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Paleoenvironmental factors such as climate change are often hypothesized as critical for ecosystem changes over evolutionary time scales. Theoretically, these changes should be observable in the fossil record, but the robust linkage of biotic shifts to climate events remains difficult. The Late Triassic Period is an ideal interval for testing such hypotheses within terrestrial ecosystems because of a number of large-scale climate events, such as the Carnian Pluvial Episode (CPE), and a rich, well-studied fossil record. Nonetheless, at regional to global scales, few linkages have been identified during most of the Late Triassic. Here, we synthesize a multi-proxy basin-scale dataset of paleoenvironmental data, including new information from clay mineralogy and paleosol major- and trace-element geochemistry, to understand paleoclimate changes in the Ischigualasto-Villa Unión Basin of northwestern Argentina. In combination with diversity and relative abundance information from the well-sampled plant and tetrapod fossil record in the basin, we then use accepted evolutionary models of abiotic forcing of changes in ecosystems to test previously proposed hypotheses of floral and faunal variations at a basin scale. We find that although many patterns are best explained by sampling issues and taphonomy, pseudosuchian archosaur diversity and rhynchosaur relative abundance conform to predictions of paleoenvironmental forcing as the climate changed from warmer, drier conditions to more temperate humid conditions. These data demonstrate how high-resolution multi-proxy data and a well-sampled fossil record at a basin-scale can be used to test hypotheses of abiotic forcing of ecosystems in deep time, and highlights where future efforts should be directed in terms of filling data gaps and testing new hypotheses.
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1 INTRODUCTION
Biotic systems are constantly interacting and changing, so they are in dynamic equilibrium (e.g., Vrba, 1995; Faith et al., 2021). Both intrinsic (biotic) and extrinsic (abiotic) factors are proposed as drivers of evolutionary events such as speciation, extinction, and migration (e.g., Vrba, 1995; Benton et al., 2021; Dunne et al., 2021). One of the challenges in the deep-time paleobiologic record is to understand the relative contributions of biotic and abiotic forcing on the assembly and evolution of ecosystems. Given that there is abundant observational evidence for climate change affecting extant ecosystems (e.g., Moritz et al., 2008; Tingley et al., 2009; Rowe et al., 2015), and strong inferential evidence for climate-caused mass extinction events in the geologic past (e.g., see summary in Whiteside and Grice, 2016), a key question is to what extent do abiotic factors such as climate change drive evolution through Earth’s history?
The Triassic Period is an ideal study system to help answer this question in deep time, because its record of climate and ecosystem evolution is a particularly dynamic ∼50 million year interval. The Triassic was a critical time for the origin and early diversification of Mesozoic ecosystems. On land, during the Triassic, several modern vertebrate clades originated and diversified, such as neopterygian fishes, lissamphibians, lepidosaurs, turtles, dinosaurs, and mammaliaforms (e.g., Fraser and Sues, 2011; Jones et al., 2013; Friedman, 2015; Schoch and Sues, 2015; Giles et al., 2017; Stocker et al., 2019). In Gondwana, which has a particularly rich non-marine fossil record of this time, the tetrapod assemblage is dominated by synapsid and archosauromorph lineages (e.g., Romer, 1970; Ezcurra, 2010; Abdala et al., 2020; Bordy et al., 2020; Schultz et al., 2020). The Late Triassic is also the time of dinosaur origin and diversification, the origin of turtles, the diversification of non-mammaliaform cynodonts that are closely related to the first mammaliaforms, and the decline of basal archosauromophs and early synapsids (see Supplementary Material) (Irmis, 2011; Irmis et al., 2011; Whiteside et al., 2011, 2015; Abdala et al., 2020; Dunne et al., 2021). Among terrestrial plants, this period is characterized by the dominance of seed- over spore-based lineages, with gymnosperms typically having greater relative abundance in fossil assemblages than pteridophytes (McElwain, 2018). In Gondwana, the most significant floral change is the replacement of the late Paleozoic Glossopteris flora by the Triassic Dicroidium flora (Balme and Helby, 1973; Zamunner et al., 2001; Abu Hamad et al., 2008; Chandra et al., 2008; Mays and Mcloughlin, 2019). Thus, recovery after the end-Permian extinction led to the diversification of the Dicroidium flora during the Early Triassic (Bodnar et al., 2021), and the Late Triassic is the climax of this floral assemblage in Gondwana (McLoughlin, 2001, 2011; Kustatscher et al., 2018).
From a climate perspective, the Triassic experienced enhanced monsoonal circulation because of the large exposed land area of Pangea across the equator (Kutzbach and Gallimore, 1989; Parrish, 1993; Wilson et al., 1994; Péron et al., 2005; Sellwood and Valdes, 2006; Holz, 2015; Harris et al., 2017). However, there is a common perception of a globally hot, dry, and seasonal climate globally (e.g., Retallack, 2009; Holz, 2015), despite evidence of much more varied climate regimes. In Gondwana, fluctuating climate conditions dominated with arid to semiarid conditions during the Early Triassic (Sellwood and Valdes, 2006; Boucot et al., 2013; Harris et al., 2017; Dunne et al., 2021), and more humid seasonality conditions during the Middle Triassic (Sellwood and Valdes, 2006; Mancuso et al., 2021). The Late Triassic was dominated by seasonal sub-humid conditions with one or more semi-arid intervals, particularly in the interior of the landmass (Sellwood and Valdes, 2006; Dunne et al., 2021; Mancuso et al., 2021). In particular, the “Carnian Pluvial Episode” (CPE) (Simms and Ruffell, 1989, 1990), which recorded an extensive rise in humidity and temperature in many depositional environments, has been documented in Gondwana and in the Tethys and Panthalassa oceans (e.g., Dal Corso et al., 2012, 2015, 2018; Ogg, 2015; Ruffell et al., 2016; Sun et al., 2016; Miller et al., 2017; Mancuso et al., 2020a; Tomimatsu et al., 2021). The CPE is particularly interesting due to the fact that it has been linked with major changes in terrestrial ecosystems (e.g., Goddéris et al., 2008; Benton et al., 2018; Bernardi et al., 2018; Dal Corso et al., 2020).
1.1 Climate and Evolution in the Triassic of Gondwana
A long-standing question has been how spatial and temporal differences in paleoclimate have influenced the distribution and diversity of Triassic biota, and data from the Ischigualasto-Villa Unión Basin have been key parts of these discussions for over 50 years (e.g., Romer, 1970; Colbert, 1971; Robinson, 1971, 1973; Dolby and Balme, 1976; Shubin and Sues, 1991; Foster et al., 1994; Zavattieri and Batten, 1996; Cirilli, 2010; Ezcurra, 2010; Césari and Colombi, 2013; Whiteside et al., 2015; Kustatscher et al., 2018; Dunne et al., 2021; Liu et al., 2021; Mancuso et al., 2021). The literature contains a variety of hypotheses that relate non-marine Triassic flora and fauna to various paleoclimate conditions; these typically focus on the richness and/or relative abundance of certain taxa to general climate variables such as warmer/colder or wetter/drier. Many of these hypotheses were developed from global datasets and/or other regions, but are important to evaluate because they apply to plant and animal groups preserved within the Ischigualasto-Villa Unión Basin.
More specifically, some groups of plants have been associated with specific climatic conditions, for example, Equisetopsida and Polypodiopsida have been linked to wet episodes of the seasonal subtropical climate during the Triassic (e.g., Channing et al., 2011; Husby, 2013; Bodnar et al., 2018; Coturel et al., 2018). The clade Gymnospermopsida is the most diverse group of plants during the Triassic. The different taxa referred to in this group have been conserved in different environments and exhibit a great variety of forms, which is why they would have developed successfully in a variety of subtropical zone environments with hot and seasonally humid climates (Fritts, 1976; Retallack, 1977; Anderson and Anderson, 1983, 1985, 1989; Holmes, 1985; He et al., 1997; Artabe et al., 2001, 2003; Kerp et al., 2001; Spalletti et al., 2003; Bomfleur et al., 2014). With respect to the recognized microflorisic sub-provinces in Gondwana, the Onslow microflora is suggested to indicate hot and humid climatic conditions, while the Ipswich microflora is an hypothesized to be indicative of relatively colder temperature zones (Dolby and Blame 1976). Changes in plant richness are also associated with changes in environmental and climatic parameters. These events are interpreted as successive ecological disturbances, rather than as abrupt changes in biodiversity (Sun et al., 2012; Hochuli et al., 2016; Mishra et al., 2017; Fielding et al., 2019; Nowak et al., 2019, 2020; Vajda et al., 2020).
To summarize, the literature contains the following hypotheses that propose a relationship between Triassic plant and non-marine tetrapod assemblage composition and climate:
Hypothesis 1. Plant species richness correlated with humid/arid conditions.
1a. High species richness was associated with higher humidity intervals and lower species richness with seasonally arid periods (Berry and Raison, 1981; Sun et al., 2012; Nowak et al., 2020).
1b. Taxa such as Equisetopsida, Polypodiopsida, and Voltziales preferred humid conditions (Bomfleur et al., 2013; Bodnar et al., 2018; Coturel et al., 2018).
1c. Umkomasiales increased relative abundance in different climatic conditions (Retallack, 1977; Bomfleur and Kerp, 2010; Bomfleur et al., 2014; D’Angelo, 2019).
1d. Others Pteridospermales such as Peltaspermales (Doubinger et al., 1995; Lausberg and Kerp, 2000; Kerp et al., 2001; Di Michele, 2013), Ginkgoales (He et al., 1997; Barboni and Dutra, 2015), Coniferales (Fritts, 1976; Holmes, 1985), and Gnetales (Wang and Zheng, 2010) increased relative abundance during intervals with marked seasonality.
1e. Cycadales and Benettitales were more abundant in hot and dry climatic conditions (Taylor et al., 2009).
Hypothesis 2. Synapsids, particularly traversodontid cynodonts, were more diverse (higher richness) in wetter areas (Whiteside et al., 2011).
2a. Dicynodonts preferred wetter intervals (Liu et al., 2021).
Hypothesis 3. Cynodont richness increased during warm conditions (Liu et al., 2021).
Hypothesis 4. Pseudosuchian richness was highest in warmer, less seasonal conditions (Dunne et al., 2021).
Hypothesis 5. Rhynchosaur abundance increased during more arid intervals (Azevedo et al., 1990).
1.2 Testing for a Climate-Biota Relationship
Despite an abundance of hypotheses linking changes in the Triassic fossil record to climate, there are significant challenges to observing and interpreting a robust correlation between richness or abundance and climate variables. Taphonomic filters and differences in sampling are well-recognized as having the potential to bias observed diversity (Behrensmeyer and Chapman, 1993; Kidwell and Flessa, 1996; Kidwell and Holland, 2002; Falcon-Lang et al., 2009), and equally problematic is the potential mismatch between the spatiotemporal scale/resolution of fossil data, paleoclimatic data, and hypotheses linking the two (e.g., Faith et al., 2021: Fig 3). Although there is a long history of pattern matching approaches, whereby paleontologists try to identify simultaneous changes in the fossil record and paleoenvironmental proxy data, these studies generally have low power and have met with limited success, because they often rely on a posteriori hypotheses from these correlations rather than attempting to test explicitly a priori hypotheses based on our understanding of Earth-life systems (Faith et al., 2021). In contrast, there is an abundance of evolutionary models for biotic response to climate change on geologic timescales (e.g., table 1 in Barnosky, 2001, and references therein). The application of these models to the fossil record provides a stronger way to test for climate-caused biotic change because they make specific predictions about changes in richness and relative abundance, and their timing relative to climate change, that can be tested in the geologic record (Faith et al., 2021). These predictions can also be further refined when ecological preferences and physiological constraints for specific lineages are known from independent evidence (e.g., observations from extant relatives).
Before examining causal models linking climatic and biotic change, it is important to establish the null model. The most basic null hypothesis is that species/lineages/clades do not respond to climate change, but this seems biologically unrealistic given an abundance of modern observational evidence to the contrary (e.g., Huntley, 1991; Thuiller et al., 2005; Moritz et al., 2008; Tingley et al., 2009; Minin and Voskova, 2014; Rowe et al., 2015). A null hypothesis that better matches our understanding of ecological systems is essentially an extension of Hubbell’s neutral theory (e.g., Hubbell, 2001; Rosindell et al., 2011, 2012), predicting that each species responds individually to climate change, and therefore net origination and extinction at any particular time interval is at equilibrium. In both cases, there should be no elevated turnover correlated with climate change events, and the pattern would be indistinguishable from normal background origination and extinction.
Models of evolution driven by changes in the physical environment were termed ‘Court Jester’ hypotheses by Barnosky (2001), to distinguish them from Red Queen hypotheses of evolution driven by biotic interactions. He concluded that Court Jester processes occurred at larger spatiotemporal scales (Barnosky, 2001: Fig 7), making them possibly easier to detect in the fossil record. The most relevant models for this study are the ‘relay’ and ‘turnover pulse’ hypotheses proposed by Vrba (1985, 1992, 1993, 1995). She proposed that because species are adapted to both the physical and biologic aspects of their habitat, the primary driver of species turnover is climate change (Vrba, 1985, 1992, 1993). Therefore, during times of stable climate, this should result in relatively little speciation and extinction, but during climate change intervals, there should be elevated “pulses” of origination and extinction observed (Vrba, 1985, 1993, 1995). This is similar to the mathematically-derived ‘stationary model’ of Stenseth and Maynard Smith (1984), but whereas Vrba’s hypothesis focused on turnover within the clade(s), Stenseth and Maynard Smith explicitly modeled communities, and did not distinguish between actual phyletic speciation/extinction, local extirpation, and immigration/emigration (Vrba, 1993).
Vrba (1995) refined the turnover pulse hypothesis with the relay model, which made detailed predictions about the order in which lineages should speciate and go extinct in relation to a climate event. Given a theoretical climate variable that changed from X to Y, Vrba (1995) predicted the following sequence of events: 1) extinction of species adapted to X; 2) minor speciation of remaining species adapted to X; 3) minor extinctions of species adapted to Y; and 4) speciation of species adapted to Y. So, to use Vrba’s (1995: Fig. 3.3) example of a warming trend, there should be an initial pulse of extinction of lineages adapted to cooler conditions (though some speciation of these lineages may still occur), followed by a pulse of speciation of lineages adapted to warmer conditions (though a few warm-adapted species will still go extinct in this interval). In the same contribution, Vrba (1995) proposed the traffic light model, which examined climate forcing of immigration/emigration. This model is less relevant to the current study because we are examining biotic change within a single basin, and do not have equivalent extrabasinal records with which to compare to.
It is important to emphasize that Vrba’s (1985, 1992, 1993, 1995) predictions for the turnover pulse and relay models were restricted to speciation (origination) and extinction of species (i.e., changes in species richness); she did not discuss changes in abundance. Despite this, some subsequent studies have applied these models to changes in species’ relative abundance through time, without explicitly justifying why this should be the case (e.g., Barnosky, 2001; Bobe et al., 2002). Nonetheless, some logical predictions for abundance can be made as long as the climate event is not so sudden that it appears “instantaneous” in the geologic record. As a climate variable changes over geologic timescales, one might predict an observation of a species declining in abundance prior to its ultimate extinction, or conversely increasing in abundance after its initial origination. In contrast, some studies have observed remarkable stability in species abundance over geologic timescales (dubbed “community inertia”) despite experiencing major climatic changes (e.g., McGill et al., 2005). If this is the case more generally, species abundances may be stable until they reach a climate threshold or ‘tipping point’, after which they suddenly go extinct. In this model, the climate threshold would also instigate speciation and an increase in abundance rapid enough that it is not observed in the fossil record.
Although these evolutionary models provide explicit and testable a priori hypotheses to infer climate-caused biotic change, patterns in the fossil record cannot simply be taken at face value. First, it is important to ask whether the spatial and temporal resolution of available data match that of the hypothesis being tested (Vrba, 1995; Faith et al., 2021: Fig. 3). Time and spatial averaging of fossil assemblages are pervasive (Behrensmeyer et al., 1992; Behrensmeyer and Chapman, 1993; Kidwell and Holland, 2002), so it is critical to recognize whether the effects of these processes has caused any biotic change to be averaged over a larger scale than that of the climate change itself. This consideration also applies to paleoclimate proxy data; do these proxies reflect changes just within a few meters, at the local landscape, regional, or continental to global scales? Similarly, taphonomic and sampling filters can easily distort observed patterns in the fossil record, leading to erroneous inferences about how these data compare to model predictions (e.g., Vrba, 1995: Figs. 3.3–3.4). As one basic example, richness scales with number of fossil specimens and sites, so if we observe a pulsed change in richness in a dataset it may simply reflect change in sample size rather than a paleobiologic signal. Therefore, taphonomic and sampling control of richness and abundance patterns must be evaluated before using these data to test for climate response.
1.3 Hypothesis Predictions
With the above caveats, the turnover pulse and relay models make the following predictions for previously proposed hypotheses that link Triassic floral and tetrapod clades to paleoclimate conditions:
Hypothesis1a: More humid conditions will be associated with a pulse of plant species first appearances (FAs), and more arid conditions will be associated with a pulse of plant species last appearances (LAs).
Hypothesis1b: During more humid conditions there will be a pulse of hydrophytic and hygrophytic plant species FAs and xerophytic plant species LAs; and during more arid conditions, there will be a pulse of mesophytic and xerophytic plant species FAs and hydrophytic/hygrophytic plant species LAs.
Hypothesis 2: The onset of wetter conditions will be associated with a pulse of synapsid FAs, particularly among traversodontids and dicynodonts, and conversely a pulse of LAs with drier conditions.
Hypothesis 3: The onset of warmer conditions will be associated with a pulse of cynodont FAs, and conversely a pulse of LAs with cooler conditions.
Hypothesis 4: Warmer conditions correlate with a pulse of pseudosuchian archosaur FAs, whereas cooler or more seasonal conditions correlate with a pulse of pseudosuchian LAs.
Hypothesis 5: Rhynchosaur relative abundance increases with the onset of more arid conditions, and decreases with the onset of wetter conditions.
2 GEOLOGICAL SETTING
Throughout the Late Permian-Triassic, subduction along the southwestern margin of Gondwana produced the Bermejo half-graben systems along northwest-trending pre-existing Paleozoic sutures (Figure 1) (e.g., Uliana and Biddle, 1988; Uliana et al., 1989; Lovecchio et al., 2020). The extensional Ischigualasto-Villa Unión Basin (IVUB), part of this extensional system, developed as an elongated half-graben rift with NW-SE orientation associated with the Valle Fértil Fault (Figure 1), which is interpreted to be a Triassic normal fault. The IVUB had a half-graben geometry with a deeper area located toward the northwest, at least during the synrift phase(s) as show the architectural and stacking patterns, and paleogeographic distribution of deposits and source areas (Currie et al., 2009; Mancuso and Caselli, 2012; Benavente et al., 2022). The IVUB records the most extensive Triassic Gondwana succession with 2,000–6,000 m of alluvial, fluvial, and lacustrine sediments preserving an exceptionally diverse and abundant floral and faunal fossil assemblage (Stipanicic and Marsicano, 2002). The Triassic infill of the IVUB has not been affected by deep burial (Ruiz and Introcaso, 1999), similar to the adjacent Cuyana rift Basin. The deposits of the two basins have only been affected by the Andes uplift and buried by a relatively thin Cenozoic sedimentary column with no exhumation processes involved (Abarzúa, 2016; Benavente et al., 2019).
[image: Figure 1]FIGURE 1 | Satellite image of the Ischigualasto-Villa Unión Basin with localities relevant to this study labeled. The satellite image is taken from Google Earth. Paleogeographic map for the Late Triassic Period (modified from https://deeptimemaps.com/) with paleoclimate inferred zones from lithological indicators (modified from Boucot et al., 2013).
The Agua de la Peña Group, which includes the Chañares, Los Rastros, Ischigualasto, and Los Colorados formations (Mancuso 2005), unconformably overlies the Tarjados Formation redbeds (López-Gamundí et al., 1989; Caselli, 1998). The four units have conformable gradational boundaries. Between each formation there is a clear change in the depositional system, which makes lithostratigraphic recognition possible, but without marked discontinuity. The lower Carnian Chañares Formation consists of tuffaceous sandstone, siltstone, orthoconglomerate, and paraconglomerate deposited in fluvial and lacustrine-margin settings, and alluvial fans environments, respectively (Rogers et al., 2001; Mancuso et al., 2014; Marsicano et al., 2016), and transitions into the Los Rastros Formation, characterized by a deep lacustrine black shale and deltaic sandstone (Mancuso and Caselli, 2012; Mancuso et al., 2020a; Benavente et al., 2022). Recent radioisotopic ages for the Chañares and Los Rastros formations reveal that they span the latest Ladinian/early Carnian through mid-Carnian (Marsicano et al., 2016; Mancuso et al., 2020a; Irmis et al., 2022). Therefore, both units are considered a lateral variation of the same sedimentary succession (Mancuso and Caselli, 2012; Mancuso et al., 2014, 2020a). The Chañares-Los Rastros succession preserves warmer and more humid conditions than before or after, representing the first detailed paleoclimate data for the CPE in Gondwana based on a multiproxy paleoclimate interpretation (sedimentology, mineralogy, paleontology, and C and O stable isotope data) from the same strata (Mancuso et al., 2020a; Benavente et al., 2022).
The lacustrine-deltaic Los Rastros Formation is conformably overlain by upper Carnian-lower Norian sandstone, mudstone, and tuff deposited in the moderate sinuosity fluvial system of the Ischigualasto Formation (Currie et al., 2009; Martínez et al., 2011; Colombi et al., 2017, 2021). This unit is well-dated by radioisotopic ages (Rogers et al., 1993; Martínez et al., 2011; Desojo et al., 2020; Colombi et al., 2021), and preliminary age modeling indicates it spans from ∼232.5 to ∼224.5 Ma or younger (Irmis et al., 2022). This fluvial system records the wide development of a floodplain, including extensive paleosols (Tabor et al., 2006; Currie et al., 2009). The paleontological content, and their taphonomic features, sedimentological, and pedologic (type of paleosols) evidence suggest seasonal semi-arid conditions, with evidence of semi-humid conditions recorded in the Valle de la Luna Member (Tabor et al., 2004, 2006; Colombi and Parish, 2008; Césari and Colombi, 2013).
Finally, the Ischigualasto Formation is conformably overlain by Norian sandstone and mudstone moderate-sinuosity fluvial red beds of the Los Colorados Formation (Caselli et al., 2001; Santi Malnis et al., 2020). Paleomagnetic dating suggests an age range 227 to 213 Ma, indicating that the Los Colorados Formation was deposited during the early-middle Norian Stage (Kent et al., 2014). The climate condition of the Los Colorados succession is controversial; some authors propose arid conditions mainly based on the red color of the sediments (López-Gamundí et al., 1989; Milana and Alcober, 1994; Cladera et al., 1998), whereas more detailed sedimentological analysis supported the interpretation of moderately sinuous fluvial systems that lack evidence of aridity such as intraclast breccias, desiccation cracks, and eolian or evaporite lenses (Bossi, 1971; Caselli et al., 2001; Arcucci et al., 2004).
3 MATERIALS AND METHODS
The Flow diagram (Figure 2) summarizes the sedimentological, chronostratigraphic, paleoclimate, and paleontological dataset analyzed in this contribution.
[image: Figure 2]FIGURE 2 | Conceptual flow diagram explaining how we synthesized data to test hypotheses for biotic response to climate change in Triassic sediments of the Ischigualasto-Villa Unión Basin, Argentina. Multiple types of geologic data (Sections 3–3.1) were used to infer paleoclimatic proxies (Sections 4.1–4.4), which were combined with data from the fossil record (Sections 3.2, 4.5–4.6) and geochronologic age constraints through basin correlation. These integrated data were then used to test predictions (Sections 1.3, 3.3, 4.7) derived from applying explicit evolutionary models (Section 1.2) to previously-proposed hypotheses (Section 1.1).
We measured and sampled a detailed stratigraphic section of the Ischigualasto Formation at centimeter scale in the NW area of the basin at the Cerro Bola locality (Figure 1). The Rock Color Chart of the Geological Society of America (GSA 1948) was used for Munsell color descriptions. Fresh, unweathered hand samples were collected for clay mineralogical and XRF elemental analysis. The sedimentological analysis consisted of determining facies defined by sedimentary structures and textures and recorded using the acronyms of the lithofacies code proposed by Miall (1996). Facies associations were identified to interpret the depositional environments and sub-environments (Supplementary Table S1).
Paleosol profiles were recognized and described using established criteria (Retallack, 1988; Kraus and Aslan, 1993; Kraus, 1999; Tabor et al., 2006). The top of paleosol was identified where a marked change in grain size, color, and/or sedimentary structures occur, whereas the based was identified where unaltered parent material occurs (Tabor et al., 2006). Thus, the paleosols were classified based on the occurrence of morphological features observable in outcrop and hand sample (e.g., thickness, color, type, and distribution of mottling, soil structure), following previously established by Tabor et al. (2006) for the Ischigualasto Formation.
The mineralogical composition of samples was analyzed with X-ray diffraction (XRD) of the <2 µm sample fraction using a PANalytical X’Pert PRO diffractometer; each sample was prepared with three methods (air-dried, glycolated, and calcined) (see Supplementary Material). For mixed-layer illite/smectite, the contribution of illite was determined by the Reichweite value (R) calculated following Moore and Reynolds (1997). Representative mudstone and silty mudstone samples were analyzed for major and trace element abundances using a Bruker AXS TRACER III-V energy-dispersive hand-held X-ray fluorescence (XRF) unit (see Supplementary Material). Raw data were collected as a spectrogram and converted to weight percent for major elements and ppm for trace elements using a matrix-specific mudstone calibration (Rowe et al., 2012).
3.1 Paleoclimate Proxies
We use multiple proxies including the clay mineral assemblages, kaolinite/illite, smectite/illite, and smectite/kaolinite ratios, molar chemical index of alteration (CIA molar), K/Al, Ba/Sr (Supplementary Tables S3, S4) to reconstruct physical and chemical weathering intensity and seasonality through time (Chamley, 1989; Liu et al., 2005; Clift et al., 2014). The ratios of kaolinite/illite and smectite/illite are proxies for the intensity of chemical weathering, but the latter ratio also includes seasonality as a variable. The smectite/kaolinite ratio reveals a history of chemical vs. physical weathering rates, where the relatively higher ratios suggest a strengthened chemical weathering and weak physical erosion; by contrast, the lower ratios indicate intensified physical erosion and weakened chemical weathering (Chamley, 1989; Weaver, 1989; Ruffell et al., 2002; Fürsich et al., 2005).
The Chemical Index of Alteration (CIA), proposed by Nesbitt and Young (1982), is calculated based on the major element chemistry of mudrocks. We used the convention of converting the raw abundances into moles by dividing the weight percent by molecular weight, which gives the relative abundance on an atomic stoichiometric basis (Retallack, 2001; Sheldon and Tabor, 2009). The CIA (molar) results in a proportion between alumina and alkalis plus calcium:
[image: image]
and was proposed as a more sensitive measure of the degree of chemical weathering (Goldberg and Humayun, 2010; Retallack et al., 2011; Horn et al., 2018b). The CIA, K/Al, and kaolinite/illite proxies are based on the principle that larger cations (Al) remain fixed in the weathering profile. In contrast, smaller cations (Ca, Na, K) are selectively leached during alteration. Further, the chemical weathering intensity can be estimated based on the ratio for a single element (i.e., K) mobilized during weathering of silicates in comparison to that of a non-mobile element (e.g., Al) (Gaillardet et al., 1999; Garzanti et al., 2014).
Variation of the Ba/Sr ratio has also been considered a proxy for leaching intensity (Gallet et al., 1996; Sheldon and Tabor, 2009), because an increase in chemical weathering intensity rapidly leaches out Sr compared to Ba (Nesbitt and Young, 1982). However, it is necessary to consider that different parent materials have variable initial concentrations and can reduce the leaching elements in high water table soils.
Based on the comprehensive discussion in Sheldon and Tabor (2009) and Tabor and Myers (2015), we selected the following paleotemperature and paleoprecipitation equations. Sheldon et al. (2002) proposed the following based on ΣBases/Al for the Bw or Bt horizons for precipitation:
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This equation was used on the Ischigualasto horizons interpreted as protosols. On the other hand, the calcium-magnesium weathering index (CALMAG) in relation to MAP developed for vertisols (Nordt and Driese, 2010) was applied to the Ischigualasto levels interpreted as vertisol and calcisols:
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In this study, the CIA-K equation (Sheldon et al., 2002) was not used because it is inappropriate for calcisols and gleyed soils (Sheldon and Tabor, 2009; Tabor and Myers, 2015). For our Ischigualasto data, MAP estimates from the CIA-K equation overestimates the paleoprecipitation compared to other weathering and humidity indexes.
The relationship between MAT and “clayeyness” (Al/Si) of the Bw or Bt horizon was proposed by Sheldon (2006) for poorly-developed paleosols:
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This regression was used for Ischigualasto levels that show incipient paleosol features such as poor mottling and poorly defined soil horizons (horizonation). The paleosol weathering index (PWI) to estimate MAT proposed by Gallagher and Sheldon (2013) take on Na and K are more easily weathered and leached from soils than are Mg and Ca:
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were used for mottled paleosols with well-developed Bt horizons. The salinization estimation equation ((K2O+ Na2O)/Al2O3; Sheldon et al., 2002) was not used for warmer Mesozoic climates, because that equation underestimates MAT in environments with seasonal precipitation (Sheldon and Tabor, 2009; Tabor and Myers, 2015). The use of several equations to estimate MAP and MAT was previously proposed (Sheldon and Tabor, 2009; Tabor and Myers, 2015), and is appropriate for the Ischigualasto succession because of the different kinds of paleosols recorded. These equations provide complimentary data based on the characteristic of each equation reducing the over- and under-estimation of paleoprecipitation and paleotemperature from using a single relationship (Supplementary Table S5). However, the use of more than one equation shows an artificial discontinuity in the dispersion graph (Supplementary Figure S1).
3.2 Paleontological Data
A literature review allowed us to generate a database that includes the plant (micro and macro-fossil) and tetrapod taxa known from each unit of the Agua de la Peña Group, as of November 2021. The tables with the taxa registered in each unit are available in (Supplementary Tables S6–S8). The complete list of the references consulted can be found also in the (Supplementary Table S9).
The plant macrofossil occurrences from the Los Rastros, Ischigualasto, and Los Colorados formations were organized by more inclusive taxonomic groups. This was carried out following the systematic schemes proposed by Stewart and Rothwell (1993) for gymnosperms, Smith et al. (2006), and PPG (2016) for ferns (Supplementary Table S10). For palynomorphs recorded from the same formations, an attempt was made to establish the botanical affinity of the miospores with the plant group interpreted as the most likely producer based on Ruffo Rey (2021) and references therein (Supplementary Table S11). Lastly, the hypothesized temperature preference and humidity requirement of the taxa were assigned according to Zhang et al. (2020) and Ruffo Rey (2021) (Supplementary Table S12).
For tetrapod fossils, we assembled a database of taxa and specimens using Martínez et al. (2011) as a foundation, augmenting it with data from Desojo et al. (2020) and other more recent publications (Supplementary Table S13). The Chañares tetrapod data are derived from Mancuso et al. (2014) and Ordoñes et al. (2020), whereas the Los Rastros tetrapod data are assembled from Marsicano et al. (2004, 2007, 2010) and Mancuso and Marsicano (2008). Given the thermal tolerance of modern groups (Bennett, 2018), Liu et al. (2021) proposed preferred temperatures for Permo-Triassic tetrapod groups. Additionally, Dunne et al. (2021) explored the paleolatitudinal distribution of the major Late Triassic tetrapod groups, defined the paleoclimatic ranges that they occupied, and proposed a range of climate preferences for each major Late Triassic tetrapod group (see Figure 6 in Dunne et al., 2021). Based on the inferences of this previous work, we grouped the major tetrapod clades recorded in the Late Triassic Agua de la Peña Group into relative temperature and precipitation preferences (Supplementary Table S14).
3.3 Hypothesis Testing
To test the previously proposed hypotheses for climate forcing of the fossil biota preserved in the Ischigualasto Formation, we used the stratigraphic bins of Martínez et al. (2011) to examine changes in FAs, LAs, and relative abundance of taxa through the section. Because there is always going to be a ‘background’ rate of FAs and LAs, we focused on outlier datapoints where these rates are elevated; i.e., possible evidence of Vrba’s pulses. This record of FAs/LAs was also compared to specimen sample size for each bin to examine how sampling might be driving the observed appearance and disappearance of taxa. To further test the effect of sampling on observed diversity at a larger scale, we used rarefaction (Raup, 1975; Tipper, 1979), implemented in the software package Analytic Rarefaction v. 1.3 (Holland, 2003), to examine whether different sample sizes might explain the different species richness of the Scaphonyx-Exaeretodon-Herrerasaurus biozone vs. the Exaeretodon biozone. Finally, to examine whether observed differences in relative abundance relate to sample size changes across bins, we used PAST v. 4.03 (Hammer et al., 2001) to calculate adjusted residuals for each bin and conduct a composite Chi-squared test for the taxon of interest vs. the rest of the dataset (Grayson and Delpech, 2003; Faith and Lyman, 2019).
4 RESULTS
The fluvial paleoenvironment recorded in the Ischigualasto Formation is well-described in numerous studies from the past 75+ years (Frenguelli, 1944, 1948; Bossi, 1971; Rogers et al., 1993; Currie et al., 2009; Colombi et al., 2021). The Ischigualasto Formation sequence we measured and described at the Cerro Bola locality (Figures 1, 3) preserves similar sedimentological characteristics to previously studied localities (Supplementary Table S1). The fluvial system is dominated by multi-story channels and single-story channels associated with levee facies in some cases and floodplain facies in others. The crevasse channel and crevasse splay facies are interbedded with floodplain facies. These floodplain facies are dominated by paleosols (protosol, vertisol, gleyed vertisol, argilllic vertisol, argillic calcisol, and calcisol). In agreement with previous work, the system at this locality shows a general flow to the north (NE-NW) (Currie et al., 2009). The correlation though basin for the Ischigualasto Formation was based on a distinctive thick volcaniclastic horizon used as the datum among the Ischigualasto Provincial Park, Cerro Bola, and Las Lajas sections (see Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | Detailed stratigraphic section measured of the Ischigualasto Formation at the Cerro Bola area with the plot of the paleoclimate proxies. Geochronologic age constraints for the Ischigualasto Formation are from the preliminary Bayesian age model with uncertainty envelope (gray shading) for the unit based on radioisotopic ages (Irmis et al., 2022).
4.1 Clay Mineralogy
Ischigualasto Formation clay mineralogy at the Cerro Bola locality is characterized by assemblages that include smectite, illite, mixed-layer illite/smectite, kaolinite, and chlorite (Figure 3, Supplementary Table S2). This compares well with previously published clay mineralogy records from other localities (Agua de la Peña, Río Ischigualasto, and Zanja de la Viuda) in the basin, which also show variable dominance of smectite, illite, kaolinite, chlorite, and mixed-layer illite/smectite (Bossi, 1970; Ovejero and Bossi, 1984).
Abundant illite might suggest four possible processes: the leaching of smectite (Chamley, 1989); leaching of acidic rock such as volcanic (Singer, 1980); burial diagenesis (Fursich et al., 2005); and/or enhanced weathering under an increasing hydrolysis index (Fürsich et al., 2005; Do Campo et al., 2010). The illite abundance is variable up-section and its crystallinity is low, which rules out leaching and diagenesis processes (Fürsich et al., 2005; Barrenechea et al., 2018). Therefore, the most likely explanation for abundant illite is an enhanced hydrolysis index (HI) due to increased erosion at the catchment of the basins (Fürsich et al., 2005; Do Campo et al., 2010; Rostási et al., 2011; Mancuso et al., 2020b). In the cases where these assemblages include smectite, this suggests seasonal conditions that point to enhanced erosion during the wet season (Chamley, 1989). Mixed-layer illite/smectite with a value of R3 is interpreted as an indicator of leaching (Bossi, 1970; Moore and Reynolds, 1997). Chlorite is commonly found in soils as a primary (authigenic) product, but it can also be a detrital source (Moore and Reynolds, 1997). The few levels that recorded low proportions of chlorite have subtle pedogenic features; therefore, we interpret that the presence of chlorite in these samples might be due to transport from a different source for sediment supply, possibly granitic bedrock (Chamley, 1989). Thus, the second assemblage group (illite, mixed-layer illite/smectite, smectite, and trace chlorite) can be interpreted as formed in high erosion rates under seasonal climate conditions. In the assemblages of the third and fourth groups, the presence of kaolinite might point to reworked felsic volcanic deposits; and/or to more warm and humid conditions (Singer, 1984; Kalm et al., 1996). The assemblages of illite and kaolinite, including detrital illite, most likely indicate enhanced leaching from a high water regime under warm and humid conditions. Therefore, these assemblages can be interpreted as produced by an enhanced HI under warm, humid conditions (Chamley, 1989; Milroy et al., 2019). Finally, in different proportions, the fourth category of assemblages containing illite, mixed-layer illite/smectite, smectite, and kaolinite can also be interpreted as formed by enhanced HI in relatively more humid and seasonal conditions (Chamley, 1989; Do Campo et al., 2010).
Overall, the general clay mineralogy trend suggests a fluctuation between humid and warm conditions (Los Rastros Fm) (Mancuso et al., 2020a; Benavente et al., 2022) and more seasonal and less humid conditions represented by the abundance of smectite and relatively less kaolinite up-section (Ischigualasto Fm). The overall more seasonal and less humid conditions in the Ischigualasto Formation begin with warm and humid seasonal conditions in the first ∼100 m, with a variable combination of kaolinite, smectite, illite, and mix-layer illite/smectite, followed by less humid seasonal conditions with enhanced HI, characterized by the dominance of illite. Finally, above the ∼380 m level there is a return to more humid seasonal conditions, with a variable combination of kaolinite, smectite, illite, and mix-layer illite/smectite. The high variability found in the mineralogical assemblages of the studied unit reflects variable sources of minerals for the fluvial system (Bossi, 1970).
4.2 Mineralogical Proxies
Clay mineralogical proxies (kaolinite/illite, smectite/illite, and smectite/kaolinite ratios) display temporal trends in both physical erosion and chemical weathering (see Supplementary Material). The kaolinite/illite ratio trend suggests moderate to high chemical weathering in the first ∼100 m and upper ∼380 m of the section, and low chemical weathering between ∼100 and 380 m. The smectite/illite ratio trend suggests moderate weathering seasonality in the lowermost ∼100 m, low weathering seasonality between ∼100 and 380 m, and high weathering seasonality above ∼380 m. The smectite/kaolinite ratio suggests predominantly physical weathering in the first ∼100 m, and fluctuation between physical and chemical weathering above the ∼380 m level in the section.
4.3 Major and Trace Element Proxies
The trend in CIA molar estimates supports a sub-humid interpretation for the first ∼380 m of section and above ∼600 m in section, and more variable humid conditions between ∼380 and 600 m. The K/Al ratio reflects high chemical weathering below ∼380 m, and variable chemical weathering above this horizon. Finally, the Ba/Sr ratio suggests extensive leaching conditions below ∼380 m, and less leaching above (see Supplementary Material).
4.4 Paleoprecipitation and Paleotemperature Estimates
Our MAP estimates vary between 721 and 1,343.5 mm/yr, and our MAT estimates vary between 9.41 and 17.52°C (Figure 2; Supplementary Table S5). Despite this variability, the general trends through the section appear to vary around a mean MAP of 950 mm/yr, and display a subtle directional change in MAT from 12.5 to 13.5°C. Particularly notable is that lower dispersion of MAT values is observed in between the base of the section and ∼380 m level, in contrast with the higher dispersion recorded above this interval. However, of the seven data points with the lowest MAP and highest MAT values, three occur in the lower part of the section (Figure 3; Supplementary Table S5).
Therefore, despite some small discrepancies, these multiple proxies are in general agreement with the stratigraphic trend in paleoenvironmental conditions. Evidence of warm and humid conditions with moderate seasonality and chemical weathering dominate the lower part section (basal 100 m). Towards the middle part of the section (from 100 to 380 m) there is evidence for predominantly sub-humid to semi-arid conditions with variable chemical weathering and moderate to low seasonality. Finally, above the 380 m level, these data suggest more humid seasonal conditions with variation in seasonality and chemical weathering.
4.5 Plant Fossil Record
The Upper Triassic, particularly the Stage Carnian, is the interval where the Dicroidium flora is hypothesized to have diversified and spread across Gondwana (McLoughlin, 2001, 2011; Kustatscher et al., 2018; Bodnar et al., 2021). The formations of the Agua de la Peña Group preserve the typical Dicroidium floral assemblage; the main differences are in the specific richness of each unit (see Supplementary Tables S6, S7).
The Los Rastros Formation preserves the highest species richness with 72 taxa, followed by the Ischigualasto Formation with 24 taxa, and finally, the Los Colorados Formation with only three taxa (Figure 4A; Supplementary Table S6). Members of Lycopodiopsida and Czekanowskiales are only recorded in the Los Rastros Formation (Figure 4A; Supplementary Table S6). Moreover, the Los Rastros Formation preserves a higher number of taxa belonging to the groups Equisetopsida, Polypodiopsida, Umkomasiales, Peltaspermales, Ginkgoales, Voltziales, and gymnosperms with uncertain affinity, in comparison with the Ischigualasto and Los Colorados formations (Figure 4A; Supplementary Table S6). In contrast, Cycadales and Bennettitales are better represented in the Ischigualasto Formation, while the number of Gnetales is equal in the Los Rastros and Ischigualasto formations (Figure 4A; Supplementary Table S6).
[image: Figure 4]FIGURE 4 | Paleobotanical record of the Los Rastros, Ischigualasto, and Los Colorados formations. (A). Number of macrofossil taxa per taxonomic group in each unit. A. Lycopsida, B. Equisetopsida, C. Polypodiopsida, D. Umkomasiales, E. Peltaspermales, F. Petriellales, G. Cycadales and Bennettitales, H. Ginkgoales, I. Czekanowskiales, J. Voltziales, K. Coniferales, L. Uncertain affinity Gymnosperms, M, Gnetales. (B). Percentage of taxa of each taxonomic group registered in the Los Rastros and Ischigualasto formations.
This trend in species richness, particularly the number of taxa per group, shows the predominance of Umkomasiales followed by Ginkgoales, Voltziales, and gymnosperms with uncertain affinity in the Los Rastros Formation, whereas in the Ischigualasto Formation the Umkomasiales continue to dominate but Cycadales, Bennettitales, and Coniferales represent a higher percentage of diversity, and Equisetopsida, Ginkgoales, Voltziales, and gymnosperms with uncertain affinity are more species-poor (Figure 4B; Supplementary Table S6). Groups such as the Petriellales and Czekanowskiales are only recorded in the Los Rastros Formation, and taxa such as Polypodiopsida (ferns) represent a similar percentage of the vegetation in the Los Rastros and the Ischigualasto formations (Figure 4B; Supplementary Table S6). The scarcity of plant macrofossils in the Chañares and Los Colorados formations means their assemblages cannot be used to assess changes in richness (see Supplementary Material).
The palynomorph record is more diverse, with 42 taxa recorded for the Chañares Formation, 212 taxa from the Los Rastros Formation, and 90 taxa for the Ischigualasto Formation (Supplementary Table S7). Miospores in the Chañares Formation indicate the presence of Lycopodiopsida, Polypodiopsida, Peltaspermales, Umkomasiales (Perez Lonaize et al., 2018). In the Los Rastros Formation, palynological data indicate the presence of taxa not represented by macrofossil remains, such as Caytoniales, and different groups of Coniferales such as Podocarpaceae and Araucariaceae (Supplementary Table S7). The same trend is observed with spores indicating the presence of Lycopodiopsida in the Ischigualasto Formation (Supplementary Table S7).
4.5.1 Plant Paleoecology
The plant macrofossil record in the Los Rastros Formation is dominated by taxa that previous authors have inferred to be hygrophytic (60%), followed by mesophytic taxa (38%), and hydrophytic taxa (2%). In the Ischigualasto Formation, inferred hydrophytic taxa dominate (58%) followed by mesophytic (42%) taxa. Finally, the overlying Los Colorados Formation is also dominated by taxa inferred to be hygrophytic (67%) and mesophytic (33%), but this comprises only three taxa (Figure 5A; Supplementary Table S10). Although the number of taxa interpreted as megathermic taxa in the Los Rastros Formation was represented by 64% and 36% were mesothermic taxa (Supplementary Table S10). In the Ischigualasto Formation 75% were megathermic and 25% mesothermic taxa. Finally, the three taxa mentioned in the Los Colorados Formation are interpreted as megathermic taxa (Figure 5B; Supplementary Table S10).
[image: Figure 5]FIGURE 5 | Inferred plant temperature and humidity preference based on previous authors. (A). Percentages of hydrophytic, hygrophytic, and mesophytic macrofossil taxa. (B). Percentage of mesothermic and megathermic macrofossil taxa. (C). Percentages of hydrophytic, hygrophytic, mesophytic, and xerophytic microfossil taxa. (D). Percentage of mesothermic and megathermic microfossil taxa. CHF, Chañares Formation; ISF, Ischigualasto Foramtion; LCF, Los Colorados Formation; LRF, Los Rastros Formation.
Interestingly, there appear to be no substantial changes in the floral composition, at least with respect to moisture requirement, among the three units (Figure 5A). However, inferred temperature tolerance shows a progressive increase from the Los Rastros Formation to the Los Colorados Formation based on the proportion of megathermic taxa compared to mesothermic elements (Figure 5B). But, this trend should be interpreted with caution given that the Los Colorados assemblage contains only three taxa.
In the Chañares palynomorph assemblage, inferred mesophytic taxa dominate (53%), with 37% inferred hygrophytic taxa, and ∼5% hydrophytic and xerophytic taxa (Figure 5C; Supplementary Table S11). In the Los Rastros Formation, 56% of the palynomorph taxa are interpreted as mesophytic, 33% as hygrophytic, and 11% hydrophytic (Figure 5C; Supplementary Table S11). In the Ischigualasto Formation, 52% are inferred to be mesophytic taxa, 28% hygrophytic, 18% hydrophytic, and 2% xerophytic (Figure 5C; Supplementary Table S11). In terms of temperature tolerance, 67% of Chañares Formation taxa are interpreted as megathermic taxa and 33% mesothermic (Figure 5D; Supplementary Table S11), whereas 79% of Los Rastros Formation taxa are interpreted as megathermic and 21% as mesothermic (Figure 5D; Supplementary Table S11). Finally, in the Ischigualasto Formation 83% of taxa are interpreted as megathermic and 17% are interpreted as mesothermic (Figure 5D; Supplementary Table S11).
The general trend suggests that the Chañares and Ischigualasto formations are similar in containing a small number of inferred xerophytic taxa, but the latter unit has a higher proportion of hydrophytic taxa (Figure 5C). In general, the proportion of hydrophytic elements increases up-section from the Chañares through Ischigualasto formations (Figure 5C). The lack of inferred xerophytic taxa in the Los Rastros Formation could be evidence that the pulse of warm and humid conditions during the CPE displaced species with drier habitat preferences. Finally, through the section there is a decrease in inferred mesothermal taxa with a relative increase in megathermal taxa (Figure 5D).
4.6 Tetrapod Fossil Record
In terms of species richness, the Chañares Formation is dominated by synapsids (dicynodonts and cynodonts) followed by archosauriforms (proterochampsids, pseudosuchians, and dinosauromorphs) (Figure 6; Supplementary Table S8). The body fossil and ichnological record of the Los Rastros suggest at least the presence of these same groups plus temnospondyls, but ichnotaxonomic richness is not comparable to the body fossil record (Figure 6; Supplementary Table S8). Therapsids (dicynodont and cynodont) continue to dominate in the Ischigualasto assemblage, but are proportionally less species-rich due to the rise in species richness of pseudosuchians, rhynchosaurs, and dinosaurs (Figure 6; Supplementary Table S8). Finally, in the Los Colorados Formation, the tetrapod assemblage is dominated by dinosaurs and pseudosuchians, with a lower proportion of therapsids (dicynodont and cynodont) and testudinatans (Figure 6; Supplementary Table S8). Thus, through the Late Triassic Agua de la Peña Group, dinosaurs and pseudosuchians taxa become more species-rich, coincided with a decrease in early archosauromorph and synapsid richness (Figure 6; Supplementary Table S8), as discussed by previous authors (Irmis, 2011; Marsicano et al., 2016). However, it is important to note that the quality of the body fossil record, as well as the ichnological record, is driven by preservational conditions in the basin (see Supplementary Material).
[image: Figure 6]FIGURE 6 | Paleovertebrate record in the units of the Agua de la Peña Group. Percentage of taxa of each taxonomic group registered in each formation.
4.6.1 Tetrapod Paleoecology
The habitat preferences inferred for fossil tetrapods by previous authors are relatively consistent through the Agua de la Peña Group (Figure 7A; Supplementary Table S15). All the Agua de la Peña units are dominated by taxa (60%) that are thought to prefer temperate conditions (between 20 and 30 C) followed by taxa (40%) that are thought to prefer high temperature (>30°C). A similar split is observed for inferred seasonality preferences, with 60% of taxa tolerant of high seasonal variation, and 40% of taxa tolerant low seasonal variation (Figure 7B; Supplementary Table S15). In contrast, there appears to be a trend of increasing species richness among taxa that are inferred to prefer wetter conditions (>2 mm/day), from 15% in the Chañares to 40% in the Los Colorados Formation, whereas taxa that might prefer mid-range precipitation values (between 1.5 and 2 mm/day) decrease (Figure 7C; Supplementary Table S15). The tolerance to seasonal variation in precipitation displays a similar pattern to temperature (Figure 7D; Supplementary Table S15).
[image: Figure 7]FIGURE 7 | Inferred tetrapod habit preference (based on previous authors) for the Upper Triassic Agua de la Peña Group. (A). Percentage of prefered range temperature tetrapod taxa. (B). Percentage of tolerance to seasonal variation in temperature. (C). Percentage of prefered range precipitation tetrapod taxa. (D). Percentage of tolerance to seasonal variation in precipitation. CHF, Chañares Formation; ISF, Ischigualasto Foramtion; LCF, Los Colorados Formation; LRF, Los Rastros Formation.
4.7 Hypothesis Testing
The bulk of fossil assemblages from the Chañares, Los Rastros, and Los Colorados formations are restricted to narrow intervals that are stratigraphically disjunct from each other and from the more continuous record of the Ischigualasto Formation. Therefore, only the Ischigualasto Formation is densely sampled enough to test the hypothesis predictions we outline at the beginning of this contribution. However, because the Ischigualasto Formation is unevenly sampled for plant fossils, with diagnostic specimens largely restricted to a few levels in the middle part of the formation (Figure 8), there are not enough data points to evaluate changes in diversity, relative abundance, or FA/LA pulses. As such, we cannot directly test the aforementioned floral predictions (hypotheses 1a-1e in Section 1.3) in the context of changes within the Ischigualasto Formation. Therefore, the rest of this section focuses on the tetrapod body fossil record, which is well-sampled and spans nearly the entire formation.
[image: Figure 8]FIGURE 8 | Ischigualasto Formation stratigraphic section including paleobotany levels distribution, first and last appearance of tetrapod record, and tetrapod diversity (number of species) and abundance (number of specimens) in the different Ischigualasto time bins as defined by Martínez et al. (2011). Data modified from Colombi and Parrish (2008), Colombi et al. (2011), Cesari and Colombi (2013), Martínez et al. (2011), Desojo et al. (2020), and Drovandi et al. (2021). Age model same as Figure 2.
4.7.1 Species Richness
As noted by previous authors (e.g., Martínez et al., 2011; Colombi et al., 2021), one of the most striking patterns in the Ischigualasto Formation tetrapod fossil record is the long-term decline in species richness up-section. The lowest 50 m (bins 1 & 2) of the formation are most diverse, both in total richness and for most individual clades (e.g., Cynodontia, Proterochampsidae, Dinosauromorpha). In fact, the absence of some taxa higher in the section has been used to define biozones in the formation, with the lowest 300 m of the formation grouped into the Scaphonyx-Exaeretodon-Herrerasaurus biozone, and the overlying ∼350 m separated into the Exaeretodon biozone (Martínez et al., 2011). The boundary between the two biozones is defined by the LA of the rhynchosaur Scaphonyx and dinosaur Herrerasaurus, rather than the FA of any taxon.
Given that species richness scales directly with sampling (i.e., the more specimens you find, the more species you are likely to find) (e.g., Raup, 1972, 1975), a natural question is whether the declining species richness of the Ischigualasto Formation reflects original assemblage composition or is at least in part an artifact of sample size, given that the number of specimens for each stratigraphic bin also declines up-section (Figure 8). In fact, a simple bivariate regression reveals a strong linear relationship (R2 = 0.8179) between the number of specimens and species richness of each bin (Supplementary Figure S4). Similarly, when compared at the same number of specimens, the 95% confidence bounds greatly overlap for rarefaction curves of the Scaphonyx-Exaeretodon-Herrerasaurus and Exaeretodon biozones (Supplementary Figure S4). Both of these analyses suggest that sampling (i.e., number of collected specimens) is a significant control on observed tetrapod species richness in the Ischigualasto Formation. Therefore, absolute species richness of the Ischigualasto Formation cannot be taken at face value for paleoecological interpretation, and must take sampling into account.
4.7.2 First and last Appearances
Given the patterns of tetrapod species richness observed in the Ischigualasto Formation, it is unsurprising that FAs and LAs follow a similar trend, with the bulk of these events concentrated in the lower part of the formation, though there appear to be two LA pulses in the middle part of the formation (Figure 8). It is important to note that the FAs/LAs of the first and last stratigraphic bin are almost certainly artifacts. With the exception of the dicynodont Jachaleria, all other taxa are restricted to the Ischigualasto Formation (i.e., they do not occur in the underlying Los Rastros Formation or overlying Los Colorados Formation). As such, there is necessarily a pulse of FAs in the lowest bin of the Ischigualasto Formation, and any taxa present in the highest bin also have their LA in that bin. Because the Los Rastros and lower Los Colorados Formation have a very poor body fossil record, with present data it is impossible to evaluate whether any Ischigualasto Formation taxa might have had longer stratigraphic ranges that extended into these formations. As such, the FAs of the oldest stratigraphic bin and LAs of the youngest stratigraphic bin are excluded from further analysis and interpretation.
Before using these data to test hypotheses of climate forcing (Section 1.1), it is important to evaluate the effect of sampling on observed FAs and LAs, given that it appears to be a primary control of tetrapod richness in the Ischigualasto fossil record. The number of first appearances in a bin is correlated with the number of specimens in each bin (R2 = 0.5296) suggesting some sampling control, but the number of last appearances per bin is less so, with only a weak correlation (R2 = 0.2790) (Supplementary Figure S5). This suggests that observed FA pulses are difficult to interpret (with no bins where number of FAs is much greater than expected given sample size), LA pulses might be more informative. Three LA pulses are observed in the Formation: bin 2, bin 4, and bin 9 (Figure 8), all of which have more LAs than expected given their specimen sample size (Supplementary Figure S5). The pulse in bin 2 (LAs of 1 temnospondyl, 5 synapsid, 1 proterochampsid, and 2 dinosauromorph species) is difficult to interpret; although it is the second best sampled bin, this interval still contains ∼40% fewer specimens than the underlying bin 1, so one might expect a large number of rare taxa to disappear from the record in bin 2 as sampling decreases. That said, this interval does preserve a short-term change towards more arid conditions (Figures 3, 8). Bin 5 (LAs of 1 synapsid, 1 pseudosuchian, and 3 dinosauromorph species) does not appear to correlate with any clear changes in available paleoclimate proxies. Bin 9 is the most intriguing LA pulse, because it is associated with a significant change to more humid seasonal conditions inferred from our paleoclimate proxies at the ∼380 m level (Figures 3, 8). All of the LAs in bin 9 are archosauriform reptile species (1 proterochampsid, 4 pseudosuchians).
How do these results compare with our predictions for paleoclimate forcing of species FAs and LAs? None can be fully tested, mostly because Ischigualasto tetrapod FAs appear to be controlled by sampling. Therefore, we cannot confidently use the record of FA pulses to interrogate our hypotheses. Nonetheless, to the extent possible, below we evaluate the extent to which our results conform to or contradict predictions, with a focus on the LA record.
Hypothesis 2: The only significant pulse for synapsids is in bin 2, with three FAs and four LAs. This bin is associated with a short-term pulse in arid conditions, which is consistent with the prediction for a pulse in synapsid LAs. Alternatively, most of these LAs are relatively rare taxa, and their disappearance could just as well be explained by declining sample size up-section.
Hypothesis 3: The only observed cynodont FA and LA pulse is the aforementioned event in bin 2, but there is no clear paleotemperature proxy change in this interval. Indeed, paleotemperature estimates are relatively stable for the lower half of the Formation (bins 1–10) (Figure 3). Therefore, this hypothesis is not supported by the available data.
Hypothesis 4: A significant pulse (4 species) in pseudosuchian archosaur LAs is observed in bin 9, which is associated with a shift to more humid seasonal conditions (∼380 m). However, this hypothesis specifically links a pseudosuchian LA pulse to cooler, more seasonal conditions, rather than changes in aridity/humidity. Available paleoclimate proxies do not show clear evidence for cooler conditions at this time, but all proxies display increasing variability and clay mineralogy (smectite/illite ratio) suggests evidence for increasing seasonality (Figure 3). Thus, our data could be consistent with this hypothesis, but the lack of a strong association with paleotemperature changes makes it equivocal.
A final important observation is that the number of FAs in a bin is strongly correlated with the number of LAs in the same bin (R2 = 0.8571) (Supplementary Figure S5). This contrasts with the predictions of Vrba’s relay model, where FA and LA pulses should be separated in time (e.g., Vrba, 1995: Fig. 3.3). There could be several explanations for this. One possibility is that empirical reality (at least in the case of the Ischigualasto Formation) does not match the theoretical model, suggesting other processes are affecting the first and last appearances of taxa, or that the model needs revision. An alternative, and perhaps more likely explanation, is that this result is an artifact of the resolution of our data. As Vrba (1995) discussed, taphonomic and sampling biases can appear to compress the record so that chronologically separate events appear to occur at the same time in the fossil record. Specifically in our case, bin size and duration seems a likely culprit. According to the age model (Figures 3, 8), each of these bins represent anywhere from ∼20,000 to ∼780,000 years (mean duration 290,000 years; median duration 300,000 years). Thus, in a single data point (i.e. bin) we are time-averaging first and last appearances over 103–106 years, and it is exactly at this timescale that Vrba (1992, 1995) hypothesized the relay model should play out. So it seems reasonable that our bins are simply too large in duration to distinguish in time between associated but temporally separate FA and LA pulses.
4.7.3 Relative Abundance
One of the most striking patterns in tetrapod relative abundance in the Ischigualasto Formation is that rhynchosaurs (specifically Scaphonyx) are exceedingly common near the base of the formation, but quickly decline and disappear by the middle third of the Formation (bin 8) (Figure 8), so much so that the lowest biozone in the Formation is named in part for Scaphonyx (Martínez et al., 2011). But this trend could be driven by sampling, given that the decline in Scaphonyx relative abundance mirrors the up-section decline in overall specimen sample size. The adjusted residuals (ARs) (Supplementary Table S16) indicate this is not the case; the positive ARs for bins 1 and 2 indicate Scaphonyx is over-represented relative to what is expected given sample size, and the negative ARs for bins 5–12 indicate it is under-represented relative to what is expected. Furthermore, the Chi-squared test indicates this difference is significant (p < 1.77E-38). These data suggest that the abundance of Scaphonyx in bins 1 and 2, and its subsequent decline, are at least in part an actual paleoecological signal. As such, how do these data compare to predictions for rhynchosaur relative abundance changes in relation to paleoclimate?
Hypothesis 5: The rapid decline in Scaphonyx abundance is associated with the onset of more arid, slightly warmer, and less seasonal conditions (∼100 m level). This directly contradicts the predictions for this hypothesis, which suggests that rhynchosaur relative abundance should increase with more arid conditions. In fact, rhynchosaurs (Teyumbaita n. sp.) become slightly more abundant higher in the section (bins 9 and 10) with a pulse of more humid conditions. Therefore, our data appear to falsify this hypothesis, at least as it applies to the Ischigualasto Formation.
It could be that this hypothesis is simply wrong, and rhynchosaur relative abundance is unrelated to aridity. Alternatively, the original formulators of the hypothesis may have been caught-out by the subtleties of the paleoclimate record. This hypothesis was based on relative abundance data from the Middle-Upper Triassic fossil assemblage of the Paraná Basin, southern Brazil (Azevedo et al., 1990). Here, rhynchosaurs are most abundant in the Santa Maria and Caturrita formations (Azevedo et al., 1990), a sequence with an overall semi-arid inferred climate regime (see review in Mancuso et al., 2021). But, more recent paleoclimate studies indicate that the upper Santa Maria and lower Caturrita formations (lower Candelaria sequence) were relatively wetter than underlying and overlying strata (Horn et al., 2018a,b; Mancuso et al., 2021), and these are precisely the intervals with the most abundant rhynchosaurs (Azevedo et al., 1990: Figs. 5, 6). This is also consistent with the rarity/absence of rhynchosaurs in the more arid Upper Triassic deposits of western North America (Irmis, 2011; Whiteside et al., 2011, 2015). Thus, it may be that rhynchosaur abundance is instead correlated with more humid conditions.
5 DISCUSSION
5.1 Geographic and Chronologic Scale of Climate Proxies
During the early Late Triassic (Carnian to early Norian), the IVUB was deposited between 44.6°S and 49.6°S paleolatitude, including 95% confidence intervals (230 Ma paleopole of van Hinsbergen et al., 2015; see Mancuso et al., 2021: Fig. 3). The most recent Carnian Global Circulation Model (GCM) predicts a MAT of 0.85°C and MAP of 1,161 mm/year for the IVUB, with warmest and coldest monthly means of 37.6°C to −35.9°C, and wettest and driest monthly means of 1,238 mm/year to 1,083 mm/year (Dunne et al., 2021).
Our new proxy data estimates of MAP from the Ischigualasto Formation match well with the GCM predictions (Dunne et al., 2021), with a range of values from 721–1,343 mm/year (mean of 959 mm, median of 969 mm, standard deviation of ±176 mm) that overlaps with the GCM estimate of 1,161 mm/year (Dunne et al., 2021). In contrast, the GCM MAT estimate of 0.85°C (Dunne et al., 2021) is considerably lower than our proxy estimates of 9.4–17.5°C (mean of 12.7°C, median of 12.6°C, standard deviation of ±3.6°C). This discrepancy in MAT estimates is stark but may have a relatively simple explanation. The Ischigualasto Formation climate values were extracted from the GCM results using an inferred paleolatitude of 52°S, as reconstructed using the plate kinematic model in the Paleobiology Database. However, if a paleolatitude of 44.6°S-49.6°S is used (van Hinsbergen et al., 2015), this results in MAT values between 6–14°C, much closer to our proxy estimates. Because the latitudinal gradient in this area of Gondwana is less severe for MAP, these lower paleolatitudes would result in values between 700–1,400 mm/year, still consistent with our proxy estimates. From a clay mineralogy standpoint, the high smectite/illite ratios in the upper part of the Ischigualasto Formation are consistent with the aforementioned high temperature seasonality predicted by GCM results (Dunne et al., 2021).
The Chañares-Los Rastros-Ischigualasto succession preserves a nearly continuous record of the Late Triassic from the early Carnian through early Norian (∼236.5–224.5 Ma). Recently published multi-proxy data (Mancuso et al., 2020a; Benavente et al., 2022) support a general trend from seasonal semi-arid to sub-humid conditions during the early Carnian (∼236.5–235 Ma, Chañares Formation) to humid and warm conditions during middle Carnian (∼235–231.3 Ma, Los Rastros Formation) (Figure 9). The warmer and wetter phase was proposed as possible evidence of the Carnian Pluvial Episode in Gondwana (Mancuso et al., 2020a; Benavente et al., 2022). The new multi-proxy data presented here for the Ischigualasto Formation supply evidence of a fluctuating climate trend for the late Carnian to early Norian (∼231.3–224.5 Ma) at the Cerro Bola locality (Figure 9). The first ∼100 m during the late Carnian (∼231–229.5 Ma) record seasonal warm, humid conditions with a short episode of sub-humid to semi-arid conditions (Figure 9). Subsequently, during the latest Carnian (∼229.5–227.8 Ma) between ∼100–380 m, the Ischigualasto Formation was deposited under seasonal sub-humid to semi-arid conditions, followed by more variable, humid, more seasonal conditions at the very end of the Carnian and during the earliest Norian (∼227.8–224.5 Ma) (Figure 9). The estimates of MAT and MAP for the Ischigualasto paleosols show a similar trend, with a mean around 950 mm/yr for MAP but with higher values in the lowermost and upper parts of the section, and a subtle change in MAT from 12.5 to 13.5°C, but lower than estimated for the Los Rastros (Mancuso et al., 2020a; Benavente et al., 2022). Our new multi-proxy data agrees well with paleosol data from the Ischigualasto Provincial Park (Tabor et al., 2004, 2006). These data from further southeast in the basin also suggested a complex pattern (see Supplementary Material Correlation through basin and Supplementary Figure S3 for more detailed information about the correlation between Ischigualasto Provincial Park and Cerro Bola area), beginning with a humid episode (the lower quarter of the unit), followed by relatively dry conditions (the middle half of the unit), finishing with more humid conditions again (the upper quarter) with cool temperatures between ∼0–10°C (estimating using δ18Ocarb values from pedogenic carbonate nodules). In contrast, paleobotanical and sedimentological data from this same area suggest generally seasonal arid to semi-arid conditions with a semi-humid episode in the middle of the unit (Colombi and Parrish, 2008; Césari and Colombi, 2013; Colombi et al., 2013).
[image: Figure 9]FIGURE 9 | Summary of Agua de la Peña Group paleoclimate interpretations. Geochronologic age constraints for the Chañares, Los Rastros, and Ischigualasto formations modified from the preliminary age model with uncertainty envelope (gray shading) for the unit based on radioisotopic ages (Irmis et al., 2022). Ch, Chañares Formation; Is, Ischigualasto Formation; LC, Los Colorados Formation; LR, Los Rastros Formation; Tj, Tarjados Formation.
These differences likely reflect the spatial and temporal scale at which the proxies record paleoenvironment. The proxies for MAP and MAT are dependent upon local geochemical conditions and thus could easily vary across the basin. At the same time, they are somewhat time-averaged given how long it takes paleosols to develop. Sedimentological indicators can also be quite localized with significant lateral variation, and paleosol morphology (e.g., pedotype) is driven in part by changes in the local water table. Therefore, it is not surprising that studies using different proxies from different parts of the basin may observe variation in inferred paleoclimate conditions. From a palaeontological perspective, using fossils to interpret climate conditions is circular if one is then comparing that climate record with the fossil record. Regardless, the differences between the climate reconstruction from geochemical, clay mineralogy, and paleosol morphology data compared to the paleontological interpretations (macro and microflora, vertebrate) (Colombi and Parrish, 2008; Césari and Colombi, 2013; Colombi et al., 2013) can be explained due to the strong dependence of fossil preservation with local sedimentological conditions (see Supplementary Material). The floral record is essentially preserved under high water-table conditions (Agua de la Peña locality and around the site), independent of larger-scale changes in climate (Colombi and Parrish, 2008; Césari and Colombi, 2013). In addition, vertebrate fossil assemblages are mainly preserved on well-drained low water-table deposits (Colombi et al., 2013). Therefore, the paleontological record largely reflects local taphonomic and sedimentological conditions instead of basin-wide or regional climate.
Clay mineralogy data for the Chañares, Los Rastros, and Ischigualasto formations has also been documented for other parts of the IVUB (Bossi, 1970; Ovejero and Bossi, 1984; Tabor et al., 2006; Mancuso et al., 2020a). The mineralogical assemblages found at the Cerro Bola locality agree with previous Ischigualasto Formation mineralogical data from Agua de la Peña and Zanja de la Viuda localities (Bossi, 1970; Ovejero and Bossi, 1984; Tabor et al., 2006). These clay assemblages record varying proportions of smectite, illite, kaolinite, chlorite, and mixed-layer illite/smectite. Smectite is the dominant clay mineral, followed by kaolinite and illite, at Ischigualasto Provincial Park (Bossi, 1970; Tabor et al., 2006); in contrast, at the Cerro Bola and Zanja de la Viuda localities (Figure 1), illite is the dominant component followed by a similar contribution of kaolinite and smectite (Figure 2; see Figure 5 in Ovejero and Bossi, 1984). Nevertheless, within the Ischigualasto Formation, there are consistent assemblages across the basin that highlight the general pattern of an enhanced hydrolysis index due to increased leaching. Those intervals are characterized by a higher contribution of kaolinite and smectite and might record geologically brief episodes of discrete enhanced humidity (380–420, 465, 550, 580, and 680 m levels at Cerro Bola). Similarly, the mineralogical assemblages found at the Gualo locality and Cerro Bola for the Chañares and Los Rastros formations (Mancuso et al., 2020a) agree with the mineralogy previously documented at the Río Ischigualasto, Zanja de la Viuda localities (Bossi, 1970; Ovejero and Bossi, 1984). In general, illitization processes have been more pervasive in the Ischigualasto deposits than in the Chañares and Los Rastros assemblages (Mancuso et al., 2020a).
Interestingly, Bossi (1970) suggested that clay mineral assemblages are relatively consistent within their depositional subenvironments. For example, illite dominates lateral accretion fluvial elements and kaolinite and to a less extent smectite are predominant in fluvial lateral suspension and vertical accretion deposits. These are the natural authigenic subenvironments for those clay minerals and support the primary composition of the mineralogical assemblages that are most likely reflecting a paleoclimate signal. In our analysis, we have found that the lake center deposits (Los Rastros Formation - Bossi´s vertical accretion deposits) are dominated by kaolinite and less common smectite; and the fluvial floodplains with occasional ponds (Ischigualasto Formation - Bossi´s fluvial lateral suspension) are dominated by variable proportions of kaolinite-illite- smectite-illite/smectite.
Analyzing the mineralogical proxies (kaolinite/illite, smectite/illite, and smectite/kaolinite ratios), the general trend of highly dispersed values in lower and upper levels of the Ischigualasto is also recorded in the sections from Agua de la Peña and Zanja de la Viuda (Bossi, 1970; Ovejero and Bossi, 1984). Therefore, the clay mineralogy proxy evidence suggests basin-wide seasonal semi-arid to sub-humid paleoclimate trend during deposition of the early Carnian Chañares Formation, humid and warm conditions for the middle Carnian Los Rastros Formation, followed by variable seasonal less humid conditions for the late Carnian-early Norian Ischigualasto Formation. This consistency across the basin thus provides some confidence in using our results to compare with the basin-wide fossil record. Unfortunately, other proxies included in this contribution can not be compared directly with other localities of the IVUB; however, as mentioned previously, the general climate trend we observed compares well with paleosol data from the Ischigualasto Provincial Park (Tabor et al., 2004, 2006).
5.2 Paleobotanical Record and Links With Climatic Proxies
Although limitations in sampling mean that we cannot compare the paleobotanical and climate record using our hypothesis testing framework, the plant fossil record suggests that changes in vegetation accompanied broad changes in climatic conditions across the formations. In the Los Rastro Formation, vegetation was stable both in time and space (Pedernera et al., 2020). This stability could be related to the more humid and stable climatic conditions proposed for the unit (Mancuso et al., 2020a). On the other hand, the lower number of plant macrofossil taxa recorded in the Ischigualasto Formation (Figure 4), and lower number of taxa per taxonomic group (see Supplementary Material) could be related to the high variability of the MAP and MAT, though we caution that a more direct comparison would require sample standardization techniques (e.g., rarefaction or quorum sub-sampling). These plant fossils come from specific fossiliferous levels restricted temporally and spatially (Colombi and Parrish, 2008; Drovandi et al., 2021). Indeed, the taphofacies described by Colombi and Parrish (2008) are both temporally and spatially restricted; these authors indicate that the observed patterns are due to the fluvial architecture and paleosols related to the evolution of the climate during the deposition of the Ischigualasto Formation. An extensive systematic sampling of the unit to reduce sampling gaps could help clarify changes in the plant fossil record allowing one to more directly test the hypothesis predictions outlined in Section 1.3.
The palynomorph assemblages of the Chañares and Ischigualasto formations have been considered part of a ‘transitional zone’ between the Ipswich and the Onslow subprovinces (Césari and Colombi, 2013; Perez Lonaize et al., 2018). In contrast, the Los Rastros microfloral assemblage is typical of the Ipswich sub-province (Ottone et al., 2005; Ottone and Mancuso, 2006; Césari and Colombi, 2016). Traditionally, the Onslow microflora has been used as an indicator of hot and humid climatic conditions, whereas the Ipswich microflora has been considered an indicator of relatively cooler temperature zones (Dolby and Blame, 1976). However, the microfloristic assemblages described in the formations of the Agua de la Peña Group do not agree with MAT and MAP estimates proposed for the same units. The Chañares Formation has been interpreted as seasonal semi-arid to sub-humid (Mancuso et al., 2020a), the Los Rastros Formation humid and warm (Mancuso et al., 2020a), and the Ischigualasto Formation data indicate variable semi-arid to humid variable conditions for the unit (Figure 3). As such, one might predict that the Chañares and Ischigualasto microfloral assemblages would be most similar to the Ipswich microflora, whereas the microflora of the Los Rastros Formation would have a greater presence of Onslow characteristic elements; this is the opposite of what is preserved. Therefore, the differences in the palynological assemblages among the Chañares, Los Rastros, and Ischigualasto formations may not be associated with climatic variations and these differences could be linked with the intrabasin spatial distribution of habitats for plant microspores producers. It is very possible that the Los Rastros Formation was also located in this microfloral province transition zone (cf. Césari and Colombi, 2013), and the more humid conditions during the CPE restricted typical Onslow miospore plant producers to distal upland areas that are not preserved in this unit. These complexities reinforce the need for independent paleoclimate proxies (such as those in this contribution) for properly interpreting possible climate influence on floras in deep time.
Ultimately, systematic sampling for palynomorphs and plant macrofossils throughout this sequence, particularly the Ischigualasto Formation, is necessary to develop a well-sampled record at many different stratigraphic levels. Only with this improved high-resolution record will there be enough data points to properly test proposed hypotheses linking plant diversity and relative abundance with climate (Pardoe et al., 2021).
5.3 Tetrapod Record and Links With Climatic Proxies
Assessing changes in tetrapod composition in relation to paleoclimate across the different formations of the Agua de la Peña Group is very difficult given that there are large stratigraphic gaps between samples (e.g., upper Los Rastros and lower Los Colorados formations), and different styles of preservation that are not directly comparable (i.e., predominantly ichnofossils from the Los Rastros compared to body fossils from all other formations). Indeed, whether one examines changes in clade species richness (Figure 6) or inferred habitat preference (Figure 7), there are no changes that seem clearly related to climate differences between the formations. This highlights the challenges of the traditional pattern-matching approach; namely, that other factors (e.g., preservation, sampling) can mask any original direct correlation with climate variables. In any case, it is not necessarily clear that one should expect such simple correlations, given that it does not reflect known evolutionary models (e.g., Faith et al., 2021).
The synapsid fossil record from the IVUB exemplifies these difficulties. The decrease in dicynodont diversity from the Chañares to Ischigualasto Formation, and their absence in the upper levels of the Norian Los Colorados Formation, follows global trends, so it seems imprudent to try to ascribe it to regional/basin-scale climate change. In contrast, cynodonts, in particular probainognathians, proliferated on many continents during the Carnian and into the Norian and Rhaetian, even in relatively nearby regions (see Abdala et al., 2020 for a review). Therefore, their absence above bin 2 in the Ischigualasto Formation (with the exception of Exaeretodon) does seem to be a more local pattern. One might hypothesize this change reflects the more arid seasonal conditions above the 100 m level, but it also could simply be a result of declining sample size not picking up rare taxa that are only known from a handful of specimens. As another example, higher in section, in the uppermost portion of the Ischigualasto Formation, fossils in Unit IV are scarce (Figure 8, Supplementary Figures S6, S7). They are only represented by 1 specimen (a single bone) of the dicynodont Jachaleria and a few isolated indeterminate archosaur elements (Martínez et al., 2011). In the lowermost Los Colorados Formation, vertebrate representation is also poor, with only 8 specimens of Jachaleria reported (Martínez et al., 2011), although recently a bonebed including a minimum of 200 bones (mostly Jachaleria) has been reported (Colombi et al., 2018). The top of the Ischigualasto Formation and the lower levels of the Los Colorados Formation appear to represent an interval in which fossils are scarce. Martínez et al. (2011) proposed that this extremely low abundance of vertebrates cannot be explained by poor sampling or poorly exposed outcrops, and suggested that this situation could be correlated with more arid conditions and better explained by a true absence of fauna or by a taphonomic bias (Martínez et al., 2011). In contrast, our results regarding the interpretation of aridity point to the opposite (Figure 8), with a change to more humid (bin 13) conditions near the top of the Ischigualasto Formation. So does the low diversity and abundance of tetrapods at this boundary interval reflect actual rarity on the paleolandscape, preservational/sampling bias, or a combination of the two? Examination of the more detailed tetrapod record of the Ischigualasto Formation is equally ambiguous to interpret from a pattern-matching perspective, with few obvious changes in species richness, relative abundance, or stratigraphic ranges (Figure 8; Supplementary Figure S13) coinciding with the main paleoclimate changes inferred from the proxy datasets in this study.
For this reason, building on recent work from other authors (Faith et al., 2021), we instead proposed an approach for evaluating explicit predictions from existing hypotheses using known evolutionary models for vertebrate response to climate change in deep time. The advantage of this approach is that it makes specific a priori predictions based on what we know about evolution that can then be tested using the fossil record, rather than a posteriori trying to match changes in paleoclimate proxies with those from fossil assemblages. Nonetheless, our study demonstrates how difficult this can be even with a rich climate proxy record and abundant fossil dataset. This Ischigualasto case study highlighted how sampling and taphonomy can strongly control patterns in the fossil record even when many specimens are known from many different stratigraphic levels. As a result we were unable to fully test the predictions for each hypothesis, particularly when it came to evaluating pulses of first occurrences. Though we observed a few subtle changes that do not appear to be tied to sampling, one might query why there is not a stronger correlation with paleoclimatic changes. One or more processes may be at play. First, it might be that the magnitude and/or pace of climate change observed simply was not great enough to force major changes in ecosystem structure. Alternatively, despite our abundant fossil record, it might be that other changes are subtle enough that they require even greater stratigraphic resolution (e.g., meter scale as opposed to 50 m bins) with even denser specimen sampling.
Even so, there are definitely reasons for optimism. First, we were able to find partial support for one hypothesis, with a pulse of pseudosuchian archosaur LAs associated with a shift to more humid conditions, which was consistent with the predictions for Hypothesis 4. Second, we were able to provide fairly strong evidence to help falsify Hypothesis 5, where we observed the opposite trend in rhynchosaur relative abundance (compared to the climate trend) than predicted. In this case, we can formulate a new hypothesis; namely, that rhynchosaur abundance increased during more humid intervals. Notably, this tetrapod clade is perhaps the best sampled in the formation in terms of number of specimens, exemplifying the predictive power of large sample sizes. And even where we were unable to find evidence for/against hypotheses, lacked the sampling to make evaluations, or found a strong sampling control on diversity and abundance patterns, it highlights where more work should be concentrated in the basin to build datasets that are sufficient for hypothesis testing. Finally, and perhaps most importantly, regardless of specific results for the Ischigualasto Formation or IVUB, our study is an example of how one can use this predictive framework in future studies to evaluate biotic response to climate change in deep time.
6 CONCLUSION
Our new multiproxy dataset for the Ischigualasto Formation provides insights into key changes in paleoenvironment and paleoclimate during the late Carnian and early Norian. Combined with previous work in other parts of the basin and other formations, we are able to identify and elucidate basin-scale trends in paleoclimate, and compare them to the extensive floral and vertebrate fossil records. Although sampling is a primary control of patterns observed in these fossil assemblages, we observe a small number of changes in species richness and relative abundance that are consistent with predictions from evolutionary models for climate forcing of biotic change. Moreover, our approach to testing for associations highlights data gaps that must be filled by additional sampling, and makes new testable predictions that can be tested by future work.
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