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Studies of Rancho La Brea predators have yielded disparate dietary interpretations when analyzing bone collagen vs. enamel carbonate—requiring a better understanding of the relationship between stable carbon isotopes in these tissues. Stable carbon isotope spacing between collagen and carbonate (Δca-co) has also been used as a proxy for inferring the trophic level of mammals, with higher Δca-co values indicative of high carbohydrate consumption. To clarify the stable isotope ecology of carnivorans, past and present, we analyzed bone collagen (carbon and nitrogen) and enamel carbonate (carbon) of extinct and extant North American felids and canids, including dire wolves, sabertooth cats, coyotes, and pumas, supplementing these with data from African wild dogs and African lions. Our results reveal that Δca-co values are positively related to enamel carbonate values in secondary consumers and are less predictive of trophic level. Results indicate that the foraging habitat and diet of prey affects Δca-co in carnivores, like herbivores. Average Δca-co values in Pleistocene canids (8.7+/−1‰) and felids (7.0+/−0.7‰) overlap with previously documented extant herbivore Δca-co values suggesting that trophic level estimates may be relative to herbivore Δca-co values in each ecosystem and not directly comparable between disparate ecosystems. Physiological differences between felids and canids, ontogenetic dietary differences, and diagenesis at Rancho La Brea do not appear to be primary drivers of Δca-co offsets. Environmental influences affecting protein and fat consumption in prey and subsequently by predators, and nutrient routing to tissues may instead be driving Δca-co offsets in extant and extinct mammals.
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Introduction

Rancho La Brea (RLB) is one of the best preserved and studied fossil localities in the world, providing insight into the ecology of ancient mammals over the past ~50,000 years in southern California (e.g., Merriam and Stock, 1932; Stock and Harris, 1992; Van Valkenburgh and Hertel, 1993; DeSantis et al., 2012, 2019; Meachen and Samuels, 2012). Herbivorous mammals trapped in asphalt seeps (“pits”) attracted carnivores that also became trapped, resulting in one of the world’s best localities for studying ancient predators and their prey (Stock and Harris, 1992). As predators normally occur in lower numbers than their prey in modern ecosystems, they are also typically rare in fossil accumulations. However, because of their abundance in these deposits, Rancho La Brea provides unique insight into predator and prey dynamics in the Late Pleistocene—a time characterized by dramatic climatic change and the arrival of humans in North America (Stock and Harris, 1992; Barnosky et al., 2004). One productive avenue of research has been the inference of diet based on stable isotopes, allowing deep insight into the ecosystem dynamics of Late Pleistocene Rancho La Brea (e.g., Coltrain et al., 2004). However, recent work on isotopic values from RLB carnivores has revealed a clear discrepancy between values derived from collagen vs. enamel carbonate (DeSantis et al., 2019, 2020), complicating dietary inferences from either tissue. The goals of this study are to quantify and test potential drivers responsible for collagen/carbonate offsets generally, and to use these understandings to clarify dietary inference at RLB.


Stable isotopes and dietary inference

Stable isotope analyses of bone and/or tooth enamel have clarified the dietary ecology of numerous animals across the globe, past and present (e.g., Cerling et al., 1997; DeSantis et al., 2009; Secord et al., 2012). While studies of extant animals benefit from the ability to sample different tissues (including hair, feathers, scales, blood, etc.), archeological and paleontological studies of ancient life are limited to the analysis of tissues that preserve original biogenic stable isotope signatures in the fossil record (e.g., bones and teeth). Enamel is primarily inorganic (Teruel et al., 2015; Kendall et al., 2018) and stable isotopes of carbon and oxygen have been used to infer diet and climate, respectively, through time (e.g., DeNiro and Epstein, 1978; Cerling et al., 1997; Levin et al., 2006; DeSantis et al., 2009; Secord et al., 2012). Bone and dentin collagen, which are organic, also provide insights into the diets of ancient animals (e.g., Schoeninger et al., 1983; Bocherens et al., 1994; Finucane et al., 2006; Fuller et al., 2006; Kellner and Schoeninger, 2007; Lee-Thorp, 2008; Tung et al., 2016). Specifically, carbon isotope values measured in collagen (bone or dentin) provide information about the protein component of an animal’s diet (Ambrose and Norr, 1993) and nitrogen isotope values clarify trophic level with higher values indicative of feeding at higher trophic levels and/or more meat or fish consumption (Schoeninger et al., 1983). In archeological studies, both tooth enamel (or bone apatite) and bone collagen are analyzed to infer differences between whole diet (e.g., carbohydrates, fat, and protein) and protein components of diet, respectively (e.g., Ambrose and Norr, 1993). However, paleontological studies often employ only one tool, due to a lack of preserved collagen, interest in only isotopes associated with a particular tissue (e.g., δ18O in carbonate, δ15N in collagen; Bocherens et al., 1994; DeSantis et al., 2009), and/or the need to minimize destructive sampling. Therefore, direct comparisons between data types from the same specimens are rare.

Those studies that have examined both tooth enamel and bone collagen stable isotopes from the same individual specimens (e.g., Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Ambrose and Norr, 1993; Clementz et al., 2007, 2009; Murphy et al., 2007; Bocherens et al., 2017; Codron et al., 2018) indicate that isotope values from the different tissues record different aspects of their diet. There is broad consensus that δ13Ccollagen reflects the protein component of diet, while δ13Ccarbonate reflects whole diet (e.g., protein, carbohydrates, and fats; Ambrose and Norr, 1993) and that the isotopic spacing between carbonate and collagen (Δca-co, δ13Ccarbonate - δ13Ccollagen) varies depending on trophic category (Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Clementz et al., 2009). Specifically, the lowest Δca-co values occur in carnivores (averaging 4.3+/−1.0‰ to 4.8+/−0.4‰; Lee-Thorp et al., 1989; Clementz et al., 2009) while herbivores have higher Δca-covalues (6.8+/−1.4‰ to 7.6+/−0.5‰; Lee-Thorp et al., 1989; Clementz et al., 2009). Animals with lower Δca-co values are often attributed as having more meat and/or fat in their diet than animals with higher Δca-co values—Δca-co values are therefore used to infer degree of meat and/or fat consumption in ancient mammals (Lee-Thorp et al., 1989; Clementz et al., 2009). In Canis lupus, Δca-co increases with increased δ13Ccarbonate values (p = 0.016, R = 0.51; per our analysis of the supplemental data in Clementz et al., 2009); however, there is no predictable relationship between Δca-co in bone apatite or bone collagen δ13C values in African carnivores (Codron et al., 2018). Further, the significant positive-relationship between Δca-co values and δ13Ccarbonate values in a sample of dire wolves (Aenocyon dirus, previously known as Canis dirus) at Rancho La Brea is similar to the relationship between Δca-co and δ13Ccollagen values in the African mammals included in Codron et al. (2018; DeSantis et al., 2020, see Figure 1B).
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FIGURE 1
 Stable carbon isotope data (collagen and carbonate) for all fossil specimens examined from Rancho La Brea (n = 71). Mean values are denoted in bold (bars indicate 1 standard deviation, n-1). All collagen data are from bone collagen and carbonate data are from tooth enamel (lower first molars), with the exception of A. dirus from Locality 3,874 which are from incisor dentin collagen and incisor enamel, respectively. The felid S. fatalis is noted in red, with all canids noted in blue; the same shade of light blue is used for canids from pits 61/67. The scales on the x-axis are of the same magnitude for the two tissues.


Offset values between carbonate and collagen can be highly variable among herbivores, specifically African mammals (primarily ungulates, especially bovids) and Australian kangaroos (Murphy et al., 2007; Codron et al., 2018). Murphy et al. (2007) demonstrated a significant negative relationship between Δca-co in herbivorous kangaroos and aridity (i.e., water availability index; higher Δca-co values when less water is available). Codron et al. (2018) instead documented higher Δca-co values with increased δ13Ccollagen values in African mammals, which they attribute to both physiological differences between ruminants and non-ruminants and dietary differences between grass and browse (e.g., effects of higher amounts of protein in 13C deplete browse and higher amounts of CH4 produced when consuming grass). In closely related ruminant taxa (i.e., members of the family Bovidae), Δca-co values calculated from teeth (enamel carbonate and dentin collagen) span the full range of values from 3.6 to 14.8‰; the second lowest offset value (4.3‰) and highest offset value (14.8‰) also occur with the same species—springbok (Antidorcas marsupialis). Further, when re-analyzing and comparing just tooth data (enamel carbonate and dentin collagen) from Codron et al. (2018) from ruminants in the family Bovidae and hindgut fermenters (in the families Equidae and Rhinocerotidae), the slopes and R2 values are indistinguishable (slopes are 0.21 and 0.20, R2 values are 0.41 and 0.43, respectively). Thus, it is unlikely that ruminant or non-ruminant physiology is the primary driver of Δca-co values; instead, the proportion of grass and browse may be a larger driver of herbivore Δca-co values. Specifically, higher amounts of protein enriched browse with 13C deplete values yield both lower δ13C carbonate values and smaller Δca-co values, while protein deplete C4 grasses also result in more methane production (that is isotopically depleted in 13C, leaving behind more 13C enriched carbon from which tissues are synthesized, in both ruminants and hind-gut fermenters) and are correlated with higher δ13C carbonate values and higher Δca-co values. Discrepancies between how herbivore and carnivore Δca-co values correlate with stable isotope values of collagen and enamel are apparent and more work on carbonate-collagen relationships is needed to elucidate potential drivers of Δca-co values and the efficacy of using Δca-co values to infer ecological information such as trophic level in extinct and extant mammals.



Stable isotopes and dietary inferences in RLB carnivores

Despite extensive study of Rancho La Brea carnivores, there are differences between the dietary interpretations of Late Pleistocene mammals at Rancho La Brea as inferred from bone collagen versus enamel carbonate stable isotope values (Coltrain et al., 2004; Feranec et al., 2009; Fuller et al., 2014, 2020; DeSantis et al., 2019, 2020; Van Valkenburgh et al., 2020). Seminal work analyzed the carbon and nitrogen isotope ratios of bone collagen from Rancho La Brea carnivores and concluded that sampled individuals of Smilodon fatalis (the sabertooth cat) and Aenocyon dirus (the dire wolf, previously known as Canis dirus) had indistinguishable carbon and nitrogen isotope values and were therefore competing for similar prey (Coltrain et al., 2004). This idea persisted until dietary interpretations based on tooth enamel carbonate indicated the consumption of different prey (DeSantis et al., 2019, 2020). Specifically, DeSantis et al. (2019, 2020) found that A. dirus yielded statistically greater δ13Ccarbonate values than S. fatalis—which was interpreted as S. fatalis primarily having consumed prey that occupied denser forests/shrubland ecosystems, while A. dirus consumed prey from more open grassland environments. The reasons for this discrepancy between the two tissues remain unclear (Fuller et al., 2014, 2020; DeSantis et al., 2019, 2020), and have led some to question the recent dietary interpretations of Rancho La Brea carnivorans (Van Valkenburgh et al., 2020). While DeSantis et al. (2019, 2020) speculate on some of these discrepancies, they concentrated on an enamel-based interpretation of diet.

To clarify the paleobiology of Rancho La Brea carnivores and resolve relationships between enamel carbonate and bone collagen in both extinct and extant mammals, tooth enamel and bone collagen were examined in extant canids and felids from C3 and C4 ecosystems in North America and Africa, in addition to Rancho La Brea carnivorans. Specifically, we examined Late Pleistocene specimens from Rancho La Brea (A. dirus, C. latrans, S. fatalis), modern specimens from predominately C3 ecosystems in southern California (C. latrans and Puma concolor), and modern specimens from predominately C4 ecosystems throughout Africa (Lycaon pictus and Panthera leo). We test the hypotheses that Δca-co values in carnivorous mammals (1) are largely consistent and independent of either δ13Ccarbonate or δ13Ccollagen values (~4.3+/−1.0‰ to 4.8+/−0.4‰; Lee-Thorp et al., 1989; Clementz et al., 2009), and (2) are indicative of trophic level. We also further clarify relationships between carbonate (enamel, bone, and dentin) and collagen (bone and dentin) in extant African canids and felids.



Statistical considerations of isotopic data from different tissues

We recognize that the correlations between Δca-co values and δ13Ccarbonate or δ13Ccollagen, may, in part, be influenced by plotting these values against each other; but these plots and correlations permit comparison to other studies, and provide information regarding the source of these isotopic data. As Auerswald et al. (2010) demonstrated, if pairs of values are drawn randomly from populations of variables A and B of equal variance, the difference A-B will be biased to high values when A is high and to low values when A is low. Hence an A-B vs. A correlation with a slope of +1 is generated; conversely A-B vs. B will yield a slope of-1. In the unrealistic scenario that δ13C variations in the two tissues were completely independent (i.e., if their responses to environmental and physiological changes were totally uncoupled) the slopes of these relationships would approach +1 and-1 respectively, whereas if the isotopic responses of the two tissues were identical the slopes would both be zero. Since Δca-co is defined as δ13Ccarbonate − δ13Ccollagen, all other things being equal one expects to see a positive correlation between Δca-co and δ13Ccarbonate and a negative correlation between Δca-co and δ13Ccollagen. Additionally, if these relationships were a product of random sampling, we would not expect δ13C values of different tissues to yield different relationships with Δca-co values. See Caut et al. (2010) for a detailed reply to Auerswald et al. (2010) and discussion regarding the rationale for these sorts of comparisons that are prevalent in paleobiology and archeology (e.g., Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Ambrose and Norr, 1993; Murphy et al., 2007; Clementz et al., 2009; Codron et al., 2018).

Differences in isotopic variance of tissue types are evident from our data set and the extensive data sets of Murphy et al. (2007) and Codron et al. (2018). However, this is not necessarily an intrinsic property of these tissues; studies have shown that δ13Ccollagen ranges are greater than those in δ13Ccarbonate in humans when their diets include protein sources with disparate δ13C values (e.g., marine protein enriched in 13C in addition to terrestrial C3 resources that are 13C deplete; Tung et al., 2020).




Materials and methods

To decipher the conflicting data interpretations between the stable isotope values of bone collagen and tooth enamel carbonate in Rancho La Brea carnivores, jawbone specimens containing teeth (n = 71) were obtained for stable isotope analysis of both bone collagen and tooth enamel carbonate in the same specimen. Lower first molars were sampled in all taxa due to the larger size of these carnassial teeth and the need to minimize specimen destruction. In the case of Aenocyon dirus from the University of California Museum of Paleontology (UCMP) Locality 3,874, enamel was from incisors while collagen was from dentin (both near the enamel/dentin junction and down through the root, due to the need for appropriately large amounts of this tissue, as these teeth were isolated and lacked associated bone for bone collagen analysis; as noted in Supplementary Table S1, Supplemental Tables 1, 2). Rancho La Brea specimens comprised Aenocyon dirus (Pits 61/67, n = 21; Locality 3,874, n = 8), Canis latrans (Pits 61/67, n = 19; Pit 10, n = 12), and Smilodon fatalis (Pit 61/67, n = 11; Supplementary Table S1, Supplemental Table 1). Modern predators from southern California (n = 19; Canis latrans, Puma concolor) and from Africa (n = 18; Lycaon pictus, Panthera leo) were also analyzed for both bone collagen and tooth enamel (Supplementary Tables S1, S2, Supplemental Table 2). The African specimens were also analyzed for bone (carbonate) and dentin (carbonate and collagen), in addition to enamel (carbonate) and bone (collagen). When more than one analysis was run on the same tissue, the sample was first homogenized and then split up after drilling to reduce temporal variability that could otherwise occur if tissues were not homogenized after sampling. While we would have liked to have sampled dentin carbonate and collagen from all Rancho La Brea specimens, this was not possible due to the scale and scope of this study and need to minimize specimen destruction on the fossil specimens (collagen analyses require significantly more sample as compared to carbonate). As tooth enamel carbonate and bone collagen are the most commonly analyzed tissues at Rancho La Brea and other Late Pleistocene fossil sites, we concentrated on these tissues for the bulk of our analyses. The addition of dentin carbonate and collagen and bone carbonate of modern African specimens can provide insights that can be followed up with future studies. Rancho La Brea specimens are housed at the University of California, Berkeley (UCMP Locality 3,874) and the La Brea Tar Pits and Museum (LACMHC). Modern specimens from southern California are from the Santa Barbara Museum of Natural History (SBMNH) and modern specimens from Africa are from the American Museum of Natural History (Mammalogy Collections; AMNH).

Carbonate samples from both teeth and bone were drilled with a low-speed dental-style drill and carbide dental burrs (<1 mm burr width). The resulting carbonate powder samples (enamel, dentin, bone) were pretreated with 30% hydrogen peroxide for 24 h, and 0.1 N acetic acid for 18 h, to remove organics and secondary carbonates, respectively (Koch et al., 1997; DeSantis et al., 2009). Sample preparation followed procedures outlined in DeSantis et al. (2019) and included the rinsing of samples with ultra-pure water and subsequently centrifuging them between all treatment steps. Approximately 1 mg of each sample was then analyzed on a VG Prism stable isotope ratio mass spectrometer with an in-line ISOCARB automatic sampler in the Department of Geological Sciences at the University of Florida. All bone or dentin samples analyzed for collagen carbon or nitrogen isotope ratios were cut with a Dremel® UltraSaw ™ cutting wheel or a diamond coring drill (dentin samples also sampled for carbonate were subsequently drilled, i.e., a subset of the sample was removed for carbonate analysis).

Clean collagen was recovered from the asphalt-impregnated bones using a modified procedure based on the protocol developed by Fuller et al. (2014). Samples of crushed bone were sonicated in a solvent sequence of increasing polarity to remove bulk asphalt, demineralized overnight with HCl, rinsed with ultrapure water, and gelatinized overnight at pH 2, at an elevated temperature (75°C) sufficient to break up collagen molecules into fragments of a molecular weight on the order of 10’s of kDa, while leaving massive residual asphalt aggregates intact. The gelatin solution was then purified using two sequential ultrafiltrations to select an intermediate molecular weight fraction (5–100 kDa) which was frozen with liquid nitrogen and lyophilized overnight. Elemental analyses (‰C and ‰N) and stable isotope ratios were determined by flash combustion of ~0.7 mg samples of collagen in tin capsules, and analysis of the gas products using a Fisons NA1500NC elemental analyzer/Finnigan Delta Plus isotope ratio mass spectrometer combination at the Keck AMS laboratory at University of California Irvine. Stable isotope data are reported in conventional delta (δ) notation for carbon (δ13C), oxygen (δ18O), and nitrogen (δ15N), where δ13C (parts per thousand, ‰) = [(Rsample/Rstandard)−1]*1,000, and R = 13C/12C; and, δ15N (parts per mil, ‰) = ((Rsample/Rstandard)-1)*1,000, and R = 18O/16O, R = 15N/14N on the VPDB (for carbon and oxygen; Pee Dee Belemnite, Vienna Convention; Coplen, 1994) and AIR (for nitrogen; Mariotti, 1983) scales. The analytical precision for carbonate δ13C and δ18O is ±0.1‰, based on replicate analyses of samples and standards (NBS-19). The analytical precisions for δ13C and δ15N from bone collagen are ±0.1‰, and ±0.2‰ respectively, based on replicate analyses of samples and standards.

Studies utilizing carbonate-collagen spacing use “capital delta notation” values, calculated as follows: Δca-co = δ13Ccarbonate − δ13Ccollagen (e.g., Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Ambrose and Norr, 1993; Clementz et al., 2007; Murphy et al., 2007; Clementz et al., 2009; Bocherens et al., 2017; Codron et al., 2018). While we use these calculations to be directly comparable with prior analyses, we also calculated the fractionation factor (α) and isotopic enrichment (ε; Supplemental Table 1) similar to Passey et al. (2005), based on Friedman and O’Neil (1977). Specifically, αcarbonate-collagen = (1,000+ δcarbonate)/ (1,000+ δcollagen), and εcarbonate-collagen = (αcarbonate-collagen – 1)1000 (Friedman and O’Neil, 1977). Differences between Δca-co and εcarbonate-collagen are small within the ~10‰ range here noted (Cerling and Harris, 1999); of all specimens examined here, the average difference is 0.133‰ +/−0.0518 SD, n-1 (ranging from 0.029 to 0.207‰). These differences are minor (approximately the error of the mass spectrometers), do not significantly affect the patterns observed, and the use of Δca-co is important for consistency with published works (e.g., Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; Ambrose and Norr, 1993; Murphy et al., 2007; Clementz et al., 2009; Codron et al., 2018); however, we suggest that α and ε be reported and discussed moving forward, as noted by Passey et al. (2005; all values are reported in the Supplemental information).

Parametric statistical tests were employed to compare stable isotope values among taxa, between tissues, and assess relationships between isotopic values and Δca-co values (e.g., Student’s t-tests, including paired t-tests when comparing tissues in the same individuals, linear regressions). No corrections (including the Suess correction) were made to reported and analyzed data (Supplementary Tables S1, S2, Supplemental Tables 1, 2). While we recognize that δ13C values today are approximately 1.5‰ lower than during the Late Pleistocene (Cerling et al., 1997; Cerling and Harris, 1999; Passey et al., 2005), we are focused on assessing relationships between δ13C values from disparate tissues within individuals (e.g., relationships between δ13Ccarbonate and Δca-co, as opposed to comparing diets of extant and extinct predators) and the majority of comparisons are done within modern or within Late Pleistocene samples. Further, it is possible that the δ13C values of the atmosphere (which are a function of CO2 levels; Keeling, 1979; Keeling et al. 1979) affect how δ13C values are incorporated into various tissues via plants and prey, as we suggest in the discussion. All things being equal, plants exposed to higher atmospheric CO2 levels have lower nutrients and lower nitrogen content/lower protein content but more carbon per unit biomass, and C4 grasses have lower nutritional quality (Conroy, 1992; Barbehenn et al., 2004). This can impact nutrient routing to tissues in consumers and have downstream impacts on carnivores. Further, all studies to date have examined relationships between δ13Ccarbonate and Δca-co in modern taxa with no Suess corrections applied (e.g., Lee-Thorp et al., 1989; Ambrose and Norr, 1993; Murphy et al., 2007; Clementz et al., 2009; Codron et al., 2018), and we aimed to produce data directly comparable to those data sets.



Results


Bone collagen and enamel carbonate δ13C values from Rancho La Brea

Stable carbon isotopes measured in bone collagen of S. fatalis (Pits 61/67) are indistinguishable from A. dirus (Pits 61/67; p = 0.141; Figure 1), consistent with prior work (Coltrain et al., 2004; Fuller et al., 2014, 2020). In contrast, stable carbon isotopes measured in enamel carbonate of S. fatalis (Pits 61/67) are significantly lower than in A. dirus (Pits 61/67; p < 0.0001; Figure 1), which is also consistent with prior analyses of enamel carbonate (DeSantis et al., 2019, 2020). When comparing the three most abundant carnivores at Rancho La Brea from the same deposit (A. dirus, C. latrans, and S. fatalis from Pits 61/67), bone collagen carbon isotope values are indistinguishable (p = 0.187), while enamel carbon isotope values of the canids A. dirus and C. latrans are significantly greater than S. fatalis (p = 0.0002, p = 0.004, respectively). Further, stable nitrogen isotopes ratios measured in the morphologically inferred hypercarnivores A. dirus and S. fatalis are significantly greater than C. latrans (p < 0.0001 for both), while A. dirus and S. fatalis are indistinguishable from one another (p = 0.332). Despite the fact that bone collagen and enamel carbonate integrate information about different portions of animal diets (protein component versus whole diet; Ambrose and Norr, 1993), there is a significant positive relationship between enamel δ13Ccarbonate and δ13Ccollagen from bone in both the fossil Rancho La Brea specimens (p < 0.0001, R2 = 0.25, R = 0.5 in Rancho La Brea taxa, Figure 2A) and modern southern California (p = 0.0002, R2 = 0.57, R = 0.75; Supplemental Table 1) specimens examined here.
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FIGURE 2
 Relationship between δ13Ccarbonate and δ13Ccollagen values (A), and Δca-co and δ13Ccollagen values (B), δ15Ncollagen values (C), and δ13Ccarbonate values (D; n = 108). The regression lines and R2 values correspond to text in the same color and are also noted in Supplementary Table S3. Note, the modern C3 regression lines in (A) and (B) includes modern North American taxa and one African wild dog with a C3 value (Supplementary Tables S3, S4 only include geographically similar taxa). The legend in (B) applies to all (A–D). A light-gray dashed-line with a slope of 1 is present in the background of each panel for reference. *Denotes significant relationships (p < 0.05).




Collagen-carbonate δ13C spacing in carnivorans from southern California

There is a strong and significant positive relationship between Δca-co and δ13Ccarbonate in enamel from both extant and extinct southern California canids and felids (R2 = 0.88, R = 0.94; p < 0.0001; Figure 2D; Supplementary Table S3). This relationship additionally holds true when modern and fossil specimens are evaluated separately (modern: R2 = 0.58, R = 0.76, p = 0.0002; fossil: R2 = 0.72, R = 0.85, p < 0.0001). Because modern specimens of the canid C. latrans and the felid P. concolor have lower δ13Ccarbonate values than the extinct felids and canids from Rancho La Brea, likely due to their consumption of prey from ecosystems with increased canopy cover or denser shrubs (Feranec and DeSantis, 2014; DeSantis et al., 2019) and the Suess effect that accounts for ~1.5‰ lower δ13Ccarbonate values (Cerling et al., 1997; Cerling and Harris, 1999; Passey et al., 2005); we graphically present the results of linear regressions for fossil and modern specimens separately (see Materials and Methods, Figure 2). However, all relationships between enamel δ13Ccarbonate and Δca-co were examined and reported (Supplementary Table S3). Δca-co values and δ13Ccollagen values exhibit no significant correlation when including either Rancho La Brea specimens (R = 0.03, p = 0.767) or modern specimens from southern California (R = 0.14, p = 0.531); however, there is a weak but significant positive relationship when both Rancho La Brea specimens and modern C3 specimens are included (Figure 2B; Supplementary Table S4). In contrast to δ13Ccollagen values, δ13Ccarbonate values can be used to predict Δca-co values; thus, δ13Ccollagen values can be estimated within 0.5‰.

Rancho La Brea specimens have average Δca-co values of 8.5+/−1.2‰ (ranging from 6 to 11‰, n = 71) and modern specimens from southern California have average Δca-co values of 4.6+/−1‰ (ranging from 3.2 to 7‰, n = 19). Rancho La Brea canid and felid Δca-co values (8.7+/−1.0‰, 7.0+/−0.7‰, respectively) overlap with modern herbivore Δca-co values (Lee-Thorp et al., 1989; Murphy et al., 2007; Clementz et al., 2009; Codron et al., 2018) and are higher than modern carnivores based on the literature (averaging 4.3+/−1.0‰ to 4.8+/−0.4‰; Lee-Thorp et al., 1989; Clementz et al., 2009).

Most notably, Δca-co values of both Rancho La Brea carnivores and modern carnivores from southern California are not significantly (negatively) correlated with δ15Ncollagen values as was expected (Figure 3C; Supplementary Table S4), based on prior research that documents higher Δca-co values in more omnivorous or herbivorous taxa (e.g., Lee-Thorp et al., 1989; Clementz et al., 2009). C. latrans from Pits 61/67 at Rancho La Brea exhibit significantly lower δ15Ncollagen values than both A. dirus (p < 0.0001) and S. fatalis (p < 0.0001) from the same location, suggesting that coyotes were more omnivorous than the larger, more abundant, and inferred hypercarnivores (A. dirus and S. fatalis; Merriam and Stock, 1932; Stock and Harris, 1992). Yet, the mean Δca-co value of C. latrans is indistinguishable from A. dirus (p = 0.411, Mann–Whitney U).
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FIGURE 3
 Relationships between δ13Ccarbonate (bone, dentin, or enamel) and Δca-co (calculated from carbonate-collagen from different tissues) in African herbivores (A) and carnivores (A,B). Data from herbivores are from Codron et al. (2018), in addition to some of the carnivore bone samples noted in panel A. The regression lines and R2 values correspond to text in the same color and are also noted in Supplementary Table S3. The dashed red-line in (B) is for enamel carbonate-bone collagen (squares). *Denotes significant relationships (p < 0.05).




Collagen-carbonate δ13C spacing and tissue specific enrichment in carnivorans from Africa

As in southern California, there is a strong (R2 = 0.65, R = 0.81) and significant positive relationship (p = 0.0001; Supplementary Table S3) between δ13Ccarbonate in enamel and Δca-co in African canids and felids from predominantly C4 ecosystems. One individual with a δ13Cenamel carbonate value of −12.3‰, interpreted as consuming significant C3 prey (and ~ 3 standard deviations from the mean) fell on the regression line from southern California extant and extinct taxa (Figure 2A) and was not included in the analysis of exclusively African (C4) carnivores; however, it was included in the regression of C3 taxa in Figures 2B,D, and relevant regressions of all carnivores (or modern carnivores; per Materials and Methods). δ13Ccollagen and Δca-co values are not significantly correlated to one another in exclusively C4 carnivorans (R2 = 0.13, p = 0.158; Figure 2B; Supplementary Table S4), while δ15Ncollagen and Δca-co values exhibit a significant positive relationship (R2 = 0.31, p = 0.021; Supplementary Table S4, all data located in Supplemental Table 2).

There are differences among stable carbon isotope values measured in different tissues (Supplementary Table S5). Collagen consistently has lower δ13C values than carbonate samples by 3.6–5.5‰, which is consistent with prior work (e.g., Lee-Thorp et al., 1989; Ambrose and Norr, 1993). Enamel δ13Ccarbonate values are significantly higher than both dentin δ13Ccarbonate values (p < 0.001) and bone δ13Ccarbonate values (p = 0.004), though mean differences are low (1.7 and 1.1‰, respectively; Supplementary Table S5). Further, dentin δ13Ccarbonate values are significantly lower than bone δ13Ccarbonate values (p = 0.029; Supplementary Table S5). All carbon isotopes signatures from all tissues sampled (enamel, dentin, and bone) yield significantly different values from one another (all p-values≤0.001; Supplementary Table S5). Only dentin and bone δ13Ccollagen values yield mean values indistinguishable from one another (p = 0.504; Supplementary Table S5). Mean δ15Ncollagen values from dentin are significantly higher than bone collagen (p < 0.001; Supplementary Table S5); however, the mean difference is quite small (0.9 +/−0.7‰; Supplementary Table S5). Further, the tissues with the strongest correlations between δ13C values (dentin carbonate-dentin collagen, and bone carbonate-bone collagen) exhibit no significant relationships between apatite (dentin or bone) δ13Ccarbonate values and Δca-co in African carnivores (Supplementary Table S4). Enamel δ13Ccarbonate values are consistently positively correlated with Δca-co values (whether Δca-co is based on dentin or bone collagen; Supplementary Table S3). Dentin δ13Ccarbonate values are also significantly related to Δca-co values when bone collagen is used; however, neither bone nor dentin exhibit any significant relationships between carbonate δ13C values and Δca-co values when calculated from just bone or just dentin tissues (carbonate/collagen; Figure 3). Further, African carnivores from C4 ecosystems have average Δca-co values of 5.5+/−1.2‰ when comparing enamel and bone, however Δca-co values are lower when bone carbonate and bone collagen are used (4.4+/−0.6‰ for C4 carnivores, 4.7+/−0.6‰ for Lycaon pictus, and 4.2+/−0.5‰ for Panthera leo) and closer to values reported in the literature (averaging 4.3+/−1.0‰ to 4.8+/−0.4‰; Lee-Thorp et al., 1989; Clementz et al., 2009).



Collagen-carbonate δ13C and δ18O variances in carnivorans

Carbonate and collagen tissues do vary to different extents, with δ13Ccarbonate values having greater variances than δ13Ccollagen values (p < 0.0001 for both Levene’s Median test and Bartlett’s test) and a standard deviation almost double that of collagen (1.3 vs. 0.7‰) in Rancho La Brea samples. Modern specimens from C3 and C4 ecosystems were equivocal (C3 specimens, p = 0.111 and p = 0.039 for Levene’s Median test and Bartlett’s test; C4 specimens, p = 0.025 and p = 0.081 for Levene’s Median test and Bartlett’s test, respectively), but sample sizes were significantly lower (n = 20, n = 17, respectively) than Rancho La Brea specimens (n = 71).

Stable oxygen isotope ratios were measured and compared among all carbonate samples from southern California to assess if Rancho La Brea fossils had anomalously low δ18O values, potentially due to diagenesis. Modern canid and felid (i.e., Canis latrans and Puma concolor, respectively) enamel δ18O values ranged from-5.0 to-0.6 (mean = −2.6+/−1.3‰, n = 19) and were indistinguishable in both mean value (p = 0.336) and variance (p = 0.955) from δ18O values of fossil specimens that include C. latrans, A. dirus, and S. fatalis from Rancho La Brea (δ18O values ranged from-5.3 to 2.3; mean = −2.3+/−1.3‰, n = 71).




Discussion

Identifying the primary drivers of collagen-carbonate spacing in carnivores requires the testing of numerous hypotheses. Below we evaluate hypotheses pertaining to ontogenetic dietary differences, diagenesis, and physiological differences between canids and felids, eliminating these as potential drivers with data provided from this paper and published studies. We are unable to eliminate hypotheses pertaining to tissue and environmental/dietary differences, and their downstream impacts on Δca-co spacing. Further work is needed to clarify the exact mechanism(s) responsible for Δca-co spacing (including the role of trophic level in different ecosystems); regardless, this work helps to advance our understanding of a challenging problem and cautions the use of static offset values between collagen and carbonates in future work (as has become a more common practice; e.g., Clementz et al., 2009; Smith et al., 2022).


The absence of significant ontogenetic dietary differences and diagenetic effects on collagen-carbonate δ13C spacing

Tissues such as bone collagen and enamel carbonate mineralize at different times and undergo significant to no remodeling, respectively. While it is possible that ontogenetic differences in diet are responsible for the isotopic differences between bone collagen (representing a later in life signal due to continuous remodeling) and enamel carbonate (occurring earlier in life when the teeth mineralized and representing a discrete interval of time) in the carnivores examined, this would require dramatic dietary changes over time that are possible but not probable. The canids studied would need to eat prey from more open grassland environments as young individuals and then shift to eating forest-dwelling prey as adults, in a manner that predictably correlates with δ13Ccarbonate values in all felids and canids studied. This depiction of canid and felid ecology also does not align with morphological interpretations of extinct taxa or our knowledge of extant felid and canid behavior in the wild (Elliot et al., 1977; Bekoff and Wells, 1982). Specifically, the morphology of S. fatalis and A. dirus suggests terrestrial and cursorial hunting in these taxa, respectively (Samuels et al., 2013), while observational data suggests that extant felids typically use vegetation as cover to ambush prey while extant canids rarely utilize cover (Elliot et al., 1977; Bekoff and Wells, 1982). Additionally, both A. dirus and S. fatalis are interpreted as social predators (Carbone et al., 2009; McHorse et al., 2012); in extant social carnivores, juveniles typically consume the same prey as adults (i.e., meat and/or carcasses are shared, as observed in African lions; Schaller, 1972). Published adult δ13Ccollagen values that span multiple pits (Fuller et al., 2014, 2020) prepared via ultrafiltration (as was done here), were indistinguishable from juvenile δ13Ccollagen values from Locality 3,874 (p = 0.378; means of −18.4 and −18.5‰ respectively), indicating that juvenile dire wolves are eating similar prey as adults. Juvenile δ13Ccollagen values are from tooth dentin in A. dirus (Supplemental Table 1) and bone collagen from one juvenile humerus (Fuller et al., 2020). While δ13Ccollagen values from tooth dentin (laid down during the animal’s youth) in A. dirus (Locality 3,874; no published radiocarbon dates, a general locality name for material collected by the University of California Museum of Paleontology; Feranec et al., 2009) are significantly greater than δ13Ccollagen values from bone collagen from A. dirus deposited in Pits 61/67 (~11,581 +/−3,768 years before present, calibrated; O’Keefe et al., 2009), these differences may be a result of different ecologies during different sampling periods (i.e., Locality 3,874 may represent a much broader, narrower, or different span of time than Pits 61/67; Feranec et al., 2009, O’Keefe et al., 2009). Further, extant African canids and felids reveal only minor differences in δ13Ccarbonate values between bone (a more recent diet) and both enamel (1.1‰) or dentin (0.7‰; both enamel and dentin are laid down earlier in life; also see Figure 6 from Bocherens, 2015), suggesting that ‘whole diet’ ontogenetic differences are minor through time, with such minor differences potentially due to weaning. It should also be noted that δ13Ccollagen are indistinguishable between dentin and bone collagen in extant African carnivores (Supplementary Table S5), indicative of similar dietary protein sources through ontogeny in African canids and felids.

A case could be made that the difference in variance at Rancho La Brea is due to bone turnover smoothing out differences that appear in δ13C values of the enamel, the latter of which is laid down over a relatively short period of the animal’s lifespan and is not subject to reworking (as is the case with bone; Hedges et al. 2007). However, this cannot explain the dire wolf data from Locality 3,874, where enamel δ13C is compared with collagen from dentin (which like enamel, does not turn over; Helfman and Bada, 1976) though it is of course possible that the sampling geometry of enamel and dentin represent slightly different times (separated by days to month, not years; Bocherens, 2015). Further, the tooth dentin analyzed from Locality 3,874 has significantly higher δ15Ncollagen values than A. dirus from Pit 61/67 where bone collagen (not dentin collagen) was analyzed; suggesting that the dentin analyzed was laid down early in the life of the animal when it was still consuming a significant portion of its mother’s milk (i.e., 13.7+/−1.1‰ SD in dentin from Locality 3,874, 11.8 +/−0.5‰ in bone collagen from Pits 61/67; p < 0.0001). At locality 3,874, δ13Ccarbonate values range from −12.6 to −7.0‰ while δ13Ccollagen values of the same individuals range from −18.8 to −18‰, in the same teeth. Therefore, differences in δ13C variability likely stems from difference in δ13C variability of protein and whole diet sources, and not the timing or turnover of tissues. As mentioned above, lipids can be extremely 13C depleted relative to protein (Ramsay and Hobson, 1991) and may contribute to larger δ13Ccarbonate ranges as compared to δ13Ccollagen ranges. Hence, understanding relationships between δ13C values from different tissues and Δca-co values derived from those tissues has unique challenges. This highlights the importance of experimental studies and the benefits of obtaining data from multiple tissue types (especially from fossils) when possible—both to best understand protein and whole diet sources while also providing further resolution to understanding relationships between δ13C and Δca-co values.

If a nursing/weaning signal was apparent, we would expect both enamel and dentin to have significantly lower δ13Ccarbonate values than bone δ13Ccarbonate values (due to the consumption of fattier milk with lower δ13C values while nursing and/or weaning earlier in life; e.g. Richards et al., 2002; Fuller et al., 2006; Tsutaya and Yoneda, 2015), and this is not the case. Contributions from weaning are also less likely due to early weaning of canids (by ~5–8 weeks of age; Mech, 1974, Ewer, 1998, Nowak and Walker, 1999) while weaning occurs later in large felids (e.g., African lions, weaning by ~8–9 months; Haas et al., 2005). Further, studies that examined the effect of weaning on δ13C values in tissues, including plasma, hair, and tooth enamel in humans and other mammals, showed its effect was minimal (<1‰; Tsutaya and Yoneda, 2015). Studies of non-primate taxa, including herbivores and carnivores, showed no evidence of 13C enrichment in the plasma of offspring (0.0+/−0.6‰; Jenkins et al., 2001), while 13C enrichment of ~1‰ was observed in the tissues (hair, fingernails, and/or ribs) of exclusively breastfed human infants (Richards et al., 2002; Fuller et al., 2006). Further, serial sampling of the enamel of two adult upper canines from S. fatalis from Rancho La Brea (which developed and mineralized from near birth up to 25 months of age) did not exhibit a weaning signal or any trend in δ13C values over time (Feranec, 2004; Wysocki et al., 2015).

Other possible reasons for the difference between collagen and carbonate δ13C values include differences in tissue formation and/or post-mortem differences in diagenesis between tissues. Bone collagen is organic, while enamel is primarily inorganic (only ~6–10‰ organic content; Teruel et al., 2015; Kendall et al., 2018). It is possible that the bone collagen values were altered in some way that homogenized the isotopic values of the taxa examined, either in situ or during collection and cleaning (which included boiling in kerosene in the historical early twentieth century collections); or conversely that the larger spread in the enamel δ13C values (Figure 1) is due to variable diagenesis or contamination that affected the carbonate. However, the fact that Δca-co values in modern taxa are predictable from δ13Ccarbonate values, like those from Rancho La Brea (Figure 2A), suggests that neither of these processes is likely and that the origin of the greater variability of δ13Ccarbonate values relative to δ13Ccollagen is biogenic. Furthermore, isotopic difference in δ13Ccollagen values is apparent between other taxa that co-occurred in Rancho La Brea (e.g., bison, horses, and camels as compared to A. dirus, C. latrans, and S. fatalis; Coltrain et al., 2004), again suggesting that bone collagen values were not homogenized due to taphonomic factors; and samples with C:N ratios of 3.1–3.4 (well within the range of 2.9–3.6 indicative of biogenic values; Ambrose et al., 1997) were included in this study. Similarly, δ13Ccarbonate values of extinct taxa from Rancho La Brea are similar in both δ13Ccarbonate values and in variability as other Pleistocene sites in North America (e.g., DeSantis et al., 2009, 2019, 2020; Feranec et al., 2009; Feranec and DeSantis, 2014; Jones and DeSantis, 2017). If the δ13Ccarbonate values were diagenetically altered, we might expect anomalously low oxygen isotope values as oxygen isotopes are more susceptible to post-mortem alteration than δ13C values from structural carbonates from bioapatite (Wang and Cerling, 1994). However, oxygen isotopes values measured in enamel carbonate from fossil material are neither more variable nor anomalously lower than δ18O values from extant C. latrans and P. concolor from southern California (collected during the 20th and 21st centuries). Finally, a large set of published literature demonstrates that tooth enamel is inherently less prone to diagenetic alternation than other tissues like bone apatite, bone collagen, dentin apatite, and dentin collagen (e.g., Wang and Cerling, 1994; Collins et al., 2002; Koch, 2007; Lee-Thorp, 2008; MacFadden et al., 2010). Hence while diagenesis is possible at any fossil locality, several lines of evidence suggest that both types of tissues sampled in this study (i.e., enamel and bone) record biogenic isotope signals and that diagenesis is not a likely driver of the carbonate-collagen discrepancies we observe here.



Physiological similarities in collagen-carbonate δ13C spacing between canids and felids and the need for caution in making trophic level assessments

Δca-co spacing has been previously used to identify differential dietary sources as well as trophic level, however data from this study suggest that such determinations should be made with caution. For example, larger values indicate when protein and carbohydrates come from different sources while smaller values indicate that both protein and carbohydrates are from similar sources. The work of Ambrose et al. (1997) documents that when ancient humans have Δca-co spacing >4.4‰ they consumed C4 carbohydrates and C3 protein, while values under this threshold suggest that both carbohydrates and proteins originate from similar sources (e.g., marine protein). In herbivores, it is thought that consumption of C4 vegetation and rumination contribute to higher Δca-co values; 13C deplete methane produced via fermentation results in 13C enriched CO2, which is subsequently incorporated into the body via blood bicarbonate (Hedges, 2003; Clementz et al., 2009; Codron et al., 2018). Thus, herbivorous mammals exhibit variability in Δca-co values, even when consuming only primary productivity—with values ranging from 3.6 to 14.8‰ in African bovids, likely due to differences in the amounts of 13C depleted methane produced via digestion and subsequently removed from the remaining nutrient pool via expulsion of methane gas by the animal (Codron et al., 2018). Further, it should be noted that all bovids are ruminants, so differences in Δca-co values likely have more to do with disparate diets than differences in digestive physiology—especially when one species (Antidorcas marsupialis) has Δca-co values that range more than 10‰ (from 4.3 to 14.8‰; these wide ranging values may be related to stark differences in protein content in C3 and C4 plants consumed as discussed later). In hypercarnivorous mammals, fats, proteins, and carbohydrates (minimal to no consumption) should largely come from the same source, so that larger Δca-co spacing would suggest individuals with more plant biomass in their diets (Clementz et al., 2009; Bocherens et al., 2017). It was presumed that higher lipid consumption by carnivores (especially hypercarnivores) was responsible for lower Δca-co values (Krueger and Sullivan, 1984; Lee-Thorp et al., 1989; O’Connell and Hedges, 2017) and thus Δca-co values would be predictive of trophic level (Clementz et al., 2009; Bocherens et al., 2017). However, the hypercarnivores examined here—including P. concolor, S. fatalis and A. dirus—have average offset values that range from 4.4+/−0.6 in P. concolor to 8.8+/−1.1 in A. dirus (when calculated from enamel carbonate and bone collagen) and are thus unrelated to trophic level (as inferred from δ15Ncollagen values) in Rancho La Brea carnivores and extant carnivores from C3 ecosystems (Supplementary Table S4). Contrary to expectations, extant hypercarnivores from C4 ecosystems exhibit higher (not lower) Δca-co values with higher δ15Ncollagen values (Supplementary Table S4). Data from extant and extinct carnivores here suggest that the C3 or C4 environment the prey are foraging in has an impact on not only the δ13Ccarbonate values, but also the offset between collagen and carbonate when Δca-co is calculated from enamel carbonate and bone collagen (Figure 2)—though this may be related to fat consumption and/or digestive physiology via effects of vegetation on fat accumulation in prey or digestion of those prey in carnivores. Thus, trophic level estimations may be more nuanced and not directly comparable between disparate ecosystems.

Codron et al. (2018) documented a positive relationship between δ13Ccarbonate and Δca-co values in herbivores, combining teeth and bones into one data set and focusing on the relationship between δ13Ccollagen and Δca-co values (R2 = 0.09, p < 0.0001). Our recalculation of their published data also yields significant (and stronger) relationships between δ13Ccarbonate and Δca-co values (R2 = 0.34, R = 0.58, p < 0.0001 when calculated via enamel carbonate and dentin collagen in teeth; R2 = 0.29, R = 0.54, p < 0.0001 when calculated via bone carbonate and bone collagen; and R2 = 0.35, R = 0.59, p < 0.0001 when combined), though these results are weaker than those observed in carnivores (Supplementary Table S3). Within trophic-level difference in herbivores were attributed to physiology or environmental factors, to differences in methane production that result from grass vs. browse consumption, and to differences between ruminants and hindgut fermenters (Cerling and Harris, 1999; Clauss et al., 2020). However, as we noted with the springbok example generated from data by Codron et al. (2018)—its ‘environment’ (i.e., the composition of its diet, as browse or grass) is likely the driving factor of Δca-co values in this bovid as all members of the species (Antidorcas marsupialis) share the same physiology.

Differences in canid and felid physiology are not likely the primary cause of Δca-co variability. Canid and felid Δca-co values are indistinguishable when feeding in similar environments (e.g., individuals of both P. concolor and C. latrans with similar δ13Ccarbonate values have similar Δca-co values in C3 ecosystems, and the same is true for P. leo and L. pictus in C4 ecosystems) but do vary with δ13Ccarbonate values and both within and between C3 or C4 dominated environments. The fact that S. fatalis Δca-co values are significantly lower than both canids at Rancho La Brea may stem from consuming prey that foraged in disparate environments (based on δ13Ccarbonate values). In contrast, the Δca-co values of the modern felid P. concolor and canid C. latrans that consume prey that forage in similar environments (as inferred from indistinguishable δ13Ccarbonate values, p = 0.964) are indistinguishable from each other (p= 0.762). Thus, it does not appear that differences in canid and felid physiology are the primary cause of Δca-co variability (see Figure 2). If physiological differences between canids and felids were a primary driver of Δca-co variability, we would expect similar δ13Ccarbonate values to yield disparate Δca-co values in canids and felids, especially when feeding on similar prey. Accordingly, these data (Figures 2, 4) can help us rule out physiological differences between canids and felids as the primary driver. It therefore appears that the foraging habitats of prey have a substantial influence on Δca-co values in carnivores, as documented here, and in herbivores as documented by Murphy et al. (2007) and Codron et al. (2018).
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FIGURE 4
 Relationships between δ13Ccarbonate values and Δca-co values for North American canid and felid specimens examined. Relationships between δ13Ccarbonate values and Δca-co values and in Canis latrans (A), Aenocyon dirus (B), and the felids (C; both Puma concolor and Smildon fatalis). Black lines and subsequent regression equations and R2 values reflect the inclusion of all data per taxon. The dark-gray dashed line in panel B denotes the regression line and equations specific to A. dirus based on δ13Ccollagen from bone collagen, while the solid black line includes δ13Ccollagen data from tooth dentin from A. dirus from Locality 3,874. A light-gray dashed-line with a slope of 1 is present in the background of each panel for reference. *denotes significant relationships (p < 0.05).




Tissue and environmental/dietary drivers of collagen-carbonate δ13C spacing

Tissue specific differences, including processes governing how macronutrients such as amino acids and fats (including types and lengths of fatty acids) are incorporated into tooth enamel and bone collagen, may contribute to differences between δ13Ccarbonate and δ13Ccollagen and Δca-co values. Earlier work by Ambrose and Norr (1993) established that δ13Ccarbonate values reflect whole diet (carbohydrates, proteins, and fats), while δ13Ccollagen reflects protein consumption. In carnivores, especially hypercarnivores, it is expected that carbohydrates would be a minor component of their diet and that the ‘whole diet’ most likely reflects proteins and fats, in contrast to primarily protein being routed into bone collagen (Ambrose and Norr, 1993). Further, as fat is depleted in 13C compared to either protein or carbohydrates (Ramsay and Hobson, 1991), one would expect δ13Ccarbonate values to be more 13C depleted when consuming prey with a higher fat content (all else being equal; though research in this area is needed). Fats are 13C depleted compared to muscle to an astonishing degree, differing by as much as 7–8‰ in polar bears and ringed seals, with muscle and fat being even more 13C depleted than bone collagen (Tieszen et al., 1983; Ramsay and Hobson, 1991). The 13C depleted nature of fat is the primary reason why carnivores were thought to have lower Δca-co values (due to the consumption of 13C depleted fat relative to other sources (Lee-Thorp et al., 1989; Clementz et al., 2009). However, an observation of Ambrose and Norr (1993) is often overlooked; when δ13C values of protein are higher than δ13C values of whole diet (regardless of the amount of protein in the diet; i.e., whether the diet consists of 6% protein or 77% protein) then Δca-co values are low, when δ13C values of protein are lower than δ13C values of whole diet then Δca-co values are high (again, regardless of the amount of protein in the diet, i.e., whether the diet consists of 6, 25, or 76% protein). Monoisotopic diets (where protein and whole diet are similar) yield intermediate Δca-co values (i.e., 5.7+/−0.4‰, as compared to a range of 1.2 to 11.3‰; Ambrose and Norr, 1993). Thus, the isotopic composition of carbohydrates and fat relative to protein can influence Δca-co values, and Δca-co values are far from predictable based on trophic level or the amount of protein in one’s diet, alone.

Observed larger offsets in Δca-co values in carnivores could stem from either increased consumption of more 13C enriched carbohydrates, the consumption of leaner prey, and/or different amounts of methane production. One possibility is that the canids consume more terrestrial resources that are not meat, and the higher Δca-co values are a result of more non-meat sources. Alternatively, even limited non-protein sources with higher Δca-co values (including fat) could result in higher Δca-co values. Ambrose and Norr (1993) demonstrated that large Δca-co values occur (i.e., Δca-co values of 10.8+/−0.38, 10.8+/−0.36, and 11.3+/−0.40) when rats were fed protein that was significantly isotopically lighter than whole diet values (by ~10‰); in contrast, much smaller Δca-co values occur (i.e., Δca-co values of 1.2+/−0.10, 2.1+/ 0.24) when rats were fed protein that was isotopically heavier than whole diet values. As the canids have the highest Δca-co values, as compared to the felids (from North America), increased C4 whole diet values (which can include protein, carbohydrates, and fats) in canids could also cause this pattern. Aenocyon dirus has been interpreted as a hypercarnivore (Van Valkenburgh, 1991), making the source of the non-protein components less likely to be terrestrial plants and nuts, though even a small amount of supplemental foods that are isotopically heavier could drive this pattern (based on data from Ambrose and Norr, 1993) in addition to δ15Ncollagen values providing only a ‘minimum estimate’ of trophic level (per Bocherens, 2015). Alternatively, the consumption of fat in prey from more open grassland ecosystems could also result in larger Δca-co values that correlate with δ13Ccarbonate values (per the discussion of Ambrose and Norr, 1993, above). Literature from the livestock industry demonstrates that free-ranging elk and bison can yield disparate fat and fatty acid compositions (Rule et al., 2002; e.g., elk have higher n-6 fatty acids than bison or beef cattle), which can have downstream impacts on the isotopic values observed in predators. Further, carnivores are known to increase fat oxidation when consuming a high-fat diet (Lester et al., 1999), which may also influence resulting Δca-co values, though this has not yet been documented. While methane production is more pronounced in herbivores than carnivores (and most pronounced in grass-rich diets; Cerling and Harris, 1999), methane production could also play a role in carnivores if greater methane production occurs when digesting leaner prey (this could also yield higher Δca-co values in carnivores that correlate with the foraging habitat of prey); however, this is not well understood.

Environmental differences, including water deficits may also contribute to isotopic offsets, as suggested by Murphy et al. (2007). Water deficits are positively correlated with Δca-co values in kangaroos (Murphy et al., 2007); thus, as it gets wetter Δca-co values decrease. While plants need adequate water to grow (zero rainfall results in no growth), excess rainfall beyond a certain threshold can reduce the nutritional quality of foliage (increased rainfall results in increased growth, and subsequently lower nitrogen per unit biomass, which is less nutritious; Austin and Vitousek, 1998). Similar effects are observed when growing plants under higher atmospheric CO2 conditions. Plants grown under higher atmospheric CO2 levels (which also have lower δ13C values when grown in growth chambers) also yield more growth (structural carbon, and often associated tissues like lignin and cellulose) while per unit biomass is subsequently less nutritious (nitrogen content is lower; Conroy, 1992, Barbehenn et al., 2004). All things being equal, herbivores that consume plants with relatively lower nitrogen/protein content may utilize protein differently and have different amounts of fat stores that are subsequently transferred to predators. More work is needed to clarify if and how environmental factors (e.g., precipitation, atmospheric CO2) play a role in affecting herbivore and carnivore Δca-co values.



Future research directions

It is not yet clear why Δca-co and δ13Ccarbonate from bone apatite are unrelated in African carnivores collectively (when combining canids and felids), both here and in Codron et al. (2018), in contrast to enamel apatite. However, there is clear evidence that bone apatite and enamel apatite tissues are not equal and vary quite dramatically in their mineralogy and crystal size (Wopenka and Pasteris, 2005). Bone apatite crystals typically lack the hydroxyl ion (OH−) and are about 10 to 100 times smaller than in enamel, both of which can affect carbonate concentration (with bone apatite having higher carbonate concentration and thus also greater solubility; Wopenka and Pasteris, 2005). Therefore, bone is well suited for being resorbed/re-precipitated and interacting with organic material, while enamel is well suited to resisting dissolution (Wopenka and Pasteris, 2005). While herbivores do exhibit positive relationships between δ13Ccarbonate and Δca-co in both bone apatite and enamel apatite, bone apatite has significantly lower Δca-co values and δ13Ccarbonate values than enamel (p < 0.0001, based on the analysis of data from Codron et al., 2018; mean Δca-co in bone and enamel is 6.7+/-1.4‰ and 9.3+/-2.1‰, respectively; mean δ13Ccarbonate values of-8.5+/-6.5‰, and-5.1+/-6.2‰, respectively). Further, our analysis of African carnivores also demonstrates no relationship between δ13Ccarbonate in bone and Δca-co and no relationship between δ13Ccarbonate in dentin and Δca-co when calculated from dentin carbonate and dentin collagen (Supplementary Table S3). The lack of a relationship between dentin δ13Ccarbonate and dentin δ13Ccollagen, similar to bone yet different from enamel, indicates that while differences in tissue routing may be at play, they likely do not stem from differences in routing due to ontogeny (e.g., using more amino acids for bone growth while young but not while older). Instead, these differences may have more to do with differences in the inorganic content of enamel versus both dentin and bone (and dentin vs. bone) and/or the mineralogy of these tissues (Wang and Cerling, 1994; Wopenka and Pasteris, 2005). Further, wolves (Canis lupus) document a significant positive relationship between δ13Ccarbonate in bone and Δca-co (based on data from Clementz et al., 2009), as do African wild dogs noted here, but in contrast to African lions (Supplementary Table S3). Thus, future work is needed to examine mechanisms behind these tissue specific discrepancies in Δca-co values in carnivores, including differences between specific taxa.

More work is also needed to determine the precise mechanism responsible for the correlation between increased Δca-co values and higher δ13Ccarbonate values, and why this pattern is not apparent in bone apatite and dentin apatite of African carnivores (Codron et al., 2018, and noted here). Further, a re-evaluation of the potential drivers of relationships between herbivore Δca-co and δ13Ccarbonate values may be necessary. Codron et al. (2018) outlined two potential drivers of the positive relationship between Δca-co values and δ13Ccarbonate values in herbivores: environmental differences in food sources; and physiological differences between hindgut fermenters and ruminants. As carnivores did not exhibit the above relationship in their data set (which was primarily composed of bone and not teeth), it was assumed that environmental factors were not at play, as it was expected that environmental influences would similarly affect relationships between both herbivore and carnivore Δca-co values and δ13Ccarbonate values. Considering data presented here, carnivores clearly demonstrate a significant positive relationship between Δca-co values and δ13Ccarbonate values in tooth enamel, but not bone apatite (weakly in some; see Clementz et al., 2009). Thus, macronutrient routing in these disparate tissues (biochemically and structurally) may also play a role. These drivers are not mutually exclusive and may both contribute to the isotopic disparities outlined here. Further, we clearly document that carnivores in both C3 and C4 ecosystems demonstrate positive relationships between Δca-co and δ13Ccarbonate values (Figure 2), yet the reasons for ecosystem-associated differences between these lines and their intercepts is unclear—though may stem from differences in rainfall and/or CO2 over time (and effects on protein and fat content in plants and prey). Thus, until the precise mechanisms driving the highly predictable Δca-co values are identified, the examination of multiple tissues and isotopes may reveal a more complete understanding of the dietary ecology of both extinct and extant mammals.



Advances and challenges of relevance to paleobiology and archeology

The Δca-co spacing in extinct and extant carnivores is predictable based on δ13Ccarbonate values—indicating that the foraging behavior of prey consumed by predators is the best predictor of Δca-co spacing. This positive relationship negates the idea that within trophic-level Δca-co spacing is constant in carnivores and calls into question our ability to interpret degrees of carnivory, omnivory, or herbivory from Δca-co values, alone. In the case of carnivores, felids and canids have similar Δca-co values when consuming similar prey today (in both C3 and C4 environments), while felids and canids only differ in the past when consuming prey that foraged in different habitats. Thus, physiological differences between canids and felids do not appear to be drivers of Δca-co spacing. While either ontogenetic differences in diet or diagenesis have been invoked as potential reasons for differences in δ13Ccarbonate and δ13Ccollagen values, neither of these hypotheses have much support. These data allow us to rule out many hypotheses and indicates that Δca-co spacing is likely driven by the foraging habitat of prey, environmental influences, and/or tissue specific differences that affect how macronutrients are allocated and incorporated into mineralized tissues.

More work is needed to better understand the drivers of increased Δca-co spacing in individuals with higher δ13Ccarbonate values and why these relationships are weaker or absent when comparing certain tissues. Further, not all tissues can be treated similarly. For example, bone apatite and enamel apatite were combined in Codron et al. (2018) as δ13C values were similar; however, the resulting Δca-co values are significantly higher when enamel carbonate and bone collagen were used to calculate Δca-co (p < 0.0001, y-intercepts/mean differences of 2.6‰; Figure 3). While sampling from multiple tissues from the same specimens can be costly and potentially more destructive, more work that examines these relationships in different ecosystems and through time is necessary to better understand if and how a taxon’s habitat contributes to nutrient routing to different tissues.

Our understanding of Rancho La Brea carnivores has benefited from sampling both enamel and bone collagen. Isotopes from different tissues are not “right” or “wrong” but rather provide different insights into the dietary ecology of carnivores. Nitrogen isotope ratios demonstrate that C. latrans likely consumed less meat than either A. dirus or S. fatalis. Stable carbon isotope values measured in bone collagen from Coltrain et al. (2004), Fuller et al. (2020), and here indicate that the protein component of Rancho La Brea carnivore diets are similar, while carbon isotopes ratios from carbonate enamel indicate stark differences in the whole diet of S. fatalis as compared to A. dirus (DeSantis et al., 2019, 2020, and here) and C. latrans (at Pits 61/67). Differences in the stable carbon isotope signatures from whole diet indicate that A. dirus and S. fatalis are not consuming similar proportions of the same prey species and are instead consuming prey with disparate isotopic signatures—suggesting that these prey may forage in more open grasslands and more wooded areas, respectively; and/or may exhibit differences in fat content which can influence whole diet. As C3 grasses have higher amounts of protein than C4 grasses (Barbehenn et al., 2004); protein in prey-species may be biased toward C3 protein sources, which may be responsible for similar carbon isotope values of bone collagen in herbivores and carnivores. The dominance of protein from C3 plants can be further amplified in drier ecosystems, where C3 plants can have even more protein per unit biomass than in higher rainfall regions (Austin and Vitousek, 1998). Fat is an important component of hypercarnivore diets (e.g., polar bears; Ramsay and Hobson, 1991), and many hypercarnivores preferentially consume fat (Nowak and Walker, 1999). However, the isotopic source of fat is primarily reflected in the carbonate portion of tooth enamel, dentin, or bone, but not in collagen (Ambrose and Norr, 1993). Thus, whole diet differences are apparent between S. fatalis and A. dirus (DeSantis et al., 2019, 2020, and here), and C. latrans from Pits 61/67. Protein component of one’s diet does not necessarily equal prey source, and we argue here that whole diet indicators (e.g., carbonate) are necessary to elucidating diets of extinct and extant carnivores. Our work here suggests potential drivers of the differences between stable carbon isotopes in enamel and collagen in Rancho La Brea taxa that include tissue and/or environmental differences (while challenging others including trophic level, ontogenetic dietary differences, physiological differences between canids and felids, and diagenesis), and outlines areas of future research that can bring further clarity to our understanding of the dietary ecology of predators and prey, today and in the past.
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