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Abstract 47 

 48 

Sixteen taxa comprising extinct megafauna and extant species from a single asphalt deposit (Project 23, 49 

Deposit 1) at Rancho La Brea were isotopically analyzed (δ13C, δ15N, δ34S) and 14C dated to investigate 50 

paleoecology and feeding behavior of terrestrial vertebrates in southern California during the late 51 

Pleistocene. The large majority of the 14C dates cluster between ~35-36 kyr BP, but a range of ages 52 

indicate this seep was active from ~30 to >43 kyr BP. Many of the Smilodon fatalis and Canis dirus as 53 

well as the Canis latrans have similar δ13C (~  –19‰ to –18‰) and δ15N (~ 11‰ to 12‰) results, 54 

indicating that these predators may have consumed similar prey species and possibly competed with 55 

each other through hunting and/or scavenging. The remains of contemporary potential prey species for 56 

these three predators include juvenile Bison antiquus and Camelops hesternus, and possibly adult 57 

Paramylodon harlani and Capromeryx minor. However, the δ15N results of a single C. dirus (8.9‰) and 58 

the Panthera atrox (8.3‰) were significantly lower than the other large predators. Potential prey for this 59 

dire wolf and lion include Nothrotheriops shastensis, Equus occidentalis and possibly Mammut 60 

americanum. Many of the herbivores appear to have utilized broadly similar C3 ecological 61 

environments. However, the adult E. occidentalis had isotopic results similar to the Sylvilagus sp. and 62 

Spermophilus beecheyi that have restricted home ranges, suggesting this horse was similarly local in its 63 

distribution or consumed a similar plant food selection. The isotopic values for extant taxa (Actinemys 64 

marmorata, Crotalus sp., Mustela frenata) suggest similar dietary patterns to their modern counterparts, 65 

indicating their ecological niches have remained relatively constant. The results presented here establish 66 

a foundation for future diachronic studies to better understand how the climate of the last ~50 kyr BP 67 

impacted biodiversity and ecological communities in southern California. 68 

1. Introduction 69 

 70 

Located in Los Angeles, California, the Rancho La Brea (RLB) tar pits (Figure 1), comprise numerous 71 

deposits formed by surficial asphalt seeps that have entrapped and preserved entire ecosystems (e.g. 72 

plants, insects, mollusks, reptiles, birds, mammals) from >50 kyr BP to the present (Marcus and Berger, 73 

1984; Quinn, 1992; Stock and Harris, 1992; Ward et al. 2005; Holden et al., 2017). This vast collection 74 

of floral and faunal remains provides an unprecedented resource from which to investigate various 75 

research questions related to climate change and paleobiology during the late Pleistocene and Holocene. 76 

Unfortunately, past research efforts have been hampered by the fact that these specimens are 77 

impregnated with petroleum derivatives such as asphaltenes —contaminants that skew results for stable 78 

isotope ratio measurements and radiocarbon dating (Fuller et al. 2014). However, recent advances in 79 

collagen extraction methodology have overcome these problems and now permit the more rapid and 80 

cost-effective extraction of uncontaminated bone collagen from RLB specimens (Fuller et al. 2014; 81 

2015; 2016).  82 

 83 

To date, only a limited number of studies have published carbon (δ13C) and nitrogen (δ15N) stable 84 

isotope ratios of collagen combined with radiocarbon ages from RLB (Fox-Dobbs et al., 2006; Fuller et 85 

al 2014; 2016). While past work examined Pleistocene birds and large mammals from different time 86 

intervals as well as Holocene specimens, no studies have yet focused on investigating dietary patterns 87 

from within a single deposit – i.e., among animals that likely shared, and interacted on, the landscape. 88 
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Here we present δ13C and δ15N measurements directly paired with radiocarbon ages for 16 extant and 89 

extinct taxa (n = 28 individuals) from a single asphaltic deposit: Project 23 Deposit 1 (Figure 2). These 90 

results are combined with δ13C measurements and radiocarbon dates from wood specimens (n = 2) as 91 

well as previously published results (n = 7; Fuller et al., 2014) for a total of 37 analyzed specimens. In 92 

addition, sulfur (δ34S) stable isotope ratios were measured for liquid tar and solid asphalt, as well as for a 93 

subset of these bone collagen samples (n = 22 individuals; where enough collagen was available). Our 94 

aim is to reconstruct the trophic ecology and paleobiology of organisms that represent a specific interval 95 

of entrapment during the late Pleistocene.   96 

 97 

2. Materials and methods 98 

 99 

During construction at the Los Angeles County Museum of Art in 2006, 16 new asphaltic deposits were 100 

discovered adjacent to RLB (Fuller et al., 2014; Holden et al., 2017). Due to time constraints, these 101 

deposits were not excavated in situ but were removed intact in 23 large wooden boxes (“Project 23”) so 102 

that they could be conserved and relocated for detailed analysis.  103 

Here we focus only on Box 1 or Deposit 1 from Project 23. The main asphaltic vent of Deposit 1 is 104 

relatively small in size — approximately 2 m wide x 2 m long x 2 m deep (Figure 2). However, the 105 

section of sediment that was boxed measures 4 m wide x 5 m long x 2 m deep. Thus far, Deposit 1 has 106 

been found to contain over 25,000 specimens, although cataloging has not been completed. Previously, 107 

three extinct carnivorans: Canis dirus (n = 4); Panthera atrox (n = 1); Smilodon fatalis (n = 2) dated to 108 

~35 kyr BP were studied (Fuller et al., 2014). The present study sampled additional Canis dirus (n = 3) 109 

and Smilodon fatalis (n = 6) and 13 additional taxa for stable isotopic analysis and radiocarbon dating: 110 

Bison antiquus (n = 2); Camelops hesternus (n = 1); Canis latrans (n = 1); Capromeryx minor (n = 1); 111 

Actinemys marmorata (n = 1); Crotalus sp. (n = 1); Equus occidentalis (n = 2); Lepus sp. (n = 1); 112 

Mustela frenata (n = 1); Nothrotheriops shastensis (n = 1); Paramylodon harlani (n = 1); Spermophilus 113 

beecheyi (n = 2); Sylvilagus sp. (n = 4). 114 

 115 

Wood samples were treated to remove asphalt by sonication in solvents of increasing polarity: 2:1 116 

toluene/methanol (repeat until colorless), methanol and ultra-pure Milli-Q water. Specimens were then 117 

prepared using an ABA protocol: 1N HCl, 1N NaOH repeat until colorless, 1N HCl at 75 ºC; bleached 118 

to holocellulose in 1:1 mixture of 1N HCl and 1M NaClO2 at 75 ºC; rinse with Milli-Q water and air 119 

dried (UCI AMS Facility, 2011). Bone specimens (~150 mg) were sectioned at RLB using a handheld 120 

Dremel rotary tool and collagen was isolated at the UC Irvine, Keck Carbon Cycle AMS Laboratory 121 

using the procedure developed by Fuller et al. (2014) for asphalt impregnated bones from RLB.  122 

 123 

Stable isotope ratios of carbon and nitrogen were measured on aliquots of 0.7 mg of collagen placed in 124 

tin capsules and combusted to CO2 and N2, using a Fisons NA 1500NC elemental analyzer/Finnigan 125 

Delta Plus isotope ratio mass spectrometer combination. For carbon and nitrogen, five working isotopic 126 

standards that are ultimately traceable to Vienna PDB and AIR are run with every batch of collagen. 127 

These are i) a mixture of USGS24 and IAEA N1 where the USGS24 (ammonium sulphate) and N1 128 

(graphite) provide δ15N and δ13C values of +0.4‰ and –16.1‰, respectively; and ii) the NRC DORM2 129 

standard (δ15N +14.2‰, δ13C –17.2‰); plus in-house standards of L-Cysteine (δ15N –6.2‰, δ13C –130 

28.8‰), Tryptophan (δ15N –3.4‰, δ13C –12.4‰), and Adenosine Triphosphate (ATP2017) (δ15N 0.0‰, 131 

δ13C –21.2‰). These give multi-point calibrations for both δ15N and δ13C, and while the Cysteine and 132 

Tryptophan standards return negative δ15N values that are not directly relevant to collagen results, they 133 
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strengthen the calibration by extending the linearity check over a larger range. In addition, several ATP 134 

aliquots of different sizes are run with each set, to check for and if necessary correct any dependence of 135 

the isotopic ratios on sample size. The measured calibration results are typically within ±0.2‰ of the 136 

literature values (or long-term averages for in-house standards) for δ15N, and ± 0.1‰ for δ13C, and those 137 

values are conservatively quoted as the 1 sigma uncertainties for the reported collagen results. 138 

Sulfur isotope ratios were analysed using ~3 mg of collagen plus 1 mg of V2O5, using an Elementar 139 

vario MICRO cube coupled to an Isoprime 100 isotope ratio mass spectrometer in the Department of 140 

Anthropology at the University of British Columbia. Sulfur isotopic compositions were calibrated 141 

relative to VCDT using a two point calibration anchored with IAEA-S-1 (silver sulfide, δ34S = –0.30‰) 142 

and NBS-127 (barium sulfate, δ34S = 20.3‰). The following standards were used to monitor analytical 143 

accuracy and precision: methionine (δ
34S = 9.1 ± 0.6‰), NIST 1577c (bovine live, δ34S = 1.7 ± 0.5‰), 144 

IAEA-S-3 (silver sulfide, δ34S = –31.9 ± 0.6‰), and casein protein (δ
34S = 6.3 ± 0.6‰). The mean 145 

difference between duplicate δ34S measurements on collagen samples (n=20) was 1.2‰ for δ34S. 146 

Following Szpak et al. (2017), the standard uncertainty for δ34S measurements was calculated to be ± 147 

1.3‰. All isotopic results are presented as the ratio of the heavier isotope to the lighter isotope (13C/12C, 148 

15N/14N, 34S/32S) and reported as δ values in in parts per 1,000 or “per mil” relative to internationally 149 

defined standards for δ13C (VPDB), δ15N (AIR) and δ34S (VCDT).   150 

 151 

Radiocarbon dates were measured using a National Electrostatics Corporation 0.5 MV 1.5SDH-1 152 

Pelletron with a 60 sample modified MC-SNICS ion source (Southon and Santos, 2004), on graphitized 153 

CO2 derived from 2 mg of collagen. The unknowns were analyzed with oxalic acid standards (OX1), 154 

plus known age bone standards, modern (19th century cow) and blanks that have no detectable amount of 155 

radiocarbon (Beaufort Sea whale, 60-70 kyr) that were prepared in the same manner as the unknowns. 156 

Unless otherwise noted, all radiocarbon dates reported in the text are uncalibrated.  157 

 158 

3. Results 159 

 160 

All sample information, isotopic results and radiocarbon dates for the specimens are listed in 161 

Supplementary Table 1. As expected, the extracted collagen was well preserved (with the ultrafiltered 162 

gelatin presenting a white color and fluffy texture) and all samples had collagen yields of >1% with C:N 163 

values between 3.2-3.5 (DeNiro, 1985). The δ13C collagen values ranged from –23.3‰ to –18.0‰, 164 

indicating that these species consumed predominately C3-based diets or prey that had such diets. The 165 

δ15N values ranged from 5.7‰ to 12.1‰ and document different trophic levels or similar trophic levels 166 

in food webs starting with different nitrogen isotopic baselines. A single wood sample was measured for 167 

δ13C; its value of –20.2‰ indicates a C3 terrestrial tree (Cerling et al., 1997; Ward et al., 2005). 168 

Additional studies linking plant species with isotopic results for ecological reconstructions are planned. 169 

The radiocarbon results ranged between ~30 to >43 kyr BP, evidence that the Deposit 1 asphalt seep 170 

actively entrapped a variety of species in several different episodes (see Discussion).    171 

 172 

In terms of the δ34S measurements, the first such analysis on specimens from RLB, 15 of the 22 samples 173 

(68%), had collagen that was acceptable for isotopic analysis using the criteria set forth in Nehlich and 174 

Richards (2009). However, seven specimens were found to contain %S in excess of 0.35% and to have 175 

C:S (600 ± 300) and N:S (200 ± 100) values outside the normal range for modern mammalian collagen, 176 

suggesting sulfur contamination from the asphalt. This is not entirely surprising, as compared to the 177 

carbon and nitrogen content of bone collagen, the amount of organic sulfur is small (~5-7 residues/1000) 178 
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and only found in the amino acid methionine (Nehlich and Richards, 2009). As crude oil contains a high 179 

percentage of sulfur (~1-2% in the Los Angeles Basin) in compounds bonded to the hydrocarbon 180 

molecules (Sheridan, 2006; Mullins et al., 2007), even a trace amount of hydrocarbon contamination in 181 

the bone collagen may be enough to skew the sulfur results while not significantly altering δ13C, δ15N or 182 

14C ages. Thus, δ34S measurements, while providing a valuable complement to δ13C and δ15N results, 183 

may be problematic for RLB specimens and further work is needed to investigate this potential resource. 184 

There was a large difference between the δ34S measurements of the viscous tar (8.5 ± 0.7‰) and the 185 

hardened asphalt (–2.3 ± 0.9‰) (Supplementary Table 2). This may have been due to the loss of volatile 186 

organic compounds in the transition from a liquid to solid state, or could be related to a greater amount 187 

of organic and/or humic compounds in the asphalt (Fuller et al., 2014).  188 

 189 

4. Discussion 190 

 191 

4.1. Deposit 1 Periods of Entrapment 192 

 193 

The δ13C and δ15N results are graphed in relation to their radiocarbon ages in Figure 3 (a,b). In addition, 194 

a reconstruction of Deposit 1 depicting the three-dimensional position of the specimens that were 14C 195 

dated is shown in Figure 4. As was predicted based on past work (Fuller et al., 2014), the majority of the 196 

samples date between ~34 to 36 kyr BP. Further, multiple 14C dates on the same specimens reveal that 197 

the main period of accumulation for this deposit occurred between ~35 and 36 kyr BP (Supplementary 198 

Table 1). However, the range of dates points to multiple additional entrapment events. For example, a 199 

horse (E. occidentalis) and the two pieces of wood dated much older than the majority of the other 200 

specimens, between ~40 to 42 kyr BP. To rule out the possibility that this older date could be related to 201 

asphalt contamination (although there were no signs from the collagen), we did a complete re-extraction 202 

of the collagen from the same E. occidentalis bone and 14C-dated it again. The results confirmed that 203 

this horse was significantly older by approximately ~6 kyr than the rest of the dated specimens in the 204 

main deposit. Moreover, this E. occidentalis was found in the center of the Deposit 1 (Grid B-1, Level 3) 205 

and surrounded by younger specimens (Figure 4). Thus, this specimen acutely highlights the dangers of 206 

pit averaging and demonstrates why stratigraphy cannot be used to infer age at RLB (Fuller et al., 2015; 207 

2016; Holden et al., 2017).  208 

 209 

There also appear to be at least two smaller entrapment events represented in our sample—a California 210 

ground squirrel (S. beecheyi) was dated to ~31 kyr BP and a cottontail rabbit (Sylvilagus sp.) was dated 211 

at the limit of radiocarbon dating at >43 kyr BP. A western pond turtle (Actinemys marmorata) was 212 

determined to be much younger than all of the other specimens (~30 kyr BP). This turtle, located away 213 

from the main Deposit 1 asphaltic vent (Grid E-3, Level 2; Figure 4) in an ancient stream channel that 214 

ran along the northeast side of the main deposit, postdates all of the other results.  215 

 216 

The major cluster of 14C dates in Deposit 1 corresponds to calibrated ages of ~ 40-41 kyr cal BP using 217 

the IntCal13 dataset (Reimer et al., 2013), bracketing the brief warm Interstadial 10 event on the 218 

GICC05 Greenland ice core timescale (Svensson et al., 2008) but extending into cold periods before and 219 

after. It is important to note that calibration for 14C dates in this time range is a work in progress: 220 

calibrated ages have shifted by as much as 1 kyr between successive versions of the IntCal calibration, 221 

and further significant shifts are anticipated.  222 

 223 

4.2 Dietary Reconstruction 224 
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 225 

4.2.1. Herbivores and reptiles 226 

In Deposit 1, the juvenile B. antiquus, C. hesternus, and E. occidentalis and the adult P. harlani and C. 227 

minor, generally cluster together in terms of their δ13C and δ15N results (Figure 5a). This is also the case 228 

for the B. antiquus, C. hesternus and P. harlani that were measured for δ34S results (Figures 5b,c). The 229 

isotopic results suggest these animals were living and feeding in ecologically similar landscapes during 230 

the latest Pleistocene. In contrast the adult horse had significantly lower δ13C, δ15N and δ34S values and 231 

plots with the rabbits and squirrels. This difference could have a temporal component due to changing 232 

soil and vegetation conditions related to climate, as this adult E. occidentalis is significantly older than 233 

the other Deposit 1 specimens (~42 kyr BP). Or it could suggest that some horses were living and/or 234 

feeding in a different habitat than the artiodactyls and ground sloths. That this horse is isotopically 235 

similar to the small mammals with restricted home ranges suggests that its range was restricted to the 236 

vicinity of the Los Angeles Basin.  237 

 238 

Previous examinations of migration patterns in bison and horses at RLB found that bison were more 239 

migratory and consumed a greater proportion of C4 plants in their diet compared to the horses (Jefferson 240 

and Goldin, 1989; Feranec et al., 2009). In addition, dental mesowear analysis concluded that both B. 241 

antiquus and C. hesternus consumed woody vegetation and that E. occidentalis was a grazer (Jones and 242 

Desantis, 2017). Examination of the Coltrain et al. (2004) dataset indicates that many E. occidentalis 243 

specimens had 15N-depleted results that were different from the other herbivores, supporting the 244 

argument that they were inhabiting a different, possibly local, ecological niche at RLB. Isotopic 245 

indications of different dietary preferences in Pleistocene bison and horses were also found in eastern 246 

Beringia (Fox-Dobbs et al., 2008). The high δ15N value of the very young horse compared to the adult 247 

could also reflect a “nursing effect” (Fuller et al., 2006) as modern young foals can nurse up to a year 248 

after birth in the wild (Bennett, 1999). It would be interesting to see if stable isotope ratio analysis of 249 

late Pleistocene horses and bison from other localities showed similar ecological separation. 250 

 251 

The N. shastensis specimen plots away from the other Deposit 1 species in terms of its δ13C and δ15N 252 

results (Figure 5a). However, it has similar δ34S values to the adult E. occidentalis and the Sylvilagus 253 

sp., which suggests that it was a local resident and not migratory (Figures 5b,c). The 13C-enriched value 254 

of this Shasta ground sloth could indicate it was inhabiting a more open C3 landscape, and Pleistocene 255 

sloths with similar but highly variable isotopic results were found in the Pampean region of Argentina 256 

(Bocherens et al., 2016). Only one other N. shastensis has been isotopically analyzed and radiocarbon 257 

dated at RLB (Fuller et al., 2014). This specimen dates to a later interval (~28 kyr BP) and has a nearly 258 

identical δ13C value (-19.6‰) to the Deposit 1 N. shastensis but a much higher δ15N value (9.3‰) which 259 

is similar to a contemporary RLB bison (~29 kyr BP). Thus, just like the Pleistocene sloths of South 260 

America (Bocherens et al., 2016), the Shasta ground sloths appear to have highly variable δ15Ν values 261 

that could be related to climate, ecology, or consumption of symbiotic organisms; analysis of a larger 262 

number of specimens from RLB is needed to help decipher its paleobiology in more detail.    263 

 264 

The Sylvilagus sp., Lepus sp. and S. beecheyi plot isotopically near the adult E. occidentalis and below 265 

the main cluster of the megaherbivores (Figure 5a). Extant representatives of these small species have 266 

restricted home ranges and these specimens further confirm that the vegetation in the immediate vicinity 267 

of RLB was dominated by C3 plant species at this time. Additional analysis of desert cottontail 268 

(Sylvilagus audubonii) and brush rabbits (Sylvilagus bachmani) from Deposit 1 found a similar 269 
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distribution of 14C ages but highly variable δ15N values (Fox et al., 2017). This is not surprising as 270 

modern rabbits and those from archaeological contexts in Utah (Ugan and Coltrain, 2011) and Holocene 271 

rabbits from Idaho (Commendador and Finney, 2016) display a large range of δ15N values. These δ15N 272 

values can reflect the rabbit’s diet, local soil conditions (such as salinity) and temperature (Somerville et 273 

al., 2018), demonstrating the challenges encountered when isotopically reconstructing the paleoecology 274 

of sites with small mammals.  275 

 276 

The rattlesnake (Crotalus sp.) has a low δ13C value (–22.6‰) and an elevated δ15N value (9.6‰). This 277 
13C-depleted result contrasts with the other species studied and suggest its C3 prey came from a more 278 

closed or wooded environment (Cerling et al., 2004). Based on the isotopic results, its potential prey 279 

could have included small rodents and birds, which were also recovered from Deposit 1 but were not 280 

analyzed. Such a diet is in agreement with that of extant rattlesnakes and indicates there has been little 281 

change in feeding patterns between the Pleistocene and today (Klauber, 1997). 282 

 283 

The A. marmorata is the first freshwater species to be isotopically analyzed from RLB. Its 13C-depleted 284 

result is in agreement with that of archaeological freshwater fish (Guiry et al., 2016), and its elevated 285 

δ15N value, suggests it was feeding on other aquatic organisms, possibly small fish or amphibians. This 286 

is in agreement with the diets of extant western pond turtles, which are omnivores and consume fish, 287 

frogs, aquatic invertebrates, insects and plant foods (Rhodin et al., 2017). That this turtle produced the 288 

youngest 14C date of all the specimens analyzed from Deposit 1 could be due to the fact that it was found 289 

in a stream channel away from the main asphalt vent. Its presence confirms that there were viable 290 

freshwater habitats in and around RLB during the Pleistocene as A. marmorata does not venture far (< 1 291 

km) from water (Rhodin et al., 2017). This finding is consistent with RLB’s location on a coastal plain; 292 

today water pools in and around the asphalt deposits and small ephemeral streams such as “Oil Creek” 293 

traverse the site (Stock and Harris, 1992). 294 

 295 

4.2.2. Carnivores 296 

 297 

The stable isotope ratio results (δ13C, δ15N, δ34S) and radiocarbon dates allow investigation of the 298 

feeding behavior of extinct and extant species living in the Los Angeles Basin between ~30-40 kyr BP 299 

(Figures 5a,b,c). For the most part, the sabertooth cats (S. fatalis), dire wolves (C. dirus) and the coyote 300 

(C. latrans) cluster together isotopically, evidence that they all likely consumed prey that had nearly 301 

identical and predominately C3-based terrestrial diets with little variation. This suggests these predators 302 

were relatively specialized in terms of diet and were potentially competing with each other through 303 

hunting and/or scavenging. Similarities in δ13C enamel apatite values, reflecting likely dietary 304 

competition between Smilodon sp. and C. dirus, were also found at much older sites (> 550 kyr) from 305 

central California, suggesting that this behavior has a long history in North America (Trayler et al., 306 

2015). These results also agree with a recent study from Argentina where Smilodon populator was found 307 

to be isotopically similar to the large canid Protocyon, again indicating direct competition for food 308 

sources between these two species (Bocherens et al., 2016). However, a recent study of δ13C values in 309 

tooth enamel of S. fatalis and C. dirus at RLB found differences attributed to different feeding habits, 310 

with dire wolves argued to have had a preference for prey from more open environments (DeSantis et 311 

al., 2019). The reason(s) for the discrepancy between the collagen and carbonate isotopic results is 312 

currently unknown and additional research is needed to clarify these findings in the future.  313 

 314 
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Whereas only adult individuals of C. dirus and C. latrans are represented in this study, the S. fatalis 315 

specimens comprise two adults, two juveniles and four very juvenile individuals and there were no large 316 

dietary differences between individuals at differing stages of maturity (Figure 5a). Using the trophic 317 

level fractionation factors of ~1 to 2‰ for δ13C, ~3 to 5‰ for δ15N and ~+1 to –1‰ for δ34S (Kelly, 318 

2000; Bocherens and Drucker, 2003; Richards et al., 2003; Fox-Dobbs et al., 2007; Krajcarz et al., 319 

2019), the potential prey for this cluster of Deposit 1 predators include the juvenile bison (B. antiquus) 320 

and camel (C. hesternus). To a lesser extent, adult Harlan’s ground sloths (P. harlani) and dwarf 321 

pronghorns (C. minor) (Figures 5a,b,c) could also have been consumed as the isotopic spacing for these 322 

individuals is only ~3‰ or below the 4.6 ± 0.7‰ calculated for modern North American gray wolves 323 

(Canis lupus) (Fox-Dobbs et al., 2007). However, lower collagen-to-collagen trophic level spacings 324 

(2.4‰ to 3.5‰) were determined for modern wolves feeding on a variety of prey species (see Table S1, 325 

Bocherens, 2015). Dire wolves from eastern Beringia had similar dietary habits but also included horses 326 

as an important prey species (Fox-Dobbs et al., 2008). The mammoth (Mammuthus columbi) from 327 

Deposit 11 was included in this project as it dates to a similar time interval (~36 kyr BP; (Fuller et al., 328 

2014)) but mammoths do not appear to have been an important part of the diet of the local RLB 329 

carnivorans, and this is in agreement with the diets of Homotherium from the Alaska-Yukon region 330 

(Bocherens, 2015). However, Homotherium preferentially preyed upon juvenile mammoths at the 331 

Friesenhahn Cave site in Texas (Graham, 1976; Graham et al., 2013; DeSantis and Koch, 2017). Given 332 

the small sample sizes of the species analyzed here, these interpretations should be viewed with caution; 333 

additional research is needed to better delineate these predator-prey relationships. However, large 334 

carnivores targeting juvenile megaherbivores have been argued to play a critical role in limiting 335 

ecological impact during the Pleistocene (Van Valkenburg et al., 2016), and these isotopic results 336 

suggesting the consumption of young prey could lend some support to this possibility at RLB.  337 

 338 

Interestingly, one C. dirus has δ13C (-18.1‰) and δ15N values (8.8‰) that plot below the main cluster of 339 

the large carnivores and near the American Lion (P. atrox) (δ13C = -18.4‰; δ15N = 8.3‰) (Figure 5a). 340 

Interpreting the δ13C and δ15N results from Deposit 1 as indicators of potential prey species for this dire 341 

wolf and lion is complicated by the small number of specimens that were sampled and only the Shasta 342 

ground sloth (N. shastensis) appears as a possible prey candidate. The δ34S results confirm that this N. 343 

shastensis and possibly the adult E. occidentalis were potential prey for this C. dirus (Figures 5b,c). 344 

Unfortunately, the δ13C, δ15N and δ34S results provide no match between the recovered prey species and 345 

this P. atrox.  346 

 347 

As a result, we evaluate potential prey for this 15N-depleted American lion using the dataset of Coltrain 348 

et al. (2004) without regard to chronology. In terms of δ15N values, potential prey could have included 349 

E. occidentalis and/or mastodons (Mammut americanum) as was noted earlier (Fuller et al., 2014). 350 

However, the δ13C values are elevated by >2‰ compared to the E. occidentalis and M. americanum 351 

which is higher than the carbon trophic level effect of 1.3 ± 0.6‰ calculated by Fox-Dobbs et al., (2007) 352 

for modern North American gray wolves but similar to trophic spacings of ~2-4‰ proposed by 353 

Bocherens (2015). Alternatively, the low δ15N results could reflect differences related to time period, 354 

locality and/or climate. For example, it is possible these unique C. dirus and P. atrox were not local and 355 

traveled to RLB from distant habitats that were cooler and wetter such as the San Gabriel Mountains or 356 

further afield in northern California. Modern studies of wolves (C. lupus) and African lions (Panthera 357 

leo) indicate they can migrate large distances over time in search of food and new territory (Mech and 358 

Cluff, 2011; Kittle et al., 2016), and additional isotopic research is required to explore this possibility in 359 

detail. Nonetheless, the fact that the C. dirus plots isotopically with both the S. fatalis and P. atrox is 360 
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evidence that dire wolves may have been competing with these other large feline predators in different 361 

ecological niches in southern California during the Pleistocene. 362 

The Deposit 1 C. latrans has isotopic results similar to the S. fatalis and C. dirus specimens. This 363 

indicates that this particular coyote (~37 kyr BP) may have been scavenging from both of these 364 

predators kills whereas the coyotes analyzed by Coltrain et al. (2004) were feeding at a lower trophic 365 

level and on different foods. This supports an interpretation that C. latrans had dietary flexibility over 366 

the past ~50 kyr BP, which may have helped it survive the Pleistocene extinction event (Meachen and 367 

Samuels, 2012). Similar dietary flexibility has been suggested for the puma (DeSantis and Haupt, 2014).  368 

A long-tailed weasel (Mustela frenata), recovered from Deposit 1 and radiocarbon dated to the main 369 

entrapment episode (~35 kyr BP), was also analyzed for δ13C and δ15N values. This extant species is 370 

found throughout North and South America and is an obligate carnivore that can consume a variety of 371 

prey such as insects, rodents, reptiles, small birds and rabbits (Schwartz and Schwartz, 2001). The M. 372 

frenata plots separately from the large predators for both δ13C and δ15N values and is closer to the 373 

herbivores (Figure 5a). The isotopic results suggest this M. frenata was consuming California ground 374 

squirrels and cottontail rabbits at RLB, which is in agreement with the dietary habits of extant 375 

individuals and suggests there has been little change in the dietary patterns of long-tailed weasels in the 376 

last 35 kyr.  377 

5. Conclusions  378 

 379 

Fossil specimens of extinct megafauna, extant small- and mid-sized vertebrates, and wood from a single 380 

asphalt deposit (Project 23 Deposit 1) at RLB were radiocarbon dated and analyzed for stable isotope 381 

ratios to investigate paleoecology and feeding behavior in southern California during a discreet interval 382 

of the Pleistocene. The 14C ages for these specimens clustered around ~35-36 kyr BP, but a 383 

chronologically older adult Equus occidentalis and a wide range of dates for the smaller animals and 384 

wood samples indicate that multiple entrapment or accumulation events occurred from >43 to ~30 kyr 385 

BP at this location. This reinforces the point that the practice of “pit averaging” —where an average 386 

radiometric age is assigned to all specimens from an asphaltic deposit— is problematic and prone to 387 

error at RLB. 388 

 389 

The habitats around RLB during this period of the Pleistocene were dominated by C3 vegetation and 390 

none of the fauna showed evidence of consuming significant amounts of C4 plants. While many of the 391 

megafaunal herbivores had similar stable isotopic results, the adult E. occidentalis specimen had a diet 392 

similar to Sylvilagus sp. and Spermophilus beecheyi. As these species have limited home ranges, this 393 

could suggest that the range of this particular horse was confined to the vicinity of RLB. All of the 394 

smaller animals studied here (Mustela frenata, Sylvilagus sp., Spermophilus beecheyi, Crotalus sp., 395 

Actinemys. marmorata) do not differ radically in dietary or ecological niche patterns from their modern 396 

counterparts. Sabertooth cats, dire wolves, and coyotes had isotopically similar results that could reflect 397 

predation of the same prey animals or the scavenging of their carcasses. The dietary flexibility of the 398 

coyotes may indicate that they weren’t primary predators of large prey animals. The coyotes’ post-399 

Pleistocene size reduction may have several explanations including absence of large prey animals and 400 

competitive stress involving wolves and humans and climate change.  401 

 402 
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Of the 22 specimens measured for δ34S, nearly a third failed the collagen quality controls set forth for 403 

modern bone collagen. This high failure rate is in contrast to the δ13C and δ15N measurements, where all 404 

samples that produced sufficient collagen had acceptable atomic C:N ratios between 3.2-3.5. Given the 405 

high amount of sulfur in crude oil and the low organic content of sulfur in bone, a slight contamination 406 

of purified collagen with sulfur compounds bonded to hydrocarbon molecules could be enough to 407 

compromise δ34S measurements in specimens from RLB. Thus, while these δ34S results provide 408 

important complementary information to the δ13C and δ15N results, they should be treated with some 409 

caution but should also spur additional molecular research in this area. Nonetheless, isotopic analyses of 410 

Deposit 1 specimens based on δ13C, δ15N, δ34S and 14C measurements permit an enhanced understanding 411 

of trophic level dynamics in southern California during the latest Pleistocene. This work serves as a 412 

starting point for future diachronic studies to better understand how the climate of the last 50 kyr 413 

impacted biodiversity and ecological communities in the Los Angeles Basin. 414 
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 641 

Figure Legends: 642 

Figure 1. Schematic map showing location of Rancho La Brea relative to past and present coastlines of 643 

the Santa Monica Basin. Dashed line represents approximate location of coast at 35 kyr BP (i.e., ~60 644 

meters below current sea level). Muhs et al. (2012) estimate a RSL position of about -70 m asl for 35-40 645 

kyr BP for the nearby San Nicolas Island; though tectonic uplift on the mainland would likely have 646 

yielded a slightly higher RSL in our study area. Map drawn with QGIS 2.18.16 using bathymetric and 647 

topographical digital elevation model data produced by NOAA’s Tsunami Inundation Project and 648 

National Geographic Data Center (Caldwell et al., 2011). 649 

Figure 2. View of Deposit 1 looking south. Archived with GUID 10862447-dc6c-4af1-998d-650 

5b1040ae7763 (Photograph by Carrie M. Howard, La Brea Tar Pits Museum).  651 

 652 

Figure 3a. Deposit 1 δ13C values plotted against uncalibrated 14C ages in years BP. While the main 653 

entrapment or accumulation event for Project 23 Deposit 1 occurred between ~35-36 kyr BP, there is 654 

evidence for multiple other smaller entrapment events between ~30 to >43 kyr BP. All specimens show 655 

evidence of consuming predominately C3-based diets during this period. 656 

Figure 3b. Deposit 1 δ15N values plotted against uncalibrated 14C ages in years BP. While the main 657 

entrapment or accumulation event for Project 23 Deposit 1 occurred between ~35-36 kyr BP, there is 658 

evidence for multiple other smaller entrapment events between ~30 to >43 kyr BP. 659 

Figure 4. Reconstruction of Deposit 1 showing the three-dimensional position of radiocarbon-dated 660 

specimens.  Shapes denote different trophic or ecological groups: Triangles = Large Carnivores; Squares 661 

= Large Herbivores; Circles = Small Vertebrates (small mammals and reptiles); Diamonds = Plants.  662 

Periods of deposition more than 1,000 years apart are separated by color: Red < 31,000 RCYBP; Orange 663 

31,000 - 33,000 RCYBP; Green 33,000 - 37,500 RCYBP; Blue 37,500 - 41,500 RCYBP; Purple 41,500 664 

- 43,000 RCYBP. 665 

 666 

Figure 5a. δ13C and δ15N results from Project 23 Deposit 1 at RLB. Note: the M. columbi is from 667 

Deposit 11 but is included here as it has a 14C-measurement (36,770 ± 750 BP) which dates near the 668 

main cluster of the Deposit 1 specimens (Fuller et al., 2014).  669 

 670 
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Figure 5b. δ13C and δ34S results from Deposit 1 at RLB. 671 

 672 

Figure 5c. δ34S and δ15N results from Deposit 1 at RLB. 673 



















 

• Project 23 Deposit 1 main entrapment 14C dated to ~35-36 kyr BP 

• Wide range of 14C ages indicate seep was active from ~30 to >43 kyr BP 

• Sabertooth cats, dire wolves, and coyotes had isotopically similar diets  
• Extant taxa had similar dietary patterns to their modern counterparts 

• First reported δ34S measurements on specimens from RLB  

 

 

 

 


