the abundant Norian–Pliensbachian tridactyl tracks attributed to theropods are vital for unraveling theropod dinosaur evolutionary trends in southwestern Gondwana. This study considers over 200 upper Stormberg Group tridactyl tracks assigned to the Kayentapus-Grallator-Anchisauripus-Eubrontes (K-GAE) plexus, to quantify their morphological variation across a time span of ∼35 million years. Our findings show that within the upper Stormberg Group, and across the Triassic–Jurassic boundary, the younger tracks become larger, have a decreased mesaxony and a reduced digit III projection. This reduced emphasis of the medial digit is also observed across the K-GAE plexus, and for the individual ichnotaxa across time in the main Karoo Basin, e.g., Eubrontes tracks become less mesaxonic and have a reduced digit III projection higher up in the stratigraphy. This suggests that these morphological trends are not simply linked to size but may reflect a change in autopod morphology through time, which has implications for pedal functionality. Furthermore, being morphologically distinct from contemporaneous North American K-GAE tracks (e.g., reduced elongation and mesaxony, no correlation between digit divarication angles and size), these southern African footprints warrant further investigation.
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INTRODUCTION

Vertebrate footprint morphology is the product of three interlinked variables: trackmaker anatomy (especially the foot), trackmaker locomotory style (behavior) and substrate conditions. Furthermore, extrinsic factors, such as erosion, also affect the preserved morphology. Accounting for the extent to which these factors influence a resultant track morphology is complex, though numerous studies have illustrated the influence of the individual variables and their combinations (e.g., Gatesy et al., 1999; Mílan and Bromley, 2006; Wilson et al., 2009; Avanzini et al., 2012; Razzolini et al., 2017). Assessing the morphology of fossil tracks is important for ichnology, as it is the root of ichnotaxonomy and in turn, critical for inferences on paleodiversity, paleoecology and paleoethology (e.g., Farlow et al., 2018; Lallensack et al., 2019). Recent technological advances in 3D photogrammetric modeling and geometric morphometric landmark-based principal component analysis have shifted track-based studies from primarily descriptive to quantitative (e.g., Weems, 1992; Olsen et al., 1998; Dalman and Weems, 2013; Razzolini et al., 2014; Castanera et al., 2015, 2016; Lallensack et al., 2016, 2019; Wings et al., 2016; Belvedere et al., 2018; Falkingham et al., 2018; Farlow et al., 2018; Abrahams et al., 2020a). Statistical studies, incorporating extensive dinosaur track databases, have successfully been used to refine ichnotaxonomic assignment by accounting for morphological variability, distinguish between tridactyl theropod and ornithopod tracks, and better understand pedal function. Consequently, the global ichnological record has proven to be an invaluable complement to the osteological record for unraveling dinosaur evolutionary history. To date, the early history of dinosaurs is still poorly understood, with controversy surrounding the timing of their origins during the Triassic (e.g., Marsicano et al., 2007; Brusatte et al., 2008, 2010, 2011; Baron et al., 2017; Langer et al., 2017) and the cause of their ascent and dominance later in the Mesozoic (e.g., Olsen et al., 2002, 2010; Padian, 2012). The Triassic–Jurassic boundary has often been considered to mark a crucial period in dinosaur history, evidenced by significant diversification, population and body size increases in the Early Jurassic, possibly linked to a recovery period following the end-Triassic mass extinction events (see “diminished competitor capacity” concept, e.g., Olsen et al., 2002).

The main Karoo Basin of southern Africa (Figure 1), which encapsulates ∼120 million years of geological history from the Late Carboniferous to Early Jurassic, preserves one of the world’s most extensive continental successions, i.e., the Karoo Supergroup (e.g., Rubidge et al., 2016; Bordy et al., 2020). The Triassic–Jurassic upper Stormberg Group (i.e., Elliot and Clarens formations) preserves a rich, diverse body and trace fossil assemblage, making it an ideal stratigraphic succession for unraveling early dinosaur evolution in southwestern Gondwana. Although the exact placement of the Triassic–Jurassic boundary within the upper Stormberg Group is unknown, recent radiometric dating suggests a Norian–Rhaetian age for the lower Elliot Formation (lEF), a Hettangian to Sinemurian age for the upper Elliot Formation (uEF) and a Sinemurian to Pliensbachian age for the Clarens Formation (Figure 1; Bordy et al., 2020). Upper Stormberg Group vertebrate tracks, attributed to dinosaurs, have been known since in the 1800s (Dieterlen, 1885) and formally documented since the early 1900s (Dornan, 1908) with a boom in systematic documentation in the second half of the 20th century and post-2015 (e.g., Ellenberger, 1955, 1970, 1972, 1974; Ellenberger and Ellenberger, 1956, 1958, 1960; Ellenberger et al., 1963; Ambrose, 2003; Raath and Yates, 2005; Smith et al., 2009; Sciscio et al., 2016, 2017; Abrahams et al., 2017, 2020a,b; Bordy et al., 2017; Rampersadh et al., 2018; Bordy, 2021). Like many other early Mesozoic vertebrate ichnoassemblages attributed to dinosaurs (e.g., Petti et al., 2008; Belvedere et al., 2010; Moreno et al., 2012; Lockley et al., 2013; Läng et al., 2013; Pérez-Lorente, 2015; D’Orazi Porchetti et al., 2016; Xing et al., 2020), the upper Stormberg Group dinosaur track record comprises tracks primarily assigned to Kayentapus, Grallator, Anchisauripus, and Eubrontes. These ichnogenera have been proposed to form a morphological continuum (i.e., the K-GAE plexus), where elongation and mesaxony decrease and digit thickness increases with increasing footprint size (e.g., Olsen et al., 1998). Due to the conservative nature of tridactyl track morphology, distinguishing between different dinosaurian trackmakers can be riddled with complexities, e.g., theropod versus ornithopod (see Moratalla et al., 1988; Romilio and Salisbury, 2011), theropod versus “prosauropod” (see Weems, 2019). Nevertheless, Kayentapus is widely accepted to have a theropod trackmaker (e.g., Lockley et al., 2011; Sciscio et al., 2017), while, based on the eastern North American track record, Grallator-Anchisauripus-Eubrontes have been attributed to at least two distinct trackmakers (Farlow et al., 2018), which are generally accepted to be theropods (e.g., Lockley, 1991; Olsen et al., 1998; Castanera et al., 2016; Li et al., 2019; cf. Weems, 2019).
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FIGURE 1. Overview geological map of the upper Stormberg Group showing the geographic distribution of the ichnofossil sites reviewed in this study. Insets on the right are the map of the Karoo basins in southern Africa and the chronostratigraphic table of the Upper Triassic–Lower Jurassic Stormberg Group, upper Karoo Supergroup. Geological time scale is based on the International Chronostratigraphic Chart (v2021) and Cohen et al. (2013). At Moyeni and Roma, multiple tracksites are recorded (see Supplementary Table 1 for GPS co-ordinate data).


Contrary to its rich track record, the upper Stormberg Group theropod osteological record is limited to a handful of fragmentary material attributed to two dinosaurs, Dracovenator regenti (Yates, 2005) and Megapnosaurus rhodesienses (Kitching and Raath, 1984; Smith and Kitching, 1997; Munyikwa and Raath, 1999; Bristowe and Raath, 2004). Therefore, the ichnological record of southern Africa, which preserves important messages about the dynamics of the paleoecological system during the early Mesozoic, is crucial for understanding theropod evolution in southwestern Gondwana.

Herein, we evaluate standard track dimensions of tridactyl tracks assigned to the K-GAE plexus preserved within the upper Stormberg Group to assess their morphological variation within the K-GAE plexus and across the Triassic–Jurassic boundary in southwestern Gondwana. Furthermore, we quantify the morphological differences between the upper Stormberg Group ichnotaxa and their contemporaneous global equivalents.



MATERIALS AND METHODS

Thirteen tracksites, preserving more than 200 tridactyl tracks, within the upper Stormberg Group of southern Africa were examined primarily in the field to assess their morphology (Figure 1; Supplementary Figure 1 and Supplementary Table 1). Most of these tracks are preserved as isolated impressions, and for those that constitute trackways, each individual track comprising the trackway is considered to be a distinct track in this study, i.e., mean track data is not considered for trackways. The upper Stormberg Group tracks were first described by Dornan (1908), Ellenberger (1955; 1970; 1972), Ellenberger and Ellenberger (1960); Ellenberger et al. (1963), and Ambrose (2003) and have subsequently been redocumented by various authors (e.g., Olsen and Galton, 1984; Smith et al., 2009). Track quantification, using modern ichnological standards (Falkingham et al., 2018) has been executed since 2015 (e.g., Sciscio et al., 2016, 2017; Abrahams et al., 2017, 2020a,b; Bordy et al., 2017; Abrahams, 2020; Bordy, 2021). This study assumes that the tridactyl tracks reviewed herein have correctly been assigned to Kayentapus, Grallator, and Eubrontes by these authors. Except for Tsikoane (Figure 1), the ichnosites considered herein have been dated using U–Pb detrital zircon geochronology and their maximum depositional ages are reported in Bordy et al. (2020). Two Qemetrisauripus track casts, collected by Paul Ellenberger and housed at the Morija Museum Archives (G024), have been revised to Eubrontes by Klein and Lucas (2021) and are also considered in this study.


Track Outline

Defined track outlines form the basis of morphological studies. The assignment of a track boundary, especially for tracks with graded walls, is highly interpretative, and to date, remains non-standardized (see Thulborn, 1990). Recently, with the advancement of digital technologies, automated track outlining (Lallensack, 2019) and reference mediotype track morphologies (Belvedere et al., 2018) have been proposed to mitigate the effects of operator bias, which has been shown to radically influence measured track parameters (e.g., Castanera et al., 2012). Inconsistent track outlines and measurements have significant ramifications for ichnotaxonomic assignment, comparative track studies and inferences on trackmaker speed, body size, mass, behavior, etc. To reduce the influence of operator bias in this study, a single operator (MA) outlined and measured the track parameters shown in Figure 2 with the aid of false-color depth maps generated from photogrammetric 3D models. Photographs were taken using a Canon PowerShot EOS D1200 (focal length 28 mm, 5,184 × 3,456 resolution) camera. Photogrammetric 3D models were built using Agisoft Photoscan v1.1.4 following established methods (Mallison and Wings, 2014; Matthews et al., 2016). False color depth maps were generated from 3D models using Cloud Compare v2.6.1. Track length (TL), track width (TW) and track span (TS) were measured in the field, while digit III projection beyond digits II and IV (DP), digit lengths (LII-LIV) and interdigit divarication angles (II^III, III^IV) were measured from orthophotographs using ImageJ (a public domain software; Schneider et al., 2012; Figure 2). Given the large dataset, it is assumed that the sample size damps the uncertainties and statistical noise potentially generated by the subjectivity of track outlining. Consequently, it is assumed that the dataset is a reliable reflection of morphological variations in the vertebrate track record of southern Africa.
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FIGURE 2. Parameters measured from tridactyl tracks in the field or using ImageJ software (Schneider et al., 2012). LII–LIV – respective digit lengths; II^III, III^IV – respective interdigit angles.




Exploratory Statistics

A morphological study utilizing complex objects such as footprints is likely to be riddled with problems that may create statistical noise. In addition to single operator track data collection, to reduce the effect of interpretative outlines and measurements, this study primarily considers tracks with moderate and high anatomic fidelity (sensu Gatesy and Falkingham, 2017) or good morphological preservation quality (Mp, sensu Marchetti et al., 2019). High anatomical fidelity tracks with a Mp ≥ 2 are complete, preserve digital pad and claw impressions, and have higher reliability and precision for the measured track parameters. However, such tracks only comprise 60% of upper Stormberg Group dataset (Supplementary Figure 1 and Supplementary Table 1). To obtain a more robust dataset for the individual measured track parameters outlined in Figure 2, tracks with Mp < 2 are included in this study. For the most part, these tracks are complete tridactyl impressions from which TL, TW, TS and DP data could be obtained (Supplementary Figure 1 and Supplementary Table 1).

To understand the morphological variations of upper Stormberg K-GAE footprints, two subsets of data were examined: (a) across the K-GAE plexus, i.e., size based on TL, and (b) across stratigraphy (time), i.e., lower Elliot Formation (lEF), upper Elliot Formation (uEF) and Clarens Formation (CLAR). The size classes are defined as “small” with TL ≤ 15 cm, “medium” with 15 < TL ≤ 25 cm, “large” with 25 < TL ≤ 40 cm and “mega” with TL > 40 cm, and are based on the TLs which characterize the morphotype material of the ichnogenera (TL ≤ 15 cm Grallator-like, 15 < TL ≤ 25 cm Anchisauripus-like, TL > 25 cm Eubrontes-like; Olsen et al., 1998).

Statistical analysis assessing the two subsets was performed either by Stats consulting, University of Cape Town (STA-CON) or using Paleontological statistics (PAST) v3.18 software package for education and analysis created by Hammer et al. (2001). Correlation matrices were used to assess and quantify the relationship between all the measured parameters of the track dataset (Figure 3). Frequency distributions considering linear data were log-transformed and normalized (the mean of each variable was subtracted) while distributions of bivariate ratios consider the absolute value. A Shapiro-Wilk probability for normality, where the null hypothesis p < 0.05 rejects a normal distribution, was included for all frequency distribution plots (Figures 4B, 5B and Supplementary Figures 3, 4). ANOVA and Kruskal-Wallis tests were performed on the data subsets to assess the statistical relevance of observed trends (Table 1 and Supplementary Tables 4, 5). Where trends are statistically relevant, post hoc assessments (e.g., Bonferroni corrected multiple comparisons) were performed to understand which subsets of data primarily account for the observed trends (Table 2 and Supplementary Tables 6, 7). Reduced major axis analyses was performed on log-transformed paired variables to determine if their relationship is allometric (Table 3). Values within a confidence interval of a 0.95–1.05 are isometric, while tracks outside of the interval range are allometric. If confidence intervals span isometric and allometric values, the paired variables’ relationship may be interpreted to be “barely” allometric. Discriminant analysis, exclusively utilizing linear measured parameters, was performed on defined subsets of the data to assess the degree to which the analysis can correctly assign tracks to their relevant group based on their measurements (Table 4).
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FIGURE 3. Relationships between bivariate analyses (STA-CON). (A) Pairwise scatter plots with locally weighted scatterplot smoothing (LOWESS) fit lines, (B) Correlation matrices between measured parameters where larger circle diameters correspond to stronger correlations and blank spaces indicate negligible correlations. See Supplementary Figure 2 for enlarged TL versus DP and TL versus bivariate ratio scatterplots and Supplementary Table 2 for detailed matrices data. TL – track length, TW – track width, TS – track span, DP – digit III projection, LII, LIII, LIV – respective digit II, III and IV lengths, II^IV, II^III, III^IV – respective interdigital angles.
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FIGURE 4. Morphology, expressed by track bivariate ratio data, across the K-GAE plexus. (A) Boxplots showing the spread in data for considered ratios (50% of data within the box, median denoted with a black bar), (B) Frequency distributions with Shapiro-Wilk normality probabilities (p > 0.05 follows a normal distribution) included. Due to the limited sample size of “small” tracks, TL ≤ 15 cm data are merged with 15 < TL ≤ 25 cm data. sm – small, med – medium, l – large, meg – mega, TL – track length, TW – track width, DP – digit III projection, TS – track span.
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FIGURE 5. Track length and bivariate ratio trends across the upper Stormberg Group. (A) Boxplots showing the spread in data for considered variables (50% of data within the box, median denoted with a black bar), (B) Frequency distributions with Shapiro-Wilk normality probabilities (p > 0.05 follows a normal distribution) are included, (C) Box and whisker plots of Late Triassic (lEF) and Early Jurassic (uEF and CLAR) tracks, where 50% of the data are within the box and the median is denoted by a black bar. lEF – lower Elliot Formation, uEF – upper Elliot Formation, CLAR – Clarens Formation, TL – track length, TW – track width, DP – digit III projection, TS – track span.



TABLE 1. Summary statistics for equal distributions of bivariate ratio data for size and stratigraphic groupings, where p < 0.05 is statistically significant.
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TABLE 2. Post hoc assessment data for ANOVA and Kruskal-Wallis tests.
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TABLE 3. Summary of reduced major axis analysis where CI between 0.95 and 1.05 are isometric.
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TABLE 4. Summary of the discriminant analysis confusion matrix.
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RESULTS

The stratigraphic distribution of upper Stormberg Group tridactyl tracks considered in this study is skewed toward the uEF (50% of the database) with 35% of the tracks from the lEF and 15% from the Clarens Formation. The tracks are primarily preserved as isolated tracks with morphological preservation qualities ranging from 0 to 3 (Supplementary Figure 1 and Supplementary Table 1). Of the 216 tracks that comprise the dataset, 81% of the tracks have complete TL, TW, TS, DP measurements, which are the main linear parameters used for ichnotaxonomic assignment and morphological descriptions.


Relationship Between Measured Variables

As expected, with increasing TL, all the linear track parameters are positively correlated, i.e., they increase as TL increases (Figure 3). A gradient inflection point is noted for the TL and DP bivariate plot, indicating that larger tracks have a reduced DP relative to smaller tracks (Figure 3A and Supplementary Figure 2). The digit lengths have positive, linear relationships (LII and LIII, LII and LIV, LIII, and LIV), which is most pronounced for LII and LIV. The interdigital angle data show significant spread and do not correlate with any of the considered linear parameters (Figure 3). Because divarication angles are the most interpretive parameter to measure without a standardized method (Thulborn, 1990) and are secondary contributors to track morphology (Moratalla et al., 1988; Lockley, 2009), digit divarication data are excluded from further morphological assessment herein. Linear ratio data show significant spread, with track elongation (TL/TW) having no apparent trend to TL, and mesaxony (DP/TS), the proportion of DP accounting for TL (DP/TL) and DP relative to the “backfoot” [DP/(TL-DP)] having weak negative correlations with TL (Figure 3 and Supplementary Figure 2). Furthermore, elongate tracks tend to have higher mesaxony as well.



Trends Within the Kayentapus-Grallator-Anchisauripus-Eubrontes Plexus

Morphological trends across the K-GAE spectrum are well-established for North American tracks (e.g., Olsen, 1980; Weems, 1992; Olsen et al., 1998) but have not been quantified for their southern African counterparts. Established trends for K-GAE and tridactyl tracks in general include a decrease in elongation, mesaxony and digit III emphasis with increasing TL. Given that the linear measurements are all positively correlated (Figure 3) and their normalized frequency distributions show no trends with increasing size (Supplementary Figure 3), here we focus on track ratios to express the morphology of upper Stormberg Group K-GAE tracks.

The TL/TW for each size grouping is highly variable and overlaps significantly between the different subsets (Figure 4 and Supplementary Table 3). ANOVA and Kruskal-Wallis tests suggest a potential significant difference in the TL/TW distribution of the size groups (Table 1 and Supplementary Tables 4, 5), but the only statistically significant difference is between “medium” and “large” tracks (Table 2 and Supplementary Tables 6, 7). TL and TW are interpreted to have an isometric relationship and increase in size at similar rates (Table 3). There is an apparent decrease in mesaxony with increasing size (Figures 4A,B and Supplementary Table 3). ANOVA and Kruskal-Wallis tests suggest a potential significant difference in the DP/TS distribution of the size groups (Table 1 and Supplementary Tables 4, 5), which is only statistically significant between “small” and “mega” tracks (Table 2 and Supplementary Tables 6, 7). It should be noted that “small” and “mega” tracks only account for 14% of the DP/TS data and that increasing the robustness of these size subsets may change the statistical relevance of their difference. DP and TS have an isometric to positive, “barely” allometric relationship, suggesting that TS may increase at a greater rate than DP (Table 3).

DP/TL and DP/(TL-DP) ratios show an apparent decrease with increasing size (Figures 4A,B and Supplementary Table 3). ANOVA and Kruskal-Wallis testing indicate that the size groups have distinct distributions (Table 1 and Supplementary Tables 4, 5), with statistically different distributions for most of the size subsets (“mega” – “medium”, “mega” – “small”, “large” – “medium”, “large – small”; Table 2 and Supplementary Tables 6, 7). TL and DP have an isometric to negative “barely” allometric relationship suggesting that DP increases at a slower rate than TL. DP and the “backfoot” (TL-DP) have a positive allometric relationship, indicating that the “backfoot” increases in length at a faster rate than DP (Table 3).

The ratio data for the K-GAE plexus suggest gradational, but significant, differences in track morphology with increasing size which is most pronounced for parameters considering digit III projection. DP/TL and DP/(TL-DP) are distinct for TL ≤ 25 cm versus TL > 25 cm (i.e., “small” – “medium” tracks and “large” – “mega” tracks are indistinguishable from each other), and DP/TS of “small” and “mega” tracks are distinct from each other, but “medium” and “large” tracks are indistinguishable.



Trends Within the Upper Stormberg Tracks

Stratigraphically well-provenanced tracks in the upper Stormberg Group are evaluated with regards to potential morphological changes through time (Figure 5). The TL data for the upper Stormberg Group have a lot of spread, particularly the uEF, but an increase in TL from the lEF to CLAR is reflected in each subset’s mean, median TL, interquartile range TL and frequency distributions (Figures 5A,B and Supplementary Table 8). Given that the linear measurements are all positively correlated (Figure 3) and increase with TL up stratigraphy (Supplementary Figure 4), here we focus on ratios to express morphology. Track elongation data (TL/TW) for the tridactyl tracks are variable throughout the stratigraphy, particularly the lEF, and overlap significantly between the different stratigraphic units though a potential decrease in TL/TW is observable up stratigraphy (Figures 5A,B and Supplementary Table 8). ANOVA and Kruskal-Wallis tests suggest that there are differences in the groups’ distributions (Table 1 and Supplementary Tables 4, 5), which are only statistically relevant between the lEF and CLAR tracks (Table 2 and Supplementary Tables 6, 7). Mesaxony (DP/TS) data for each stratigraphic group are comparably variable in range, but the lEF has the most spread in data (Figures 5A,B). Median DP/TS ratios and accompanying interquartile ranges, hint at a decrease in mesaxony up stratigraphy. ANOVA and Kruskal-Wallis testing suggest that there are differences in the groups’ distributions (Table 1 and Supplementary Tables 4, 5), but these differences are mainly attributed to the lEF and uEF tracks which have statistically distinct distributions (Table 2 and Supplementary Tables 6, 7). A more distinct, statistically relevant, decrease in mesaxony may be noted if additional track data are collected from the under-represented CLAR, which currently only comprises 15% of the studied dataset. Ratios relating to DP [DP/TL and DP/(TL-DP)] show an apparent decrease in their medians and interquartile range data up stratigraphy (Figure 5 and Supplementary Table 8), though it should be noted that the lEF and uEF ratios have a lot spread in data. ANOVA and Kruskal-Wallis tests indicate the distributions of the groups are statistically distinct (Table 1 and Supplementary Tables 4, 5), with the primary differences in distributions attributable to the uEF and CLAR relative to the lEF.

The stratigraphic ratio data indicate that the uEF and CLAR distributions are indistinguishable from each other but tend to be distinct from the lEF (Table 2). This suggests that there is a change in track morphology from the Late Triassic (lEF) to Sinemurian (uEF), which persists throughout the Pliensbachian (CLAR).

Comparing the Late Triassic and Early Jurassic tracks does not improve the resolution of these apparent ratio trends (Figure 5C). However, the Early Jurassic tracks are clearly, on average, larger and have greater maximum TLs. Given the strong correlation between TL and stratigraphic unit, it is unclear whether the decrease in DP/TL and DP (TL-DP) and the potential decrease in DP/TS reflect morphological changes linked to size (i.e., K-GAE plexus) or reflect evolutionary pedal morphological variation. The trends observed within the K-GAE plexus, i.e., no strong distinction between elongation, an apparent decrease in mesaxony and a decrease in DP/TL and DP/(TL-DP), are comparable to the trends observed up stratigraphy (Figures 4, 5). Given the strong correlation between stratigraphic unit and TL, the morphological variation of individual size classes needs to be evaluated up stratigraphy to establish whether the observed stratigraphic trends are simply due to the presence of greater and more abundant larger TLs or potentially reflect pedal morphology evolutions through time.

Tracks with TL ≤ 25 cm and 25 < TL < 40 cm have similar apparent trends up stratigraphy: erratic TL/TWs, and a decrease in DP/TS, DP/TL and DP/(TL-DP) (Figures 6A,B). The DP/TL ratios (TL ≤ 25 cm and 25 < TL ≤ 40 cm) and DP/(TL-DP) ratios (TL ≤ 25 cm) for uEF and CLAR subsets largely overlap and have similar medians, suggesting that for these size groupings there is a distinct change in morphology between the Norian–Rhaetian lEF and Hettangian–Sinemurian uEF, but that the morphology is consistent for these size classes into the Sinemurian–Pliensbachian Clarens Formation. These observations echo the post hoc assessments of the stratigraphic groups, which showed that the DP/TL and DP/(TL-DP) distributions for the uEF and CLAR were distinct from the lEF but no different from each other (Table 2 and Supplementary Tables 6, 7). The uEF and CLAR DP/TS ratios do not overlap with each other for TL ≤ 25 cm but do coincide, and have similar medians, for 25 < TL ≤ 40 cm. Post hoc assessments considering all size classes indicated that the lEF DP/TS ratios are distinct from the uEF and CLAR, which had similar distributions but that is only partially detected when examining stratigraphic trends of the different size groupings (Figures 6A,B). “Mega” track trends deviate from the trends observed for TL ≤ 40 cm, potentially showing an increase in TL/TW and DP/TS from the uEF to CLAR, but these observations are not considered to be convincing as they are only based on 22 tracks. Furthermore, these “mega” trends are not observed across the Triassic–Jurassic boundary as no TL > 40 cm from the Upper Triassic of southern Africa are documented herein.
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FIGURE 6. Size grouping trends across the stratigraphic units of the upper Stromberg Group. (A) TL ≤ 25 cm, due to limited sample size “small” track data are merged with “medium” track data, (B) 25 < TL ≤ 40 “large” tracks, (C) TL > 40 cm “mega” tracks. lEF – lower Elliot Formation, uEF – upper Elliot Formation, CLAR – Clarens Formation, TL – track length, TW – track width, DP – digit III projection, TS – track span.


Given that tracks within the TL ≤ 25 cm and 25 < TL ≤ 40 cm size classes show a decrease in DP/TS, DP/TL and DP/(TL-DP) up stratigraphy, the decrease in mesaxony and digit III projection emphasis observed for ungrouped data across stratigraphy (Figure 5) may not simply be a function of the coinciding increase in track size (Figure 4). Instead, they may also reflect a pedal morphology evolutionary trend in southern Africa, where irrespective of size, Early Jurassic tridactyl tracks have a reduced DP/TL and DP/(TL-DP) and a potentially decreased DP/TS relative to Late Triassic tracks. The distinction in the morphology observed between Late Triassic lEF and Early Jurassic uEF and CLAR tracks is further supported by discriminant analysis which has up to 19% improvement in correctly identifying tracks of a given period rather than of a given stratigraphic unit (Table 4).




DISCUSSION


Dataset Limitations


Track Anatomical Fidelity

Footprint morphology is controlled by the trackmaker’s pedal morphology, its behavior and the substrate it interacts with. The majority of fossil tracks considered in this study are preserved as isolated tracks; therefore, the influence of these three variables cannot be accounted for and it is assumed that for most tracks, the track morphology reflects the trackmaker. A small number of tracks, specifically those at Upper Moyeni, preserve expulsion rims and sediment slumping features indicative of a strong substrate control on the resultant track morphology, but because they comprise trackways, and morphological consistencies can be checked, some measurements were obtained from these tracks (Supplementary Figure 1 and Supplementary Table 1). The degree of anatomical fidelity can be quantified using established morphological preservation grades, where high Mps of 2–3 preserve anatomical characters (Belvedere and Farlow, 2016; Marchetti et al., 2019). The upper Stormberg Group tracks in this study encompass Mps ranging from 0–3, with those of Mp ≥ 2 accounting for ∼60% of the dataset (Supplementary Table 1). Tracks considered herein with Mp < 2 are predominantly complete tridactyl tracks that do not preserve anatomical details like digital pad impressions or claw marks (Supplementary Figure 1).

Another factor to consider for anatomical fidelity is whether tracks are preserved as true tracks, undertracks or natural casts, where true tracks and casts are most likely to preserve anatomical details. Undertracks, registered in underlying sediments in response to a trackmaker’s weight, are subject to overall track enlargement, broadening of digit morphologies and widening of interdigit angles (Avanzini et al., 2012), and therefore need to be treated with caution. The ichnosites considered in this dataset are interpreted to primarily preserve true tracks, on ripple-marked and/or desiccated palaeosurfaces, with some tracks preserving anatomical details or sedimentary structures within the impression (e.g., Maphutseng track 31, Phuthiatsana tracks 1–6; Supplementary Figure 1). Six of the tridactyl true tracks are penetrative, such as those at Upper Moyeni and Matobo, but because they comprise steps or trackways their overall dimension measurements may be somewhat corroborated (Supplementary Figure 1). Exaggerated elongation of the tracks is not observed.



Track Record Biases

A flaw in the dataset is that the distribution of the collected track data is not even throughout the upper Stormberg Group. Most of the 216 tracks considered herein are from the Lower Jurassic (uEF 50% and CLAR 15%) with only 35% of the tracks from the Upper Triassic lEF. Furthermore, the uEF has the highest proportion of tracks with Mp ≥ 2 (60% versus 50% for the lEF and CLAR), making it the most robust track subset in the dataset. Additional distribution inconsistencies are also noted across the upper Stormberg stratigraphic units: the bulk of the uEF ichnosites are from the middle to upper of this stratigraphic unit, while the CLAR ichnosites are exclusively from the lowermost Clarens Formation, which is likely Sinemurian (see Bordy et al., 2020). Therefore, more detailed observation resolution across the Triassic–Jurassic boundary is lacking, and trends projected into the Pliensbachian need more substantiating. To circumvent biases related to the stratigraphic distribution of tracks (in terms of number of tracks and stratigraphic position), additional sites in the lEF and CLAR (e.g., Ellenberger, 1970; Rampersadh and Bordy, 2019) need to be located or cast materials, from extensive track documentation by Ellenberger (1970, 1972) housed at the Morija Museum and Archives in Lesotho and Université de Montpellier in France need to be included into the dataset.

Additional biases inherent in the dataset can be attributed to the geological aspects of the Upper Triassic – Lower Jurassic rocks of southern Africa. The upper Stormberg Group was deposited under acidifying climatic conditions, which has a strong control on the prevalence and distribution of ichnosites. The lEF was deposited mainly in meandering fluvial systems during humid to semi-arid climatic conditions, while the uEF was deposited in ephemeral water courses (streams, rivers) and lakes prone to flash floods (Bordy et al., 2004a,2020). Unlike the lEF, the uEF deposits experienced extended periods of exposure evidenced by the common pedogenic alteration features (e.g., paleosols, in situ pedogenic carbonates, root traces, desiccation cracks; Bordy et al., 2004a,2020). The seasonal flooding and exposure events of the uEF may have created more favorable conditions to register and preserve tracks than in the lEF. Additionally, the dramatic thinning of the Elliot Formation from south to north is more pronounced and variable for the lEF, which may suggest that parts of the lEF in the north are missing, affecting sampling (Bordy et al., 2004b,2020; Bordy and Eriksson, 2015). The basal and upper zones of the Clarens Formation have been interpreted as deposits of wetter aeolian systems with lakes (Beukes, 1970; Bordy and Head, 2018), which are suitable for track preservation; however, due to poor accessibility, the cliff-forming Clarens Formation is under-sampled to date. Given these geological considerations, our skewed uEF dataset and exclusive basal CLAR dataset may not only reflect a sampling bias but also a preservation bias controlled by large-scale paleoenvironmental conditions.




The Southern African Kayentapus-Grallator-Anchisauripus-Eubrontes Continuum

Most theropods (sensu Baron et al., 2017; Langer et al., 2017) and ornithopods have a functionally tridactyl pes with the medial digit being the most prominent, and subordinate peripheral digits II and IV often having subequal lengths. Tracks attributed to theropod trackmakers are globally abundant in the Upper Triassic – Lower Jurassic and often dominate the ichnological record (e.g., Petti et al., 2008; Belvedere et al., 2010; Moreno et al., 2012; Läng et al., 2013; Lockley et al., 2013; Pérez-Lorente, 2015; D’Orazi Porchetti et al., 2016; Xing et al., 2020). For K-GAE plexus tracks outside southern Africa, it has been showed that with increasing TL tracks become wider (decrease in elongation and increase in total digit divarication), the medial digit projection decreases (reduced mesaxony) and the digits widen from gracile to more robust (e.g., Olsen, 1980, 2010; Weems, 1992; Olsen et al., 1998; Demathieu et al., 2014). This size-linked morphological continuum is also observed for ornithischians (e.g., Lockley, 2009; Lallensack, 2019), suggesting that, in part, the strong convergence and conservatism in footprint morphology for tridactyl dinosaurs and birds may be due to functionality (Farlow et al., 2018). There are exceptions to the rule, such as Minisauripus (Lockley et al., 2008), a Cretaceous ichnogenus with TL < 3 cm and morphologies akin to Eubrontes, e.g., reduced elongation and weak mesaxony with robust digits. Relative to their Triassic – Jurassic North American counterparts (holotype data from Lockley, 2009), the southern African K-GAE tracks have significantly reduced elongation (TL/TW) and mesaxony (DP/TS), which is most pronounced for Grallator-like tracks: Grallator holotype 2.64, 1.22 versus upper Stormberg 1.4, 0.65; Anchisauripus holotype 1.9, 0.68 versus 1.31, 0.57; Eubrontes 1.7, 0.58 versus 1.53, 0.53. The largest discrepancy applies to the Grallatoroid tracks, which have elongations and mesaxonies more comparable to Eubrontes, but unlike Minisauripus, have gracile digits and relatively stronger mesaxony (e.g., track Tsikoane track #6; Supplementary Figure 1 and Supplementary Table 1). Across the K-GAE continuum, southern African tracks preserve comparable elongation (deviating from global equivalents; Olsen et al., 1998; Lallensack, 2019), a shortening of DP relative to TL and the “backfoot”, and possible reductions in mesaxony, which require further data to substantiate. Digit III projection can be decreased by the shortening of digit III, lengthening of the outer digits, or a reduction in interdigital angles. Given that the interdigital angles are highly variable (Figure 3) and relative outer digit lengths are consistent across the plexus (Supplementary Figure 2), the observed reduction in DP/TL is likely due to a shortening of digit III, which would in turn influence mesaxony, supporting the weak trend noted herein (Figure 4). The lack of a trend in total digit divarication with track size further contradicts observations in North America (Olsen, 1995; Olsen et al., 1998) but is consistent with other global theropod track data (Lallensack, 2019).

In addition to morphological variations being observed within the southern African K-GAE plexus, morphological variations are observed for each ichnotaxon through time. Tracks with a TL ≤ 25 cm (Grallator-Anchisauripus) and 25 < TL ≤ 40 (Eubrontes) have an apparent decrease in mesaxony and digit III projection from the Upper Triassic to Lower Jurassic (Figure 6). These observations within the plexus and across stratigraphy are important for evolutionary interpretations, as digit III projection has been shown to be vital for tridactyl pedal function, specifically cursorial adaptations (see Lallensack et al., 2019). However, functional interpretations of track morphologies are lacking, and are hindered by limited studies on the pedal functional anatomy of tridactyl dinosaurs and their living relatives, birds (e.g., Farlow et al., 2000; Avanzini et al., 2012). The restricted theropod osteological record of the Stormberg Group is limited to fragmentary material (e.g., Kitching and Raath, 1984; Ray and Chinsamy, 2002; Yates, 2005; Viglietti et al., 2020a,b) and is thus inadequate for elucidating on the pedal function of local dinosaurs.



Theropod Body Size Trends

It is well established that maximum dinosaur body size had a general increasing trend throughout the Mesozoic (e.g., Benson et al., 2014; McPhee et al., 2018; Lallensack et al., 2019). The end-Triassic mass extinction events and Triassic–Jurassic boundary marked pivotal periods in dinosaur evolution and radiation, but unfortunately, an incomplete fossil record obscures the early evolution of large bodied theropod dinosaurs (Brusatte et al., 2010). Whether significant body size increases occurred at the Triassic–Jurassic boundary is contested; some authors propose local, abrupt increases in body size due to “ecological release” following the end-Triassic mass extinction events (Olsen et al., 2002), while others propose a gradual increase in body size, with few larger dinosaurs (body length of ∼5 m) having been present in the Late Triassic (e.g., Irmis, 2011; Lucas and Tanner, 2018; Griffin, 2019; Griffin and Nesbitt, 2019).

There is a direct link between TL and the body size of the trackmaker, with hip heights (h) and body lengths (BL) estimated from TL (Thulborn, 1990). Therefore, the increase in TL, in both maximum TL and abundance of larger TLs, observed within the upper Stormberg Group (Figures 5, 7A,B and Supplementary Table 1) reflects an increase in theropod body size from the Late Triassic to Early Jurassic. Moreover, the almost doubling of the maximum TL from 31 cm in the Late Triassic to 57 cm in Early Jurassic reflects a BL increase of > 450 cm in southern Africa (Figures 7A,B). From the lEF to the uEF–CLAR, the mean TL increases 43% from ∼21 to ∼31 cm, with larger tracks TL > 25 cm becoming more abundant in the Early Jurassic (75% versus 15%; Figures 7A,C). Tracks with TL > 25 cm are known, though very rare, from the lower Stormberg Group, with Ellenberger (1972) documenting Qemetrisauropus princeps, a lEF Eubrontes-like track from Lower Qeme in Lesotho (Figure 7D; Klein and Lucas, 2021). Therefore, the increase in body size reflected in the Stormberg Group track record appears to be gradual, with Eubrontes-sized tracks preserved from the Triassic, but becoming more common and larger in the Jurassic. These observations are consistent with global vertebrate track (e.g., Hunt and Lucas, 2007; Lagnaoui et al., 2012; Bernardi et al., 2018) and body fossil records (e.g., Welles, 1984; Rowe and Gauthier, 1990; Carpenter, 1997; Brusatte et al., 2010; Griffin and Nesbitt, 2019), which collectively suggest that larger theropods (TL of 25 – 27 cm; BL of ∼5 m) were present, though rare, in the Late Triassic, gaining prevalence in the Jurassic.


[image: image]

FIGURE 7. Summary assessment of TLs preserved in the Upper Triassic and Lower Jurassic of southern Africa. (A) Upper Stormberg tridactyl tracks mean and maximum TLs versus those of eastern North America (modified after Olsen et al., 2002), (B) Body length and hip heights (average of morphometric and allometric calculations, Supplementary Table 1), (C) Proportion of preserved track size groupings, (D) Photograph and false color depth map of Late Triassic Eubrontes-like lEF tracks from Lower Qeme, Lesotho (the “Qemetrisauripus princeps” cast materials were made by P. Ellenberger). The tracks have a TL of 27.34 and 30.78 cm, a TL/TW of 1.09 and 1.06, a DP/TS of 0.55 and 0.53, and a DP/TL of 046 and 0.47, respectively. lEF – lower Elliot Formation, uEF – upper Elliot Formation, CLAR – Clarens Formation, TL – track length.





CONCLUSION

Fossil tracks record a snapshot in time and the resultant morphology can reflect the trackmakers pedal morphology, its behavior and the substrate conditions at the time of track registration. Consequently, fossil tracks are suitable as a proxy to infer trends in paleodiversity, paleoethology and paleopedal morphology, and are especially important in deposits with lacking or rare body fossil remains. We evaluated 216 tridactyl tracks customarily assigned to Kayentapus, Grallator, Anchisauripus, and Eubrontes in southern Africa to assess morphological variations within the K-GAE plexus and in the Upper Triassic–Lower Jurassic host rocks (upper Stormberg Group). Southern African K-GAE tracks show a decrease of digit III projection, evidenced by reduced mesaxony and digit III projection relative to the “backfoot,” which is comparable with observations made elsewhere. However, tracks deviate from global counterparts in that there is no correlation between track elongation with size. This has implications for southern African ichnotaxonomic assignment, particularly Grallator-like tracks, which are typically more elongate than Eubrontes-like tracks. Across the Triassic–Jurassic boundary, the studied tracks increase in mean, median and maximum track lengths, with larger tracks becoming more prevalent in the Lower Jurassic but still present in Upper Triassic. This suggests that theropod body size gradually increased in the southern Africa, with larger theropods becoming more abundant after the Triassic–Jurassic boundary. Interestingly, independent of size, the southern African tridactyl tracks show a reduced emphasis of digit III projection (lower mesaxonies and digit III projection relative to the “backfoot”) from the Upper Triassic to the Lower Jurassic, which may have implications into evolutionary pedal functionality, requiring further investigation. Although the dataset has some limitations (e.g., considers tracks with Mp < 2, uneven stratigraphic distribution of tracks), it is believed that the trends observed herein reflect true trends for the upper Stormberg Group of southwestern Gondwana. Descriptions of additional tracks and cast materials that could not be located during this study will further refine the reliability of the observed trends.
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TL/TW Size  Small 8 142 0.37
Medium 77 1.31 0.22
Large 79 1.41 0.18
Mega 20 1.36 0.18

0.019 0.015
Strat |EF 62 1.34 0.35
UEF 95 1.35 0.18
CLAR 27 1.46 0.19

0.027 0.024
DP/TS Size  Small 8 064 0.14
Medium 73 0.57 0.13
Large 78 0.53 0.13
Mega 19 0.49 0.07

0.01 0.008
Strat |EF 62 0.59 0.134
uEF 89 0.53 0.12
CLAR 27 0.52 0.13

0.01 0.016
DP/TL Size  Small 8 043 0.02
Medium 72 0.42 0.07
Large 77 0.36 0.09
Mega 19 0.36 0.03

0.00 0.00
Strat |EF 62 042 0.07
UEF 89 0.38 0.07
CLAR 27 0.35 0.06

0.00 0.00
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Medium 73 0.75 0.24
Large 78 0.62 0.25
Mega 19 0.56 0.08

0.00 0.00
Strat |EF 62 0.76 0.26
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CLAR 27 0.55 0.15

0.00 0.00

Detailed ANOVA and Kruskal-Wallis data can be found in Supplementary
Tables 4, 5, respectively (STA-CON). TL — track length, TW — track width, DP —
digit lll projection, TS — track span, IEF — lower Elliot Formation, uEF — upper Elliot
Formation, CLAR — Clarens Formation, Strat — stratigraphy.
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Sm-Mega 1.000 Med-L 0.007 UEF-CLAR 0.074
Med-L 0.013 UEF-IEF 1.000 Sm-Mega 1.000
Med-Mega 1.000 UEF-CLAR 0.046 Sm-L 1.000
L-Mega 1.000 Mega-L 1.000

DP/TS Sm-Med 0.601 IEF-uEF 0.014 DP/TS Mega-L 0.843 CLAR-UEF 1.000
Sm-L 0.111 IEF-CLAR 0.071 Mega-Med 0.067 CLAR-IEF 0.127
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Adjusted significance are based on the Bonferroni correction for multiple tests. P-values < 0.05 are statistically significant. Detailed post hoc data for each test can be
found in Supplementary Tables 6, 7, respectively. TL — track length, TW — track width, TS — track spam, DP — diigit lll projection, Sm — small, Med — medium, L — large.





OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Ecology and Evolution





OPS/images/fevo-10-925313-t003.jpg
Independent variable Dependent variable RMA slope 95% ClI of slope

Track length (TL) Track width (TW) 1.050 0.978 -1.124
Digit projection (DP) Track span (TS) 1.110 1.012-1.211
Track length (TL) Digit projection (DP) 0.972 0.899 - 1.031
Digit projection (DP) “backfoot” (TL-DP) 1.200 1.083-1.294

RMA — reduced major axis, Cl — confidence interval, TL — track length, TW — track
width, TS — track span, DP — digit Ill projection.
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IEF uEF CLAR  Total % Correctly
identified
Excluding digit lengths and angles
IEF 51 4 5 60
uEF 22 37 26 85 59,88
CLAR 5 7 15 27
Total 78 48 46 172
Including digit lengths, excluding angles
IEF 23 9 0 32
UuEF 13 22 7 42 60,87
CLAR 0 7 11 18
Total 36 38 18 92
Small Medium Large Mega Total % Correctly
identified
Excluding digit lengths and angles
Small 6 0 0 0 6
Medium 4 66 2 0 72 93.06
Large 0 1 45 3 49
Mega 0 0 0 17 17
Total 10 67 47 20 144
Including digit lengths, excluding angles
Small 6 0 0 0 6
Medium 3 33 2 0 38
Large 0 27 0 27 93.67
Mega 0 0 0 8 8
TOTAL 9 33 29 8 79
Late Early Total % Correctly
Triassic Jurassic identified
Excluding digit lengths and angles
Late Triassic 54 7 61
Early Jurassic 29 85 114 79,43
Total 83 g2 178
Excluding digit lengths and angles
Late Triassic 24 8 32
Early Jurassic 15 44 59 74,73
Total 39 52 91

Data are not jackknifed. IEF — lower Elliot Formation, uEF — upper Elliot Formation,

CLAR — Clarens Formation.
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