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INTRODUCTION: At the end of the Pleistocene,
most of Earth’s large mammals (megafauna)
became extinct. These extinctions occurred at
different times globally, resulting in a drastic
reorganization of terrestrial ecosystems. Despite
decades of research on extinction causality, the
relative importance of late-Quaternary climate
changes and spreading human impacts have
been difficult to disentangle because poor chro-
nological resolution in the fossil record has
precluded alignment of these rapidly occurring,
tightly linked phenomena.

RATIONALE: The Rancho La Brea (RLB) locality
in Southern California provides a unique oppor-
tunity to investigate decadal-scale changes in
megafaunal populations and community com-
position across the latest Pleistocene. At this site,
naturally occurring asphalt seeps entrapped and
preserved the bones of hundreds, and in some
cases thousands, of individuals from numerous
megafaunal species across the last 50,000 years
of the Pleistocene. Nearly all of these osteological
specimens preserve original collagen, which
permits precise radiocarbon dating analysis.

Sequence of ecological
events as recorded at
Rancho La Brea, California.
Top left: conditions around
the tar pits were moist

and cool, with abundant trees
and megafaunal mammals.
Bottom left: the onset of
postglacial warming and
drying begins as human
pressure on herbivores
increases. Top right: the
synergy between climatic and
human impacts enables a
sudden ecological state
transition characterized

by unprecedented fire activity.
Bottom right: a chapparal
ecosystem is established:;
megafauna are extinct, and
only coyote entrapment
continues at the tar pits.

14,000 BP
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RESULTS: We obtained radiocarbon dates on
172 specimens from seven extinct and one ex-
tant species: Smilodon fatalis, Aenocyon dirus,
Panthera atroz, Bison antiquus, Equus occidentalis,
Paramylodon harlani, Camelops hesternus, and
Canis latrans, spanning 15.6 to 10.0 thousand
calendar years before present (ka). We used the
resulting high-resolution chronology of entrap-
ment at RLB to analyze population dynamics
across this time interval and the timing of local
disappearance for different taxa. To inves-
tigate the potential roles of late-Quaternary
environmental change and human activities
in driving the observed patterns, we compared
our analyses of population structure and
megafaunal extirpation against well-resolved
regional and continental paleoclimatic proxies,
vegetation records, and modeled human dem-
ographic growth. We used time-series mod-
eling to investigate the dynamics of ecosystem
change and evaluate causal relationships
among these different phenomena.

Modeling of extinction timing using several
methods established that all taxa except coyotes
were extirpated from RLB by 12.9 ka, before

13,000 BP

12,000 BP

megafauna. The disappearance of all taxa was
synchronous except for camels and sloths,
which disappeared a few hundred years ear-
lier in concert with aridification and tree loss
during the Bglling-Allergd. The simultane-
ous disappearance of Smilodon, Aenocyon,
Panthera, Equus, and Bison antiquus coin-
cided with a regional ecological state shift
characterized by floral community reorgan-
ization and unprecedented fire activity. Time-
series modeling strongly implicates humans
as the primary cause of the state shift and
resulting extinctions.

CONCLUSION: Our data document a transition
from a postglacial megafaunal woodland to a
human-mediated chaparral ecosystem in South-
ern California before the onset of the Younger
Dryas. This transition began with gradual open-
ing and drying of the landscape over two mil-
lennia, and terminated in an abrupt (300-year)
regime shift characterized by the complete
extirpation of megafauna and unprecedented
fire activity. This state shift appears to have
been triggered by human-ignited fires in an
ecosystem stressed by rapid warming, a mega-
drought, and a millennial-scale trend toward
the loss of large herbivores from the landscape.
This event parallels processes occurring in
Mediterranean ecosystems today.
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Pre-Younger Dryas megafaunal extirpation at
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The cause, or causes, of the Pleistocene megafaunal extinctions have been difficult to establish, in
part because poor spatiotemporal resolution in the fossil record hinders alignment of species
disappearances with archeological and environmental data. We obtained 172 new radiocarbon dates

on megafauna from Rancho La Brea in California spanning 15.6 to 10.0 thousand calendar years before
present (ka). Seven species of extinct megafauna disappeared by 12.9 ka, before the onset of the
Younger Dryas. Comparison with high-resolution regional datasets revealed that these disappearances
coincided with an ecological state shift that followed aridification and vegetation changes during

the Baglling-Allerad (14.69 to 12.89 ka). Time-series modeling implicates large-scale fires as the primary
cause of the extirpations, and the catalyst of this state shift may have been mounting human

impacts in a drying, warming, and increasingly fire-prone ecosystem.

he disappearance of two-thirds of Earth’s

large mammals outside of Africa at the

end of the last Ice Age had profound im-

pacts on global ecosystems (7, 2), was the

largest extinction event of the Cenozoic
(3), and represents the initial pulse in the on-
going global extinction crisis that will likely
result in Earth’s sixth mass extinction (4).
Across different continents, disappearances
of megafauna (animals weighing >45 kg) co-
incided with both late-Quaternary climate
changes and human colonization and growth
(5-7). However, the causes, dynamics, and con-
sequences of the end-Pleistocene extinctions
remain poorly understood despite their obvious
relevance for modern global change research.
These lines of inquiry have been hobbled by
the lack of reliably dated megafaunal fossils

and the resulting lack of chronological pre-
cision of extinction timing relative to environ-
mental and human demographic changes (8, 9).

‘We radiocarbon dated fossils from the Rancho
La Brea lagerstitte in Southern California to
investigate the timing and dynamics of Pleis-
tocene megafaunal disappearance in this re-
gion. The asphaltic deposits at La Brea preserve
a nearly continuous record of megafaunal
occupation of the Los Angeles Basin from
>55 thousand calendar years before present
(ka) through the Holocene (10), but a lack of
stratigraphic control has limited inferences
about megafaunal population structure, their
history, and their ultimate demise. We devel-
oped a high-resolution radiocarbon chronology
for the eight most common mammal species
at La Brea [sabertoothed cat (Smilodon fatalis),

dire wolf (Aenocyon dirus), coyote (Canis latrans),
American lion (Panthera atrox), ancient bison
(Bison antiquus), western horse (Equus occi-
dentalis), Harlan’s ground sloth (Paramylodon
harlani), and yesterday’s camel (Camelops
hesternus)] from 15.6 to 10.0 ka (71) (Table 1).
We estimated the timing of species disappear-
ances based on last appearance dates and sta-
tistical modeling of extinction timing (11, 12).
We also inferred changes in entrapment rates
over time using summed probability distrib-
utions (SPDs). Sampling effort in our anal-
ysis was approximately equal among species
(rather than proportional to species occur-
rence); therefore, SPDs reflect changes in
intraspecific entrapment rates and relative
population sizes over time, but not absolute
population sizes (11).

To investigate how large mammals were af-
fected by late-Quaternary environmental and
anthropogenic changes, we aligned the La Brea
record of faunal change with well-resolved
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Table 1. Last occurrences and modeled extirpation times for five extinct taxa at RLB. Dates are last occurrence in radiocarbon years (RC), calibrated
last occurrence in years before 1950, and statistical GRIWM estimates of extirpation time [see section 1 of the supplementary materials (11)]. Most densely sampled
taxa share a statistically identical extirpation time except for Camelops, which predeceases the others (**P < 0.0001, Welch's T). Panthera and Paramylodon have
insufficient sample sizes to permit meaningful numerical comparison, but Paramylodon may disappear relatively early.

Taxon No. dated Last occurrence, RC, +30 Last occurrence, ka 1-sigma GRIMW extirpation estimate, ka 1-sigma
Aenocyon dirus 29 11,135 13,082; 12,965-13,117 12,908; 12,763-12,996

Bison antiquus 27 11,260 13,144, 13,097-13,183 12,932; 12,836-13,004
Camelops hesternus 17 11,820 13,683; 13,595-13,770 13,512*%; 13,335-13,609

Equus occidentalis 27 11,100 13,029; 12,926-13,097 12,856; 12,737-12,929

Smilodon fatalis 30 11,090 13,021; 12,923-13,094 12,910; 12,821-12,998

Panthera atrox 8 11,160 13,097; 13,116-13,078 12,890; 12,744-13,008
Paramylodon harlani 8 11,940 13,806; 13,995-13,763 13,707; 13,580-13,804

All extinct 12,957; 12,894-13,066

O’Keefe et al., Science 381, eabo3594 (2023)
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Fig. 1. Record of relative megafaunal occurrence and extirpation at La Brea compared with the North
American Record. (A) Median calibrated dates for Camelops (n = 17), Bison (n = 27), Equus (n = 27),
Paramylodon (n = 8), Panthera (n = 8), Aenocyon (n = 29), Smilodon (n = 30), Canis latrans (n = 27), and

all extinct taxa pooled (n = 144) at La Brea. Hash ma

rks are single, calibrated median carbon dates. The

period HS-1 refers to Heinrich Stadial 1. Red lines and confidence intervals are extinction date estimates
generated using the GRIWM method [see the supplementary materials section 2 (11)]. Last occurences and
modeled extirpation times are reported in Table 1. (B) SPDs for all extinct taxa at La Brea. The overall
trend is long-term decline followed by a precipitous fall to O starting at ~13.3 ka (C) Stacked SPDs for all
extinct North American megafauna south of the Laurentide Ice Sheet, excluding La Brea. Dates drawn from
(9) and (14) and a literature review were subjected to strict quality control and divided into proboscideans
and sloths (light gray) and all other extinct species (dark gray). The regional extirpation precedes the
continental extinction but coincides with continental decline.

regional paleoclimate, charcoal, and vegetation
records and with continental-scale analyses
of megafaunal extinction and human demo-
graphic growth in North America. Taken to-
gether, these data allow the first robust statistical
modeling of extinction causality in Southern
California.

Extinction timing and dynamics

We obtained accelerator mass spectrometry
radiocarbon dates on 172 megafaunal individ-
uals from La Brea (Fig. 1, A and B, and data S1)

O’Keefe et al., Science 381, eabo3594 (2023)

using a customized protocol for dating bone
collagen from asphaltic contexts (71, 13). These
dates were then compared with a vetted com-
pilation of published radiocarbon dates on
North American megafauna south of Beringia
[data S2; (11)]. The new dates presented here
nearly double the number of reliable mega-
faunal dates for non-Beringian North America,
and establish a precise chronology of Pleis-
tocene megafaunal extirpation in Southern
California. All extinct mammals dated in this

study have last occurrence dates older than

18 August 2023

13.00 ka, with a modeled extirpation time es-
timate across all taxa of 13.07 to 12.89 ka [using
the Gaussian-Resampled Inverse-Weighted
Mclnerney (GRIMW) extinction estimator;
Table 1], placing the all-taxon extirpation almost
certainly before the onset of the Younger Dryas
(12.87 + 0.03 ka) (14). Camels and ground sloths
disappeared earlier, with last occurrences of
13.68 and 13.81 ka, respectively, whereas the dis-
appearances of horses (13.03 ka), bison (13.14: ka),
saber-toothed cats (13.02 ka), American lions
(13.10 ka), and dire wolves (13.08 ka) are sta-
tistically contemporaneous (Table 1).

The disappearance of megafaunal species at
La Brea precedes the North American mega-
faunal extinction by at least 1000 years (Fig. 1)
but coincides with a precipitous decline in
summed probability for North American mega-
fauna at ~13.3 ka (Fig. 1C). Only 25 reliable,
direct dates on North American megafauna
fall within the Younger Dryas; more than half
of these are on proboscideans, which were not
dated in this study. Just six dates fall in the
Holocene (after 11.7 ka), and all of these were
obtained decades ago and should be redated
(11). Of the seven extinct taxa examined in this
study, only one (Camelops) has younger dates
from elsewhere in North America. For Smilodon,
Panthera, Aenocyon, Equus, and Paramylodon,
the new dates reported here are the youngest
reliably dated occurrences for North America.
Although our database does not include any
chronologically younger specimens diagnosed
as B. antiquus, some authors have argued that
this species survived into the mid-Holocene.
Bison bison, the presumed chronospecies of
B. antiquus, survives in inland areas of the con-
tinent today (15).

Occurrence rates of extinct taxa at La Brea
decline gradually across the Bglling-Allerad,
before beginning a precipitous drop ~13.25 ka.
Herbivore and carnivore histories differ across
this interval; herbivore summed probability
declines steadily from 14.1 ka to the extinction
(Fig. 2), whereas carnivore summed probability
fluctuates across the interval. These differences
in entrapment distributions are statistically
significant, as determined by a mark permuta-
tion test [see Fig. 2 and section 2 of the sup-
plementary materials (71)]. The numbers of
extinct carnivores and herbivores dated are
approximately equal, and the relative sizes of
SPDs normalized, so the null expectation is that
the entrapment rates should be equivalent.
The observed bias toward carnivore entrap-
ment just before the extinction may reflect in-
creased predator reliance on asphalt-entrapped
prey as large herbivores become scarce on
the landscape. Coyotes do not mirror this late
increase in entrapment frequency, possibly
reflecting their ability to switch to smaller prey
as large prey disappear and the competition
with larger carnivores increases (16). Further
scrutiny of the herbivore summed probabilities
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Fig. 2. Resampled summed probability distributions for the La Brea radiocarbon record. Lines are the
SPDs for all taxa or indicated groups; envelopes are 95% confidence intervals based on 1000 bootstrap
replicates. (A) All La Brea dates during the extinction interval; note that the terminal decline begins at
~13.2 ka. (B) Taxa split out by trophic level, with distributions for all extinct carnivores (N = 67, yellow) and
all extinct herbivores (N = 79, blue). Red stars indicate areas where the curves differ significantly, as

determined by a mark permutation test (11).

indicates a transition from a browser-dominated
to a grazer-dominated herbivore communi-
ty (11) (Fig. 3). Although the relative propor-
tion of bison remains stable throughout the
Bolling-Allerad, camels become less common
and horses more common over time (Fig. 3).
This changing assemblage likely reflects chang-
ing vegetation that favored grazers over brows-
ers (17, 18).

Coyotes (Canis latrans) are one of the few
large mammal species to survive the extinction,
so they serve as a “taphonomic control taxon”
(19). Coyote occurrence rates drop coincident
with those of La Brea megafauna, but occur-
rences resume at 12.54 ka (Fig. 1) and this
continues into the Holocene. The continued
deposition of postextinction coyotes is prima
facie evidence that the potential for large mam-
mal entrapment remained at La Brea. The ab-
sence of megafaunal deposition reflects their
extirpation from the region rather than a
taphonomic artifact. Neither taphonomic ef-
fects nor other sampling biases can explain the
differences in herbivore and carnivore demo-
graphics noted above. However, these demo-
graphic shifts and subsequent extirpations
coincided with profound ecological transitions
in Southern California.

Climate and vegetation history

Climate warming from Heinrich Stadial
1 through the Bglling-Allergd in the Northern
Hemisphere is well documented (20), but late-
Pleistocene climate dynamics vary regionally.

O’Keefe et al., Science 381, eabo3594 (2023)

In Southern California, temperature and pre-
cipitation proxies indicate that the megafaunal
disappearance at La Brea follows a period of
significant regional warming and drying, par-
ticularly winter drying (11, 21, 22) (Fig. 3).
Marine cores from the Santa Barbara Basin
show warming of surface waters of 7 to 8°C
from 17 to 15 ka (23). Mean annual air temper-
ature proxy records from inland Lake Elsinore,
~100 km southeast of La Brea, show a later
warming of 5.6°C between 14.0 and 13.0 ka
and an additional 4.4°C warming from 13.0 to
11.8 ka (24) (Fig. 3C). Deglacial changes in
hydroclimate toward drying at the onset of the
Bolling-Allerad (14.7 ka) are evidenced at Lake
Elsinore by decreased sand input from runoff,
a proxy for precipitation (Fig. 3D), and leaf
wax hydrogen isotopic records (21, 24, 25).
Additionally, a steep rise in salinity caused
by increased evaporation relative to freshwater
input into Lake Elsinore is indicated between
13.7 and 13.2 ka (Fig. 3D) (24).

Pollen records from Lake Elsinore track the
floral response to this warming and drying
trend. Juniper (Juniperus spp.), a coniferous
shrub or tree, declines with postglacial warm-
ing and drying starting ~16 ka (Fig. 4) after
being dominant throughout the Last Glacial
Maximum. This decline has been documented
in most California pollen records (22, 26-28).
Oak (Quercus spp.) increases sharply at the
beginning of the Bolling-Allerad, peaking in
abundance at 13.6 ka. Then, between 13.2 and
12.9 ka, both oak and juniper decline, with al-

18 August 2023

most complete extirpation of juniper by 12.87 ka.
These taxa are then replaced by species with
high fire resistance, including fire-tolerant
pines (29) and grass and chaparral taxa (30).
Although juniper is generally drought tolerant,
it is vulnerable to soil water depletion from dry
winters followed by hot, dry summers (31) and
has low fire resistance (32). Today, severe juni-
per mortality is occurring at low-elevation sites
in the Southwestern United States due to warm-
ing and drought (31).

To quantify floristic change during the ex-
tinction interval, we performed a nonmetric
multidimensional scaling (NMDS) (Fig. 3E)
(I1) analysis on published Lake Elsinore pollen
counts (29). NMDS axis 1 (NMDSI1) scores
reflect proportional changes of woodland tree
(Juniperus, Pinus, and Quercus) versus chap-
arral taxa (Asteraceae, Rhamnaceae/Rosaceae,
Amaranthaceae, Eriogonum, Cyperaceae, and
Poaceae). Lower NMDSI values indicate more
short-statured, open, and xeric vegetation. The
primary trend in pollen NMDS1 scores is a
decline from 16.0 to 12.0 ka, indicating a dry-
ing and opening of habitats that correlates
with the pattern of declining herbivore abun-
dance (Fig. 3). The proportional replacement
of camels and sloths by horses in the herbivore
community (Fig. 3B) is consistent with this
transition to a more open and herbaceous veg-
etational regime. Breakpoint analysis of the
NMDSI time series detects two periods of di-
rectional change in vegetation occurring at
13.88 and 13.21 ka (Fig. 3E). These breakpoints
separate three stable trends in the vegetation:
(i) the gradual opening and drying of habitats
from 16.0 to 13.88 ka; (ii) a brief stabilization
of this trend between 13.88 and 13.21 ka; and
(iii) a rapid and punctuated decline in tree
cover 13.21 to 12.90 ka, which is followed by
continued opening of landscapes. Given the
severity and rapidity of this last interval, we in-
terpret this NMDS shift as a period of drought,
probably driven primarily by evaporative water
loss in response to rapidly rising temperatures
(Fig. 3C). The modest decline in the sand-based
proxy for runoff indicates that decreased pre-
cipitation may be contributing to increased
aridity. A sharp increase in salinity concurrent
with the substantial drop in NMDS values
supports the inference of aridity during this
time (Fig. 3D). Impacts to vegetation during
this event include: (i) a tripling in the amount
of grass pollen from 5 to 15%; (ii) a substantial
decline in juniper and oak; (iii) an increase in
herbaceous Asteraceae and Cyperaceae; and
(iv) a slight increase in fire-adapted pine and
chaparral shrubs (Rhamnaceae and Rosaceae).
All of this coincides with the terminal decline
and extirpation of the La Brea megafauna.

Fire activity

We analyzed charcoal accumulation rates from
the Lake Elsinore sediment core (LEDC10-1),
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Fig. 4. Record of floral change from 16 to 12 ka based on pollen counts from Lake Elsinore. (A and

B) Pie graphs showing vegetation abundance at 15.4 ka (A) and 13.0 ka (B) from Lake Elsinore (27).

(C) Light gray bars denote the HS-1 and Younger Dryas cooler periods; red bar shows the GRIWM estimate
for the La Brea megafaunal extirpation (Fig. 1). A shift from woodland tree dominance to xeric and fire-
adapted, grassy and chaparral taxa occurs concurrently with the La Brea regional extinction. Percentages are
of taxa representative of chaparral or woodland plant communities only; not all taxa present are shown.

measured as particles per square centimeter
per year, from sediment spanning 16.0 to
12.0 ka (11) (Fig. 3F). Charcoal accumulation
rates are low before the appearance of humans
in the archeological record [including during
times of previous drought (29, 33)] and in-
crease modestly as humans arrive and the
climate warms and dries beginning ~13.5 ka.
However, ~13.2 ka, charcoal accumulation rates
suddenly increase 30-fold. This interval of sig-
nificantly heightened charcoal input lasts for
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~300 years and is attested in other regional
charcoal records (34), the Santa Barbara Basin
at 13.0 ka (35), and continent wide between
13.2 and 13.0 ka (36). This interval appears to
be a tipping point for fire regimes in Southern
California and across North America; after the
initial spike, charcoal accumulation rates re-
main elevated relative to earlier Pleistocene
levels during the Younger Dryas and then in-
crease again in the Holocene (36). Although
the increase in charcoal input observed in the
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Southern California record is consistent with
observed changes in climate and vegetation, as
well as with the disappearance of megaherbi-
vores (37), its magnitude is unprecedented in
the 33,000-year record (33). Its ignition source
is open to question, but increased human im-
pact on the ecosystem should be considered as
a potential causal factor in the intense burning
event ~13.2 ka.

Human record

Genetic and archeological data support a hu-
man presence south of the North American ice
sheets by 16 ka (38, 39) and possibly earlier.
The megafauna-specialized Clovis technology
is often invoked as the likely driver of North
American megafaunal extinctions (40). How-
ever, the emergence and geographic expansion
of the Clovis complex (~13.05 to 12.75 ka) (41)
postdates the crash in megafaunal occurren-
ces at La Brea at 13.25 ka, as well as the last
occurrences of all dated taxa except Smilodon
and Equus. Clovis also emerges after the North
American megafauna begin to decline, but co-
incides with the final megafaunal decline across
the continent (Figs. 1 and 5) (4I). The modeled
extirpation time for La Brea megafauna (13.07
t0 12.89 ka) suggests an overlap with early Clovis,
but Clovis continues for at least 140 years after
the extirpation is complete.

The oldest unequivocal evidence of human
presence in California is a partial skeleton
from Arlington Springs on Santa Rosa Island
~12.89 ka (42) (Fig. 5A). No other archeological
evidence of late-Pleistocene human presence
or association between humans and mega-
fauna has been documented in California.
However, such sites would be rare and difficult
to find because most deposits of this age are
deeply buried or underwater (43). To better
understand the potential impacts of humans
on megafauna in Southern California, we con-
structed an SPD for human occupation sites
in North America (between southern Canada
and northern Mexico) to serve as a proxy for
human population in the region (7I). Data
from the Canadian Archeological Radiocarbon
Database (CARD) were subjected to strict data
hygiene (71), and the probability distribution
was binned to control for variation in sam-
pling intensity (Fig. 5A). Our model indicates
that North American human population den-
sity is low until ~13.2 ka, when it begins a sharp
increase that continues into the Younger Dryas.

State shift

Together, these records of climate and vege-
tation change, megafaunal extirpation, human
demographic growth, and biomass burning
document a profound shift in ecosystem struc-
ture in Southern California near the end of the
Bolling-Allerad. We analyzed the correlations
among these time series using principal compo-
nents analysis and applied a Bayesian structural
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Fig. 5. Correlation among Southern California ecosystem variables. (A) Summed probability distribution of
human occupation in North America derived from the CARD database (black line). Blue bars present archaeological
data including age range for Clovis, earliest evidence of human occupation along the Pacific Coast, “AS™ is the
date of Arlington Springs Man, and earliest evidence of human occupation west of the Rocky Mountains [see
materials and methods (11)]. (B) The fire record at Lake Elsinore as recorded by particles of charcoal per square
centimeter per year; series is a 200-year running mean. (C) PC1 scores for ecosystem variables through time.
Red regression lines are four regimes identified by breakpoint analysis [see section 4 of the supplemenary
materials (11)]: the drying transition out of the HS-1 and initial human arrival; relative stability for much of the
Bolling-Allergd while humans were scarce (“Megafaunal Woodland"); an abrupt state shift from 13.3 to 13.0 ka
(“State Shift"); and the establishment of a new regime (“Chaparral”).

change analysis to identify significant shifts in
principal component 1 (PC1) scores (11) (Fig. 5).
These analyses identify four distinct periods of
stable regression across the Bolling-Allerad,
most notably an ecosystem state shift from
13.3 to 12.9 ka (Fig. 5). This state shift coincides
with a 30-fold regional increase in charcoal
accumulation rates and a shift in the floral
community toward fire-adapted species. Dur-
ing this interval, tree abundance plummets and
megafaunal occurrence rates fall to zero. At
the end of the state shift, Southern California
enters a new ecological regime characterized
by chaparral vegetation, intensified fire activity,
and complete absence of Pleistocene megafauna.
Many large mammals that are associated with
fire-adapted ecosystems today (e.g., elk, moose,
and grizzly bear) likely do not arrive in non-
Beringian North America until the early Holo-
cene (44-46). Others, such as deer and pumas,
are present but rare at La Brea.

Across this time interval, the coefficient for
human population size is strongly negatively
correlated with those for megafaunal popula-
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tions and glacial floral communities (Fig. 5C).
The trend over the Bglling-Allergd is toward
an increasingly fire-prone ecosystem. The un-
precedented biomass burning observed dur-
ing the state shift could have resulted from
the confluence of extreme warming and dry-
ing, fuel accumulation resulting from reduction
of grazing herbivores (37), and new, anthro-
pogenic ignition sources. Climate change thus
may have facilitated the extinction by pushing
the ecosystem toward a state where anthropo-
genic activities could trigger widespread fires.
In Southern California, the Pleistocene mega-
fauna are already gone, and the transition toward
a Holocene chaparral is well advanced, before
the Younger Dryas begins.

Causality

Numerous studies have found correlations be-
tween the timing of megafaunal disappear-
ances and changes in climate (9), vegetation
(2), human populations (5), and fire activity
(87). We leveraged our highly resolved data-
sets to quantify causality using variable auto-

18 August 2023

regression modeling with exogenous variables
(VARX) (11) (Fig. 6). Vector autoregressive
models use time-series data to identify wheth-
er, and to what degree, past values of one var-
iable predict present values of others (47, 1I).
Our time series included two exogenous var-
iables: local precipitation inferred from per-
cent sand from Lake Elsinore and NMDS1
scores from Lake Elsinore pollen. The NMDS1
scores are highly correlated with the MAAT
estimates from Lake Elsinore (R* = 0.67; P =
118 x 107*?) (11), making pollen our most den-
sely sampled proxy for terrestrial air temper-
ature. Endogenous variables included charcoal
accumulation rates from Lake Elsinore, the
megafaunal probability distributions from
La Brea, and the North American human prob-
ability distribution. The average time step was
43 years, and there were 57 steps across a
2382-year span. We limited interpretation of
the model to the first two time lags (~85 years),
or two parameters per time series. We ran the
VARX model both including and excluding
our human SPDs for North America. The
VARX model fit is much better with the hu-
man distribution included [Akaike informa-
tion criterion (AIC) of -19.71 versus -9.76 with
and without humans, respectively; P < 0.001].
Given that an AIC difference of 2 is generally
considered meaningful, this decrease of 10 is
robust evidence that humans are a strong
forcing factor in the model.

The VARX model (Fig. 6) identified several
significant time-lagged causal relationships.
These include: (i) climate warming and aridi-
fication predict an increase in charcoal input;
(ii) declines in pollen NMDSI also forecast an
increase in charcoal input; and (iii) human
population growth predicts a decrease in her-
bivore populations and, most strongly, an in-
crease in charcoal input. Decrease in herbivore
numbers at one lag predicts an increase in
carnivore entrapment bias at La Brea. Some
effects, such as the impact of vegetation change
and fire activity on herbivore populations, likely
occurred too rapidly to be captured by the
43-year time lag. The model supports infer-
ence of a potential positive feedback loop in
which rising human populations cause en-
hanced fire activity both indirectly by depress-
ing herbivore numbers (resulting in increased
fuel loads) and by increasing ignition.

Small populations of humans can have dis-
proportionate impacts on landscapes through
the use of fire (48); significant increases in re-
gional fire activity after the arrival of humans
have also been noted in Australia (49), New
Zealand (50), Panama (51), and many other
regions worldwide (52). Today, changing fire
regimes resulting from climate change and
human activities are again driving some eco-
systems toward tipping points (53). Not only
can fire cause direct mortality of wildlife, but it
can also alter the structure and function of
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Fig. 6. Summary time-series VARX model of
ecosystem variables expressed as a structural
equation model. VARX 6,6 model incorporating
probability distributions from La Brea herbivores
(“Herb") and carnivores (“Carn”), charcoal

from Lake Elsinore (“Char”), and our SPD for the
North American human population (“Homo").
Exogenous variables include Lake Elsinore
%Sand, a proxy for precipitation, and NMDS of
Lake Elsinore pollen (“Pollen™), a proxy for
onshore air temperature. Predictive relationships
with effect size >0.4 are shown by red arrows
with width scaled to coefficient magnitude.

For exogenous variables, all effects are shown.
See section 5 of the supplementary materials

for values (11). Self-prediction is highly significant in
most cases but is omitted because the probability
distributions are smoothed to 200 years and

the average step length is 43 years. For a further
discussion of methods, see the supplementary
materials (1I).

vegetation, which affects the availability of key
floral resources for animals, alters migration
patterns, increases energetic costs of move-
ment, and can put animals at higher risk of
predation (53). Humans arriving in Southern
California in the latest Pleistocene encount-
ered a warming and increasingly arid climate
coupled with ample flammable fuels. Anthro-
pogenic hunting and burning could have pre-
cipitated a state shift toward today’s chaparral
ecosystem (Fig. 5).

The debate over the cause of the Pleistocene
megafaunal extinctions has raged for decades
(5). This study demonstrates the necessity of
moving beyond dichotomous statements about
single extinction drivers and instead moving
toward a more nuanced view of past extinc-
tions, one that considers the interplay among
biotic and abiotic causal factors. Our results
also highlight the importance of considering
extinction dynamics on ecologically relevant
spatial, temporal, and taxonomic scales. Studies
from the northeastern United States (2), the
Pacific Northwest (52), and Alaska (54) have
also found pre-Younger Dryas disappearances
of megafauna coinciding with climate-driven
environmental changes, and radiocarbon dates
from the Southwestern United States indi-
cate that megafauna may have persisted there
well into the Younger Dryas (Fig. 1 and data
S2). The results of our study also suggest that
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VARX (6,6)

Exogenous ZEENEE

Char,

Herb,

Endogenous

individual taxa at La Brea responded differently
to climate-driven vegetation shifts (Fig. 3)

A climate-human synergy such as the one
we implicate in California’s megafaunal ex-
tinctions may portend future ecological state
shifts (55). Data from the National Oceanic
and Atmospheric Administration (NOAA) show
that Southern California has warmed >2°C over
the past century, an order of magnitude faster
than warming during the Bglling-Allerad.
Anthropogenic climate warming is increas-
ing the risk of prolonged droughts and wild-
fire activity in highly biodiverse Mediterranean
regions worldwide (56). These events are pre-
dicted to worsen in coming decades, affecting
wildlife already experiencing population de-
clines caused by other factors (57). As critical
thresholds are reached in Mediterranean eco-
systems, state shifts are likely to occur, as they
did at the end of the Pleistocene. Some such
transitions have already begun: in the western
United States, wildfire-burned area has in-
creased fourfold in two decades (58). More-
over, postfire ecosystems are not recovering
to preburned states, suggesting that critical
thresholds for re-establishment have already
been crossed (59). The conditions that led to
the end-Pleistocene state shift in Southern Cal-
ifornia are recurring today across the western
United States and in numerous other ecosys-
tems worldwide. Understanding the interplay
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of climatic and anthropogenic forcings in driv-
ing the La Brea extinction event may be helpful
in mitigating future biodiversity loss in the face
of similar pressures.
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Editor’'s summary

It is well known that many large vertebrate species went extinct during the late Pleistocene in most regions of the
world. What caused these extinctions remains debated, although both climate change and human impacts have been
implicated. O’Keefe et al. used the extensive fossil record created by the entrapment of animals in the La Brea tar pits
in conjunction with nearby core samples and found a clear relationship between an increase in fire—and fire-related
ecosystems—and large mammal extinction. The authors argue that this increase in fire may have resulted from climate
change—induced warming and drying in conjunction with increasing impacts of humans in the system. —Sacha Vignieri
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