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A monospecific flora containing a peltasperm species, Germaropteris martinsii, is discovered from the uppermost Permian Kayitou Formation of Southwest China. The epidermal characteristics of G. martinsii from the South China Block are described for the first time on the basis of charcoalified specimens. The plant is characterized by small, leathery foliage with prominent papillate epidermal cells, and slightly sunken stomata. The stomatal apertures are covered by the long papillae of the surrounding subsidiary cells. The specific epidermal traits suggest that G. martinsii is a highly environmentally tolerant taxon that probably formed monospecific communities during the dramatic degradation of the peat-forming rainforest ecosystems. The frequent appearance of charcoalified leaves in the flora demonstrates that intense wildfires were prevalent at the time. The appearance and reflectance value (1.33%) of these charcoalified leaves reveal that they were formed at temperatures of 450–500°C during brief surface fires. Our study indicates that the terrestrial ecosystems may have been frequently subjected to desiccation and was vulnerable to the spread of fires as a result of the end-Permian biotic crisis in the tropics of the eastern Tethys region.
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INTRODUCTION
Peltasperms are a group of seed plants that have long been considered a typical component of the early Mesozoic vegetation (Taylor et al., 2009). Fossil evidence obtained during recent decades indicates that this group has a very wide spatiotemporal distribution during the late Paleozoic (Kerp, 1996; Kerp,2000; Liu and Yao, 2000; Kerp et al., 2001; Baumgardner et al., 2016; Cai et al., 2019), with high diversity specifically in the Permian lowland (sub)tropics (DiMichele et al., 2005; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2019). It was found recently that peltasperms are more common and diverse in the Permian than previous thought (Kustatscher et al., 2014; Wang et al., 2014; Wan and Wang, 2015; Cai et al., 2019). Because the peltasperms were an exceptionally successful and diverse group that spanned the Permian and Triassic periods, they are particularly important for understanding how plants responded to the end-Permian terrestrial crisis.
The fossiliferous Permian–Triassic transitional deposits, including the Xuanwei, Kayitou, and Dongchuan/Feixianguan formations, are exposed extensively in eastern Yunnan and western Guizhou provinces, Southwest China. The area is part of the southwestern margin of the South China Block and was located between the Khangdian “Oldland” and the Cathaysian landmass in the tropical eastern Tethys region during the Permian–Triassic interval (Bureau of Geology and Mineral Resources of Yunnan Province, 1996). The Kayitou Formation in this area represents the transitional deposits between the underlying coal-bearing beds of the Xuanwei Formation and the overlying red-beds of the Dongchuan/Feixianguan Formation (Shen et al., 2011, Shen et al.,2019). Multi-disciplinary correlation investigations have constrained the Kayitou Formation to the Permian–Triassic interval, but there is no consensus on the precise age of the formation (Shen and Bowring, 2014; Yu et al., 2015). High-resolution biostratigraphic and geochemical analyses suggest that the Kayitou Formation is a diachronous lithostratigraphic unit ranging from the uppermost Permian to lowermost Triassic (Zhang et al., 2016; Shen et al., 2019). On the basis of detailed field observation across different sedimentological settings, the entire Kayitou Formation has recently been assigned to the uppermost Permian in the terrestrial sections but to the lowermost Triassic in the terrestrial–marine transitional sections (Feng et al., 2020).
The Cathaysia Flora, one of the four major floral realms during the late Paleozoic, is distributed mainly in what are now East and Southeast Asian countries (Feng, 2017). It is characterized by the highly diverse enigmatic gigantopterid plants; it is, thus, also called the Gigantopteris flora (Li, 1997). It was recently demonstrated that the Gigantopteris flora last appeared in the uppermost Xuanwei Formation in the terrestrial–marine transitional sections of Southwest China, where it was then completely replaced by herbland communities of isoetalean lycophytes (Feng et al., 2020). However, it remains unclear how the Gigantopteris flora disappeared across different environments and how the terrestrial ecosystems changed in response to the end-Permian biotic crisis.
Hundreds of impressed and charcoalified peltasperm leaves were collected from the Kayitou Formation of northeastern Yunnan and western Guizhou provinces, Southwest China. The charcoalified specimens from the terrestrial Lubei section of northeastern Yunnan Province preserve the epidermal characteristics in great detail. Our study sheds new light on the biological features of the peltasperm in the latest Permian and provides new insights into the terrestrial environment during the end-Permian terrestrial crisis.
MATERIALS AND METHODS
Peltasperm leaves are common in the Kayitou Formation in the border region of Yunnan and Guizhou provinces, Southwest China. The fossil specimens described in this study were collected from the Lubei section of Leye Town, approximately 45 km north of Huize County in Qujing City, Yunnan Province (Figures 1A–C). In the Lubei section, the Kayitou Formation is approximately 9.4 m thick; it conformably overlies the upper Permian (Lopingian) Xuanwei (Hsuanwei) Formation and is overlain by the Lower Triassic Dongchuan Formation (Figures 2A,B). The Kayitou Formation is characterized by a dramatic shift in the lithofacies of the lacustrine–swamp or fluvial environment from yellowish gray mudstone, siltstone, and fine- to coarse-grained sandstone in the lowermost part, to gradually increasing maroon mudstones, with poorly sorted breccia and calcareous nodules in the uppermost part (Zhang et al., 2016). All specimens illustrated in this study were collected from a thin yellowish gray muddy siltstone bed in the upper part of the Kayitou Formation, associated with abundant conchostracans, ca. 9.1 m above the topmost coal of the Xuanwei Formation (Figures 3A–D) (Scholze et al., 2020).
[image: Figure 1]FIGURE 1 | Geographic maps (A–C) showing the Germaropteris martinsii localities in China. 1) Dalongkou (Xinjiang); 2) Baode (Shanxi); 3) Liulin (Shanxi); 4) Lubei (Yunnan); 5) Guanbachong (Yunnan); 6) Mide (Yunnan); 7) Housuo (Yunnan); 8) Tucheng (Guizhou); 9) Lengqinggou (Guizhou); 10) Chahe (Guizhou); 11) Jiucaichong (Guizhou); 12) Xiaohebian (Guizhou); 13) Jinzhong (Guizhou).
[image: Figure 2]FIGURE 2 | Geological sequences (A) and geological map (B) of the Lubei section (asterisk) in northern Yunnan Province, Southwest China. Z, Neoproterozoic; ϵ, Cambrian; D, Devonian; C, Carboniferous; P1l, Lower Permian Liangshan Formation; P1q, Lower Permian Qixia Formation; P2m, Middle Permian Maokou Formation; P2-3β, Middle–upper Permian Emeishan Basalt; P3x, Upper Permian Xuanwei Formation; P3k, Upper Permian Kayitou Formation; T1d, Lower Triassic Dongchuan Formation; T1j, Lower Triassic Jialingjiang Formation; T2g, Middle Triassic Guanling Formation; T3x, Upper Triassic Xujiahe Formation; J1-2zl, Lower–Middle Jurassic Ziliujing Formation; J2x, Middle Jurassic Xiashaximiao Formation; J2s, Middle Jurassic Shangshaximiao Formation; J2sn, Middle Jurassic Suining Formation; Q, Quaternary.
[image: Figure 3]FIGURE 3 | Litholoigcal column and field photographs of the Kayitou Formation of the Lubei section in Yunnan Province, Southwest China. (A) Stratigraphic column showing the litho-facies of the Kayitou Formation (Fm). (B) Organic carbon curve through the Kayitou Formation (from Zhang et al., 2016). (C) Overview field photograph showing the Xuanwei, Kayitou, and Dongchuan formations. (D) Close-up photograph the fossil-bearing bed. (E) Microphotograph of the charcoalified leaf from the Kayitou Formation, note the silky luster of the epidermal cells.
The charcoalified peltasperm leaves and vascular fragments studied here were obtained by bulk maceration using hydrofluoric acid (HF). Samples were treated with 47% HF for several days, sieved, washed with diluted water, and then prepared for optical and scanning electron microscopy (SEM) investigations. Hand specimens were immersed in 100% ethanol during macrophotography using a Nikon D3X camera with an AF-S Micro NIKKOR 105 mm 1:2.8G ED lens; polarized filters were mounted on both the light source and camera lens. Optical examination and photomicrography were performed using a Leica M 205 C stereomicroscope equipped with a Leica DFC 500 digital camera. SEM was performed using an FEI QUANTA 650 Field Emission Gun; before the SEM examination, the specimens were sputter-coated with gold.
The charcoalified leaf specimens selected for reflectance measurement were treated as follows. Indi charcoal fragments were embedded in resin and polished; they were then studied using standard techniques for coal petrography under a Zeiss AXIO Imager A2m microscope attached to a Zeiss AxioCam MRc5 camera. The reflectance was measured under Zeiss immersion oil (refractive index of 1.518 at 23°C) using the ×100 objective lens illuminated by a 546 nm light source. The instrument was calibrated against two standards, i.e., sapphire (Ro,mean = 0.589) for low reflecting samples and cubic zirconium (Ro,mean = 3.18) for high reflecting samples. The reflectance was measured at ≥10 points per sample to calculate Ro,mean and the standard deviation of Ro,mean using the TIDAS CCD MSP 200 software.
The specimens and digital photographs are housed in the Palaeobotanical Collections of the Institute of Palaeontology, Yunnan University, Kunming, China, under catalog numbers YNUPB10110-120.
RESULTS
Morphology and Anatomy of Germaropteris martinsii From the Kayitou Formation
More than 100 Germaropteris martinsii leaves were investigated in this study. The following description is based on both impressed (Figure 4) and charcoalified (Figure 5) specimens. The penultimate pinnae were rarely obtained (Figures 4A,B). The most complete penultimate pinna is 8 mm long and features a 1.5-mm-wide rachis. The frond rachis is commonly 0.5–1 mm wide and bears at least six ultimate pinnae up to 5 mm long, with numerous sub-oppositely to alternately arranged small pinnules.
[image: Figure 4]FIGURE 4 | Light photographs of Germaropteris martinsii from the upper Permian Kayitou Formation of Southwest China. (A,B) Penultimate fronds showing alternately attached ultimate pinnae. (C–E,G–I) Ultimate pinnae showing the overtopped apices in different modes. (F) Ultimate pinna; note that the pinnules gradually decrease in size distally and basally. (J) Immature ultimate pinna showing tightly arranged and alternately attached pinnules. (K) Relatively mature ultimate pinna showing loosely spaced and sub-oppositely attached pinnules. Scale bar applies to all images. Specimen no. YNUPB10110-120.
Ultimate pinnae were more commonly observed and showed considerable variation in shape and dimensions. The primary rachides are overtopped, pseudo-dichotomized, or double (pseudo-) dichotomized by pinnules in the apices (Figures 4C–E,G–I). The pinnules are of the alethopteroid type and are up to 2 mm long and 1 mm wide; they gradually decrease in size distally and basally (Figure 4F). The pinnules are entire-margined, semi-circular, ovate, broadly triangular to linguiform, and broadly attached or slightly decurrent with a rounded apex. The pinnules in the smaller pinnae are densely arranged and generally attached alternately (Figure 4J), but in the larger pinnae, they are loosely spaced and attached sub-oppositely (Figure 4K). Venation was not observed owing to the thick and leathery nature of the pinnules.
The epidermal features of the charcoalified specimens were observed (Figures 5A–D). The leaves are amphistomatic with irregularly scattered and sunken stomatal complexes (Figure 5E). More stomata appear in the abaxial (lower) surface than in the adaxial (upper) surface. The epidermal cells on both the rachis and pinnules possess papillae, although in some cases the epidermal cells on the pinnule margin are not papillate. The epidermal cells are elongated longitudinally on the rachis (Figure 5F) but have isodiametric polygonal forms on the pinnules (Figure 5G). The stomata on the rachis are slightly elongated longitudinally and are somewhat larger in diameter than those on the pinnules. The diameter of the normal epidermal cells appears to be smaller at the margin of the pinnule (Figure 5H). The stomatal aperture is protected by the overarching papillae of the five or six (rarely four, seven, or eight) subsidiary cells on both the adaxial and abaxial surfaces of the pinnule (Figures 5I–L). The subsidiary cells are slightly smaller than the normal epidermal cells and are trapezoid to polygonal. The stomatal complexes never share subsidiary cells but can be closely spaced. Hairs and hair bases were not observed.
[image: Figure 5]FIGURE 5 | Scanning electron microscopy images of epidermal anatomy of Germaropteris martinsii from the upper Permian Kayitou Formation of Southwest China. (A–D) Charcoalified specimens showing various morphologies from less mature to mature pinnae. (E) Epidermal structure of the rachis and pinnule, from left to right; note the scattered stomatal complexes. (F) Slightly elongate stomatal complex and conspicuously longitudinally elongated epidermal cells on the rachis. (G) Middle part of a pinnule showing stomatal complex with a rounded outline; note the prominent papillated epidermal cells. (H) Margin of a pinnule showing the less prominent papillate epidermal cells. (I–L) Stomatal complexes; note the stomatal aperture overarched by the long papillae of the surrounding subsidiary cells. (M) Overview of charred wood fragment collected from the studied level. (N) Detail of (M) showing homogenized cell walls. (O) Detail of (M) highlighting the cell-wall homogenization and uniseriate pits on the radial tracheid walls. (P) Detail of (M) highlighting the cell-wall homogenization and biseriate pits on the radial tracheid walls. Scale bar in (A) also applies to (B–D).
From the same leaf-bearing bed, black colored and silky lustered wood fragments were recovered. Under SEM, well preserved anatomical details (Figure 5M), including homogenized cell-walls of the tracheid elements (Figure 5N), and uni- to biseriate pits on the radial tracheid walls (Figures 5O,P).
Reflectance Analysis of Germaropteris martinsii From the Kayitou Formation
The fracture of the leaf specimens has a typical silky luster when examined by reflected light (Figure 3E). The random reflectance values of a total of 125 analysis points on eight charcoalified leaf specimens ranged from 0.94% to 1.64%, with a mean value of 1.33% (Table 1).
TABLE 1 | Reflectance data of the charcoalified Germaropteris martinsii leaves from the upper Permian Kayitou Formation of Southwest China.
[image: Table 1]COMPARISON
The fossil leaves described here are characterized mainly by alethopteroid-type pinnules with amphistomatic stomata, which are the most typical feature of peltasperm foliage (Poort and Kerp, 1990; Vörding and Kerp, 2008). Fragmentary leaf impressions were previously reported from the Kayitou Formation in eastern Yunnan and western Guizhou provinces, and were assigned to Peltaspermum cf. martinsii (Harris) Poort et Kerp or Lepidopteris cf. martinsii (Chen et al., 2011; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2016; Chu et al.,2019). Although no intercalary pinnules were observed, the macromorphology, and in particular the epidermal features of the pinnae under consideration, support an assignment to Germaropteris (=Peltaspermum) martinsii (Kustatscher, Kerp et Van Konijnenburg-van Cittert, 2014 (Please see Appendix)).
Germaropteris martinsii is identified by the distinctive leaf and consistently co-occurring ovuliferous organs, which were previously assigned to the “natural” species Peltaspermum martinsii (Poort and Kerp, 1990). This species is recognized by its small alethopteroid-type pinnules with unique stomatal complexes and radially symmetrical, peltate reproductive organs with numerous seeds attached to the lower side of the ovuliferous discs. Germaropteris martinsii has been widely documented in the upper Permian of Eurasia, for example, in Germany (Kurtze, 1839; Germar, 1840; Geinitz, 1862; Schweitzer, 1962; Poort and Kerp, 1990), England (Stoneley, 1958), China (Wang, 1985; Wang and Wang, 1986; Chen et al., 2011; Zhang et al., 2012; Bercovici et al., 2015; Yu et al., 2015; Chu et al., 2016; Chu et al.,2019; Cai et al., 2019), and Italy (Kustatscher et al., 2014). Leaf impressions assigned to Germaropteris martinsii were recently reported from the lower Permian in west Texas, the United States (Baumgardner et al., 2016).
The macromorphology of the leaves studied here shows considerable variation from the larger to the smaller pinnules, but it falls within the variation range of Germaropteris martinsii (Poort and Kerp, 1990; Vörding and Kerp, 2008; Kustatscher et al., 2014). The epidermal structure of the leaves also has a wide range of variation. The epidermal cells on the rachis have longitudinally elongate rectangular shapes, whereas those on the pinnules are more or less isometrically polygonal. The epidermal cells within a single pinna are either papillate or non-papillate, although the papillae on the subsidiary cells are conspicuously longer than those on the normal epidermal cells. The papillae of the epidermal cells are more prominent in the middle portion of the pinnules than in the basal and distal portions. Note that no epidermal swelling was observed in our specimens.
The epidermal structure of Germaropteris martinsii in China was first described from the lower–middle part of the Sunjiagou Formation (upper Permian) in Liulin in Shanxi Province, North China (Wang and Wang, 1986). According to the presence of papillae and epidermal swellings and the size of the pinnules, the cuticular leaf fragments have been assigned to three species, i.e., Callipteris martinsii, C. papillosa, and C. lobulata (Wang and Wang, 1986). However, a thorough comparative study of “Peltaspermum” martinsii indicated that the size and density of the papillae can vary within a single pinna; in some cases, papillae are generally restricted to the subsidiary cells, whereas the normal epidermal cells are non-papillate, or papillae can be completely absent (Poort and Kerp, 1990). The pinnule morphology and epidermal structure are strongly related to the position of the pinnules in the frond and the growth stage of the frond; therefore, all three species from Liulin were considered synonymous with Germaropteris (Peltaspermum) martinsii (Poort and Kerp, 1990; Kustatscher et al., 2014).
Two small ultimate pinnae assigned to Lepidopteris baodensis have been documented with cuticles from the lower part of the Sunjiagou Formation in Baode, Shanxi Province (Zhang et al., 2012). Except for the frequent appearance of epidermal swellings with various shapes on the rachis and the pinnules, the anatomical structures of the Baode specimens are homologous to those of the material studied here. The palynological assemblage indicates that the Sunjiagou Formation in Baode was formed in a semi-arid to arid environment (Liu et al., 2011; Liu et al.,2015). The epidermal swellings in the Baode specimens were interpreted as the ecophysiological responses of the plant in a dry environment (Zhang et al., 2012); thus, they should not be regarded as a diagnostic feature.
Additionally, Lepidopteris is a generic name for peltasperm foliage that shows strict pecopteroid pinnules with pinnate venation. Although few species exhibit forked fronds (i.e., L. callipteroides, Retallack, 2002) and rounded pinnule apices (i.e., L. africana, Holmes and Anderson, 2005), Lepidopteris species generally possess very regular monopodial fronds with an acute frond apex and acute pinna apices (Harris, 1937; Townrow, 1956; Townrow,1960; Stanislavsky, 1976; Anderson and Anderson, 1989; Goman’kov, 2006). Lepidopteris generally has slightly triangular, entire-margined pinnules with clear pinnate venation. By contrast, Germaropteris has rather irregular, in some cases bifurcated, commonly apically overtopping pinnules. In our opinion, Lepidopteris baodensis should be synonymized with Germaropteris martinsii owing to its typical alethopteroid-type pinnule architecture and the epidermal characteristics.
As is typical of Germaropteris martinsii, the venation of the current specimens is not recognizable. The lack of clear venation is due to the thick, leathery nature of the leaves and the relatively thick cuticles; it is considered to indicate a relatively dry habitat (Poort and Kerp, 1990). The charcoalified peltasperm foliage studied here shows highly inflated structures, which unequivocally reflect the leathery nature of the pinnules. Lithofacies analysis in the study region suggested a gradual change from a swampy peat-forming environment below the peltasperm-bearing bed to a fluvial system with at least seasonally dry conditions that yielded the current peltasperm leaves (Zhang et al., 2016).
PALEOECOLOGICAL IMPLICATIONS
The presence of fossil charcoal is considered direct evidence for wildfires in the distant geological past (Scott and Jones, 1994; Scott, 2010). The late Permian is the most crucial time interval for dramatic biodiversity and ecological changes in both the marine and terrestrial ecosystems during Earth’s history (Erwin, 2006; Wignall, 2015). Our understanding of late Permian wildfire activity has been greatly increased in the last few years by extensive records of fossil charcoals (inertinites) from Australia (Glasspool, 2000; McLoughlin et al., 2019; Vajda et al., 2020), North China (Wang and Chen, 2001), Germany (Uhl and Kerp, 2003), Jordan (Uhl et al., 2007), the Canadian High Arctic (Grasby et al., 2011), South America (Jasper et al., 2011), South China (Shen et al., 2011; Shen et al., 2011; Shao et al., 2012; Zhang et al., 2016; Chu et al., 2020), India (Jasper et al., 2012; Jasper et al.,2016), Italy (Uhl et al., 2012), Russia (Hudspith et al., 2012), and the South Pole (Holdgate et al., 2005; Mays et al., 2020). Our material was obtained from the terrestrial Kayitou Formation, the age of which was recently tied to the Changhsingian by high-precision geochronological data (Shen et al., 2011; Zhang et al., 2016; Shen et al.,2019). Therefore, the charcoalified peltasperm leaves studied here provide new insights into the terrestrial crisis during the end-Permian mass extinction interval.
Charcoalified plant debris (mainly very tiny vascular fragments) has been recognized in a sandstone bed in the topmost part of the Kayitou Formation in Yunnan and at time-equivalent horizons in other locations in South China (Shen et al., 2011; Zhang et al., 2016). Although the taxonomic affinities of these plant remains are obscure, the occurrence of these charcoals indicates widespread wildfire activity during the latest Changhsingian in South China. To our knowledge, no charcoalified leaves have been documented from the Permian of South China to date. The appearance of sequential charcoal horizons in both the lower–middle and topmost portions of the Kayitou Formation may represent evidence for widespread and frequent wildfires during the accumulation of the Kayitou Formation in Southwest China.
Laboratory experiments in which extant plant samples were charred demonstrated that the mean random reflectance of a charcoal is strongly correlated with its formation temperature (Ascough et al., 2010). Although most of the previous proxies have been obtained by charring wood samples, experimental charring of fern leaves reinforced the relationship between the reflectance and the formation temperature (McParland et al., 2007). Because the reflectance values of charcoals and their formation temperatures are positively correlated (Jones et al., 1991; Scott and Glasspool, 2005; Scott and Glasspool, 2007; Glasspool and Scott, 2013), the reflectance values of fossil charcoal specimens have been widely applied to reconstructions of paleofire temperatures and paleofire types (Bodí et al., 2014; Glasspool et al., 2015).
After charring extant fern samples, McParland et al. (2007) concluded that 1) the visible reflectance is generated by charring at 300°C; 2) cell wall layers are homogenized at 350°C; and 3) charcoal formed at 350°C becomes increasingly fragile; fragmentation is notable at a formation temperature of 500°C and becomes increasingly severe with increasing charring temperature. The average random reflectance of the current peltasperm leaf samples is 1.33%. Charcoals with this reflectance would not have been formed at temperatures lower than 450°C, according to the experimental data of McParland et al. (2007). The current charcoal specimens are relatively large (up to several millimeters), which may suggest that the formation temperature could not have been higher than 500°C.
The morphology of the current charcoalified peltasperm leaves indicates that they probably formed during brief surface fires and had a limited transportation history. Field observations show three wildfire types, specifically, surface, crown, and ground fires, which have different temperatures and products in the vegetation under a fire regime (Scott et al., 2000; Scott, 2009). Our charcoalified leaves would probably have been formed during brief surface fires, like those in modern heathlands, where the temperatures are approximately 400–500°C (Scott et al., 2000; Scott, 2010). Very few other plant fragments with calamitalean axes and fern foliage have been found in the charcoal-bearing bed in addition to the frequently appearing peltasperm leaves, suggesting that peltasperm leaves were probably the predominant fuel source for combustion. Therefore, the charcoalified plant remains found in the Kayitou Formation may have been derived from a low-diversity sclerophyllous vegetation forming a savanna- or prairie-like ecosystem; these are among the most fire-prone ecosystems today (Bond and Keeley, 2005; Retallack, 2018). Considering their completeness and exquisite anatomical detail, the charcoalified peltasperm leaves studied here may have been transported locally by wind, or more probably by low-energy water transport through overland flow.
Wildfires typically occur when environmental temperatures are high (Scott, 2009; Scott, 2010). The Permian–Triassic transition was a time of rapid global temperature increase (McElwain and Punyasena, 2007; Joachimski et al., 2012; Su et al., 2012; Romano et al., 2013). The higher temperatures could have been produced a much more arid (seasonal dry) environment with dynamic climate conditions. The resulting progressive degradation of the environment is thought to have lead to the ultimate collapse of terrestrial ecosystems (Benton and Newell, 2014; Cui and Kump, 2015; Grasby et al., 2015; Wignall, 2015). The widespread charcoals throughout the Kayitou Formation may reflect the response of the terrestrial ecosystem to the increasingly arid environment, which triggered frequent wildfires during the latest Permian in Southwest China.
Notable physiological changes in marine species have been widely recognized in the unstable marine ecosystems produced by the end-Permian mass extinction event (Knoll et al., 2007). Many of the abnormalities recognized in the sporomorphs from the transitional Permian–Triassic deposits are interpreted to be the plants’ response to deteriorating environmental conditions (Hochuli et al., 2017; Benca et al., 2018). The leathery nature of Germaropteris martinsii may not necessarily be an ecophysiological adaption to the increased aridity of the terrestrial environment, but this specialized feature likely increased the survival of this specific plant clade during the catastrophic environmental change.
Wildfire plays a pivotal role in shaping terrestrial ecosystems (Bowman et al., 2009) and in the evolutionary history of land plants (Bond and Scott, 2010; Midgley and Bond, 2013; Yan et al., 2016; Pausas and Bond, 2020). Charcoal records show that wildfires have been driving the evolution of global vegetation since the invasion of land by plants some 400 million years ago (Glasspool et al., 2004; Glasspool et al., 2015). The latest Permian is a crucial time interval in which a rapid collapse of the Gigantopteris flora in the eastern Tethys region is documented (Feng et al., 2020). The peltasperm Germaropteris initially appeared during the early late Permian in the Gigantopteris flora (Wang, 1985). However, during the dramatic collapse of the Gigantopteris flora, Germaropteris remained as a prominent relic and became an opportunistic survivor owing to its specialized traits.
Maceral composition analysis of the studied region shows that the inertinite content increased from the bottom to the topmost part of the upper Permian coals, indicating increased wildfire activity during the late Permian (Shao et al., 2012), which would accelerate the degradation of terrestrial ecosystems and would be partially responsible for the disappearance of the peat-forming rainforest ecosystems. Sedimentological features indicate that the peltasperm studied here probably grew on uplands or in the floodplains of rivers, where it formed heathland-like vegetation communities; the habitat was perhaps frequently subjected to desiccation and, therefore, vulnerable to the spread of fire. We tentatively speculate that the intense wildfire events recorded in the Kayitou Formation indicate increasing degradation of the terrestrial ecosystems in Southwest China during the latest Permian.
CONCLUSIONS
This is the first report of the leaf anatomy of a peltasperm plant from the Permian of the South China Block. The common occurrence of charcoalified Germaropteris martinsii in the Kayitou Formation reveals intense wildfire events during the latest Permian in Southwest China, where peltasperms formed patches of monospecific vegetation ecosystems during the dramatic distributional contraction of the Gigantopteris flora. The reflectance values indicate that the charcoalified G. martinsii leaves were formed during brief surface fire event(s) at temperatures of 450–500°C. The leathery leaves of G. martinsii likely enhanced its survival during the collapse of terrestrial ecosystems during the end-Permian biotic crisis.
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APPENDIX
Systematic Paleobotany
Order Peltaspermales Němejc, 1968.
Family Peltaspermaceae Thomas ex Harris, 1937.
GenusGermaropterisKustatscher et al. (2014).
SpeciesGermaropteris martinsii (Germar in Kurtze 1839) Kustatscher et al., 2014.
Selected Synonyms
1985 Callipteris martinsii, Wang, Palaeogeogr. Palaeoclimatol. Palaeoecol., 49, pl. II, 1–6.
1986 Callipteris martinsii, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. VI, 1, 2; pl. IX, 1–7; pl. X, 1–7; pl. XI, 1.
1986 Callipteris papillosa, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. V, 13; pl. VI, 3–9; pl. VII, 1–7; pl. VIII, 1–7; pl. XI, 9–11.
1986 Callipteris lobulata, Wang and Wang, Tianjin Inst. Geol. Min. Res. 15, pl. XI, 2–7; pl. XII, 1–6; pl. XIII, 1–10; pl. XIV, 1–9.
2011 Peltaspermum martinsii, Chen et al., Earth Sci. J. China Uni. Geosci. 36 (3), pl. II, 1–3.
2012 Lepidopteris baodensis, Zhang et al., Chinese Sci. Bull. 57 (27), Figures 2, 3.
2015 Lepidopteris cf. martinsii, Bercovici et al., J. Asian Earth Sci. 98, Figure 7G.
2015 Peltaspermum cf. martinsii, Yu et al., Earth-Sci. Rev. 149, Figures 12A–D.
2016 Peltaspermum cf. martinsii, Chu et al., Global Planet. Change 146, Figure 11 (10, 11).
2019 Peltaspermum cf. martinsii, Chu et al., Palaeogeogr. Palaeoclimatol. Palaeoecol. 519, Figures 6A–D.
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