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Catastrophic decline of Indigenous populations in the Americas
following European contact is one of the most severe demographic
events in the history of humanity, but uncertainty persists about the
timing and scale of the collapse, which has implications for not only
Indigenous history but also the understanding of historical ecology. A
long-standing hypothesis that a continent-wide pandemic broke out
immediately upon the arrival of Spanish seafarers has been chal-
lenged in recent years by a model of regional epidemics erupting
asynchronously, causing different rates of population decline in dif-
ferent areas. Some researchers have suggested that, in California,
significant depopulation occurred during the first two centuries of
the post-Columbus era, which led to a “rebound” in native flora
and fauna by the time of sustained European contact after 1769.
Here, we combine a comprehensive prehistoric osteological data-
set (n = 10,256 individuals) with historic mission mortuary records
(n = 23,459 individuals) that together span from 3050 cal BC to AD
1870 to systematically evaluate changes in mortality over time by
constructing life tables and conducting survival analysis of age-
at-death records. Results show that a dramatic shift in the shape of
mortality risk consistent with a plague-like population structure began
only after sustained contact with European invaders, when permanent
Spanish settlements and missions were established ca. AD 1770. These
declines reflect the syndemic effects of newly introduced diseases and
the severe cultural disruption of Indigenous lifeways by the Spanish
colonial system.

epidemics | paleodemography | Indigenous California

Catastrophic decline of Indigenous populations in the Americas
following the arrival of Europeans is arguably one of the most

severe demographic collapses in the history of humanity (1–8).
While it is generally accepted that diseases from Eurasia and Africa
played a significant role in depopulation, scholars have long de-
bated many aspects of the Indigenous population decline, including
its pace, timing, and the exact causes of mortality. A long-standing
theory suggests that the high mortality rate was influenced most
profoundly by a lack of immunity among Native Americans to
newly introduced Afro-Eurasian diseases (the so-called “virgin soils
theory”; 9–12), but it is increasingly recognized that germs alone do
not provide a full explanation for the precipitous die-offs (13, 14).
Perhaps more culpable was the cultural chaos that spread through
the Americas following European contact that would have dra-
matically exacerbated the vulnerability of Indigenous populations
(13, 14). Extreme social disruption (14), altered food regimes (15,
16), famine and food insecurity (17), escalating violence (18, 19),
forced relocation, land expropriation, enslavement, and captive-
taking (20) certainly amplified the deadly potential of new dis-
eases while also increasing mortality independently.
Recognizing that introduced pathogens by themselves do not

provide a full explanation for Indigenous depopulation, the timing,
pace, and magnitude of the decline have long histories of debate. At
the mid-twentieth century, scholars suggested that coast-to-coast
disease dispersion began almost immediately following the arrival of

Columbus and that the demographic collapse was the result of a
pandemic or series of pandemics (2, 4, 7) that ultimately contrib-
uted to an underestimation of the true precontact Indigenous
population of the Americas. Diseases were argued to have reached
some regions, such as what is now known as California, before ar-
rival of the Europeans themselves. The size of the precontact hu-
man population and timing of its decline also affect reconstructions
of associated ecology used as conservation targets (21), as some
suggest there was a rebound in endemic game animals coincident
with the rapid decline of Indigenous populations after 1492 (22–24)
as well as changes in fire regimes (25, 26), reforestation (27), and
altered patterns of carbon sequestration (28, 29).
Recent research has questioned the evidentiary basis for early

and extensive post-Columbian population decline because much of
it consists of anecdotal and/or circumstantial historic accounts
(30–32). A particularly influential bioarchaeological study (33)
noted that Native populations were not living in a disease-free en-
vironment prior to contact, that the arrival of Europeans did not
initiate a sudden pandemic, and that epidemic diseases probably
struck different populations at different times. Similar findings
concerning health and resiliency were ascribed to Canadian Indig-
enous populations where people appeared to suffer severe epide-
miological impacts only following sustained contact with Europeans
(34). More recent regional studies in the east (e.g., refs. 35 and 36),
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southeast (37), and southwest (38) also report evidence for severe
Native population decline mostly after the establishment of an en-
during European presence. In northwestern North America, his-
toric studies on the Columbia River (39) report disease-induced
population decline only around the late eighteenth century after

Spanish missions were established in California. Subsequently, a
continent-wide spatial meta-analysis of archaeological and historic
evidence for the timing of disease spread and population decline
found that while most populations experienced significant losses
from disease only after sustained contact with Europeans, there was
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Fig. 1. Pre-1769 routes of colonial contact and California missions. (Inset) Northern California archaeological sites and Spanish missions in current study.
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evidence in some regions for impacts prior to sustained contact and
that disease dispersal in North America is probably best charac-
terized as a series of regional epidemics rather than a continent-
wide pandemic (40). The meta-analysis had lighter coverage for
western North America and did not include systematic records of
mortality, which are ultimately required to fully understand the
impact of the European invasion.
For California, a largely circumstantial case for severe disease-

induced population decline beginning in the sixteenth century
was advanced decades ago (41–44). Alternately, scholars have
suggested that connections to Mexico via the Puebloan South-
west or contacts from European seafarers were sufficient to
spread disease (42) and effect depopulation. Spanish explorer
Juan Rodríguez Cabrillo made first contact with Native southern
Californians by sea in 1542. After Cabrillo, there were four
known European sea voyages before 1769 that included Native
contacts (Fig. 1): de Unamuno in 1587, Cermeño in 1595, Viz-
caíno in 1602 and 1603, and Francis Drake in 1579, although
there may have been additional unrecorded, occasional contacts
with Manila galleons that sailed along the California coast ca.
1566 to 1821. The Spanish also began establishing missions in
southern Baja California in 1697 and were working their way
northward, but the effort ended in 1767 with the establishment of
Mission Santa Maria de Los Angeles, 340 km south of Alta
California (Fig. 1). Sustained contact began in what is today
California with the Portolá overland expedition in 1769 that
made its way first to San Diego and eventually to San Francisco
Bay. The expedition led to the establishment of Mission San
Diego in 1769 and the first mission in central California (Mission
San Carlos de Borromeo) in 1770.
While it is possible that some infectious diseases were introduced

into California as a result of pre-1769 contacts, the likelihood that
they precipitated a radical reduction in Indigenous populations has
proven difficult to test with bioarchaeological or other empirical
evidence largely because the diseases thought most responsible for
mortality do not leave an enduring skeletal signature (15, 45). A
comprehensive archaeological study of the Yosemite Valley in
central California (Fig. 1) that examined a variety of proxy data
found evidence for disease-induced population decline prior to di-
rect interaction between Indigenous and nonnative people but dat-
ing 1790 to 1800, decades after Spanish missions were established in
the Coast Ranges 200 km to the west (46). Such a late date suggests
that much of California may well have been relatively isolated from
disease outbreaks during the sixteenth through eighteenth centuries.
Here, we attempt to systematically evaluate the impacts of pre-

1769 diseases in order to determine if such a late date for initial
depopulation applies to the whole of central California. We ana-
lyzed the single largest systematic dataset of mortality records yet
compiled across North America that couples archaeological and
historic data in order to contribute to an overarching portrait of
regional epidemics effecting decline among Indigenous pop-
ulations after the establishment of enduring European settlements.
We systematically evaluated the impact of pre-1769 diseases by
conducting survival analysis (refs. 47–49; SI Appendix) from
age-at-death records of 33,715 Native people who lived on tribal
lands within the area now referred to as central California between
5000 and 150 cal B.P. (AD 1870). These records come from 10,256
human burials from 252 archaeological sites (Datasets S1 and S2)
and 23,459 historic records (Dataset S3) kept by Spanish mis-
sionaries at 10 central California missions (Fig. 1) dating between
AD 1770 and 1825. We then compared the resulting survival
curves, estimated mean age at death, and hazard ratios with his-
toric plague populations (50) and simulated (51) records of stable
and plague populations.

Results
Kaplan–Meier survival curves indicate that Indigenous populations
exhibit a mortality profile resembling populations experiencing

plague only after the permanent settlement of the Spanish and the
establishment of their missions beginning AD 1770 (Fig. 2 and SI
Appendix, Fig. S1 and Table S1). These results are consistent re-
gardless of whether osteological cases are censored beyond age 50
to account for uncertainty in the age estimates of older individuals
(SI Appendix, Figs. S2 and S3 and Tables S4 and S5).
The calculated mean age at death for all pre-Mission pop-

ulations resembles simulated stable attritional mortality, only
overlapping with the 99% confidence intervals (CIs) of simulated
and archival plague populations after AD 1770 (Fig. 3A and SI
Appendix, Fig. S2A). The results of a Cox proportional hazards
model confirm these findings, indicating that individuals only ex-
perienced hazards similar to a population exposed to the plague
between AD 1770 and 1800 (P = 0.911), while all other periods
differ significantly from a plague population (P < 0.0001, Fig. 3B
and SI Appendix, Fig. S2B and Table S2).
To validate these results that evaluate mortality across different

archives, we compared osteological data with mission records for a
period of overlap (AD 1770 to 1870), which reveals the same
median age-at-death estimates and overlapping hazards (SI Ap-
pendix, Figs. S4 and S5), indicating that the results are not driven
by archive type.

Discussion
A comparison of pre- and postcontact age-at-death records does
not support the long-standing circumstantial case for severe disease-
induced Indigenous population decline in central California before
AD 1770. The archaeological skeletal record shows an attritional
age-at-death profile for 5,000 y of prehistory. Archaeological and
historical mission death records show a shift toward an extreme
plague-like profile after AD 1770. While there is anecdotal (15)
evidence for unusual disease-related death in southern California
within the memory of people within the mission system (slightly
before AD 1770), as well as limited radiocarbon evidence for drop-
off in population before AD 1770 (51, 52), our findings suggest that
catastrophic decrease of Indigenous populations began in central
California after the establishment of Spanish missions. Prior to that
time, contacts with Europeans seem to have been too intermittent
to initiate large-scale contagion (53), and diseases impacting eastern
and southwestern North America at that time had not reached the
west coast. If diseases did reach central California a decade or two
before AD 1770, chances of surviving them would appear to have
been much greater for Native people before they were subjected to
conditions in the Spanish missions.

Fig. 2. Kaplan–Meier survival curves with confidence intervals (CIs) for all
osteological (o) and mission (m) records relative to simulated (s) and archival
(a) plague and stable populations. Osteological populations are censored at
age 50. Uncensored model results reveal consistent results (SI Appendix, Fig.
S2). Shaded regions illustrate the 99% CIs.
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A variety of environmental, demographic, and social factors
could have contributed to the delayed onset of disease. While
central California had some of the highest documented Native
population densities in North America (54, 55), it was bounded
to the south and east by the deserts of Baja California and the
Great Basin, where human populations were so low that they
seem to have impeded the spread of disease. Dry climate may
also have slowed the spread of disease northward from Mexico
into the Puebloan area of the Southwest (40), and this effect
would also have been in play in the deserts of southern California
and Nevada. Furthermore, the Indigenous populations of Cal-
ifornia (prior to missionization) were probably also buffered from
the spread of infectious disease by their autonomous political
organization, which featured hundreds of independent, relatively
small polities (32, 56) despite overall high population density.
Of paramount significance to the onset of major depopulation,

however, were the social and living conditions imposed by the
Spanish after AD 1770 that could not have been worse in their
potential to encourage disease (16). Native people were settled
into crowded communities adjacent to the missions, and as many
died, the Spanish sought new recruits from further afield. Moreover,
during the early years of the mission system, neophytes moved
regularly between their traditional communities and the developing
mission compounds, increasing, if not assuring, the likelihood that
disease would be promulgated in the hinterlands away from the
missions. The historic record also shows that a higher number of
females (n = 13,166) than males (n = 10,293) died in the missions,
suggesting that women especially suffered in these compounds.
Because we could not determine sex for half of the age categories in
the skeletal record, we did not evaluate that pattern further. Skel-
etal evidence using this same osteological database, however, indi-
cates that violence increased during the mission period along with
dietary stress (57). The net result was a staggering decline of In-
digenous populations throughout the entire era of the Spanish oc-
cupation of central California that began with the establishment of
the missions in AD 1770. An estimated population of 43,285 for the
northern mission area at contact (58) was reduced to ca. 7,800
people in AD 1834, including mission residents and an estimated
number of escapees (59).* For the entire northern and southern

mission area combined, it is estimated that the Indigenous pop-
ulation was down to 15,000 in AD 1834 (60). Our findings support
the idea of a patchwork disease-related depopulation for North
America with many, but not all, regions seeing declines only at or
shortly before a sustained European presence and the severe
cultural, social, and economic disruption that went with it.
The late onset of diseases in California challenges histori-

cal ecological narratives that envision Native flora and fauna
rebounding in response to reduced resource use by Indigenous
populations (22–24, 42). Our results show that depopulation began
coincident with permanent Spanish occupation, meaning there was
no time for rebound prior to Spanish settlement. This is especially
true when considering that the decline of Indigenous populations
appears to coincide with the immediate ecological devastation
wrought by the Spanish and other European settlers, followed by
the subsequent invasion of gold seekers beginning in AD 1849. The
period between AD 1770 and 1850 featured invasion of European
livestock, agricultural plants, and weeds (61, 62) as well as climatic
change associated with the tail end of the Little Ice Age. This is not
to say that the decline in Indigenous populations had no percep-
tible ecological impact, especially in more isolated locations away
from Spanish missions. For example, the frequency of controlled
burning, a widespread Indigenous management practice noted
repeatedly during the Portolá expedition in AD 1769 and by other
early Spanish observers (63–66), would have declined precipitously,
eventually leading to a buildup of dead fuel and greater potential
for conflagration.
In line with this, evidence shows a doubling of the fire index in

the Sierra Nevada for the period AD 1770 to 1865 over the pre-
vious 175 y (26). A similar pattern is documented for the Amer-
ican Southwest, where large wildfires in the Jemez Mountains
followed declines in Indigenous populations after the expansion of
Spanish missions post-AD 1600 (25). While evidence suggests that
such changes in land use across North America may have also had
significant global impact (29), the ecological effects of Indigenous
depopulation were surely spatially and temporally variable. In
central California, our findings suggest that rather than a period of
rebound, the time between AD 1770 and 1850 might be perceived
more as a time of ecological chaos with multiple large-scale forces
at work, including Native depopulation and attempted cultural
genocide associated with the colonial invasion.

Materials and Methods
Data Collection. The skeletal record for this study was assembled by the
second author (A.W.S.) from existing archaeological reports that include

BA

Fig. 3. Calculated mean age at death (A) and hazard ratio (B) with 99% CIs for each censored osteological (o) and mission (m) record relative to simulated (s)
and archival (a) references. (A) Mean age at death derives from the Kaplan–Meier survival estimator with censored archaeological data (SI Appendix, Table
S1). (B) Hazard ratio derives from a Cox proportional hazard model (SI Appendix, Table S2). Results hold when using uncensored osteological data (SI Ap-
pendix, Fig. S3 and Tables S4 and S5) and when examining median age at death (SI Appendix, Fig. S4).

*The geographic area associated with the 1834 northern mission Indigenous neophyte
population estimate (59) is larger (it includes the southern San Joaquin Valley) than the
area used for the AD 1770 estimate (58); as such, the actual population decline in the AD
1770 northern mission area was probably even greater.
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information on a total of 15,322 human burials excavated between 1900 and
2018 (Datasets S1 and S2 and Fig. 1). The burials are from 252 archaeological
sites and date to six prehistoric periods between 5000 cal B.P. and AD 1770
and the historic period between AD 1770 and 1870; they include 1,376
burials that date to phase 2 of the Late Prehistoric (ca. AD 1510 to 1770), the
period that some have suggested marked the onset of major depopulation
(41, 42).

Temporal assignments for individual skeletons were based on artifact
associations, obsidian–hydration values, radiocarbon dates, and stratigraphic
position at archaeological sites with spatially and/or horizontally delineated
temporal components. Radiocarbon dates were calibrated using CALIB Ra-
diocarbon Calibration Version 7.1. (67). Dates from marine shells (including
beads) were calibrated using the Marine 13 calibration curve with a local
correction of 290 ± 35. Burials were assigned to one of seven time periods
according to the most recent dating of the Central California Taxonomic
System, which is based on directly dated, temporally diagnostic shell beads
and ornaments (68) (SI Appendix, Table S3). Individual burials that could not
be assigned to one of these periods were excluded from the study. This
reduced the number of properly reported and temporally bracketed burials
in the current study to 14,413 (Dataset S2).

Burial information was compiled from archaeological site reports, osteo-
logical appendixes, theNativeAmericanGraves Protection andRepatriationAct
(NAGPRA) inventories, burial records, master’s theses, and doctoral disserta-
tions (69). The ethical and legal circumstances surrounding the recovery of
burials and burial-related information have changed considerably in California
over the course of the twentieth and twenty-first centuries. Prior to the 1960s,
burial recovery was undertaken almost exclusively by academic institutions
with little, if any, consultation with living Native individuals. Burials were often
recovered solely for academic purposes and were curated at academic insti-
tutions as well as state and federal repositories, which is counter to contem-
porary ethical standards of archaeological practice (70–72).

Beginning in the 1960s, the California Department of Parks and Recreation
and other institutions began to limit burial recovery to cases where there was
imminent threat of destruction and to include Native consultants in the on-
site recovery process. Still, burials were usually not reinterred but were de-
posited in state and federal curation facilities. The process of repatriating
those remains to culturally affiliated Native groups began following the
passage of NAGPRA in 1990 and is ongoing. In 1976, California’s state
government established the Native American Heritage Commission (NAHC)
and in 1982 passed legislation giving the NAHC authority to identify a Most
Likely Descendant (MLD) when Native American human remains are dis-
covered at any place other than a dedicated cemetery. The MLDs were
granted the legal authority to “make recommendations regarding the
treatment and disposition of discovered remains” (73). Over the last 39 y, the
vast majority of excavations in central California that included burial re-
covery were overseen by at least one Native American monitor who cedes
authority to an NAHC-designated MLD over the disposition and treatment
of remains.

Today, excavation teams almost always include a field bioarchaeologist.
Remains are very rarely removed unless there is an unavoidable threat of de-
struction, typically from a construction project. While in the ground and after
recovery, analysis and postexcavation treatment are strictly controlled by the
MLD, who typically consults with other members of their tribe or community.
Themethods, degree of analysis, and documentation of remains are dictated by
the MLD and vary from one excavation to another, but in most cases, burial
posture is recorded, along with presence or absence of grave goods, age, sex,
and observable skeletal pathological conditions or anomalies as noted by the
field bioarchaeologist or (more rarely) in postfield laboratory analysis. The final
disposition of remains is dictated by the MLD. In the vast majority of cases,
remains are reinterred. Data on burials are compiled as part of excavation re-
ports that are archived at regional archaeological information centers overseen
by the California Office of Historic Preservation. These reports are accessible to
professional archaeologists and Native people; these sources provide the vast
majority of information in the current database. Details on the sources of in-
formation for specific sites and individual burials, including the name and
qualifications of the principal bioarcheologist who evaluated the remains and
disposition of the remains, are provided (Dataset S2). Additional information
and a complete background history of the database are available (69).

Archaeological skeletal data were aggregated to include three categories
for sex: male, female, and indeterminate (due to inadequate skeletal markers
or immature remains). Following standards outlined in Buikstra and Ubelaker
(74), burials were assigned to one of nine age classes: Fetal (<birth), Infant (0
to 3 y), Child (4 to 12 y), Adolescent (13 to 18 y), Young adult (19 to 34 y),
Middle adult (35 to 49 y), Old adult (50+ years), or broader categories for
individuals who lacked more precise age markers (i.e., Adult [18+ years] and

skeletally/dentally mature). In some cases, with older collections, age and sex
data in the original reporting that were inadequate for this purpose were
upgraded in more recent NAGPRA inventories or thesis research. In other
cases, those for which no age-at-death data were available, or the available
data were incompatible with the age and sex categories employed here, the
remains were not included in the current analysis. As discussed below, this
dataset was further reduced by eliminating the youngest age classes, resulting
in a total of 10,256 individuals (Dataset S1).

Sex estimations were based on skeletal morphological features as described
in bioarcheological reporting and not archaeological data or mortuary context.
Because sex estimations could not be made for the three youngest age cate-
gories andmany individuals in the older age categories, sex was not considered
in the current analysis; however, these data are provided in Dataset S1.

Data on mortuary patterns from the postcontact Spanish era come from re-
cords kept at 10 central California Spanish missions whose Native populations
once lived in areas that overlapwith the archaeological burial record (Dataset S3):
Missions in San Antonio, San Carlos de Borromeo, Santa Clara, Santa Cruz, San
Francisco de Assisi, San Francisco Solano, San Juan Bautista, San Jose, San Rafael,
and Soledad (Fig. 1). These missions were established between AD 1770 (San
Carlos de Borromeo) and 1823 (San Francisco Solano). Franciscan missionaries
regularly recorded an individual’s estimated or actual age, sex, ranchería (village)
of origin, and other data at the time of baptism. Burial registers documented
dates of death, so age at death can be determined for most individuals who
entered the mission system. Prior studies have utilized such records for studying
death rates and changing demographic profiles among mission Indian pop-
ulations (e.g., refs. 75 and 76). Our current study used a subset of comprehensive
mission register data collected and compiled by the late Randall Milliken as part
of his career-long research regarding ethnohistory, ethnogeography, and pop-
ulation history of Indigenous central California. This work is on file at the Ban-
croft Library, University of California, Berkeley, in CD-ROM format that was
donated by Milliken to the institution prior to his death (Dataset S3).

Dataset S3 comprises individuals born in their Native communities prior to
moving to the missions and their children born at the missions who survived
beyond 3 y of age. The age at death was determined by adding the years
between baptism and death to the estimated age listed in the baptismal
register. In rare instances where no age was given in original records, Milliken
estimated age at baptism in his database and provided justification in associ-
ated notes. When death records were missing (e.g., at Mission Soledad, which
lacks a burial register), Milliken likewise was able to estimate dates of death by
determining when a widowed spouse remarried or through other inferences.
Such instances were always documented in his notes. Our analysis involved
grouping ages at death into the categories comparable to those used for ar-
chaeological mortuary populations and dropping the youngest age categories.
To respect the descendants of individuals listed in the Spanish mission records,
these data were anonymized. We eliminated names and references to rela-
tives from Dataset S3.

Paleodemography. We evaluated these records using methods from paleo-
demography, the demographic study of past populations deriving from archae-
ological assemblages (77). In order to avoid potential pitfalls of this approach (e.g.,
ref. 78), we considered sample size and potential biasing of skeletal samples in
relation to “demographic nonstationarity, selective mortality, and hidden het-
erogeneity in risks” (79). All these factors have the potential to affect which in-
dividuals enter the skeletal assemblage at a certain age (80).

Here, we compared mortality patterns over time based on age-at-death
estimates of skeletal remains and mission records relative to both simulated
and archival-derived records of populations experiencing plague events. The
comparison to plague populations offered an extreme case of high extrinsic
mortality across all age classes (51); however, this is certainly not the only
possible outcome of exposure to an infectious disease. Studies analyzing the
demography of cemeteries dating to the Black Death in the United Kingdom
have provided insights into the different ways in which exposure can impact
mortality across age classes. Both Gowland and Chamberlain (81) and Mar-
gerison and Knüsel (82) found that the Black Death cemetery in London was
more reflective of the living population, indicating a catastrophic death event
that indiscriminately affected the population. Conversely, Waldron (83) and
DeWitte (84) did not find large differences between the plague cemeteries and
other attritional cemeteries, although DeWitte (84) was careful to point out the
differences in approach of each study and the benefits of including additional
data, such as more precise age estimates, indicators of stress, and the use of
more sophisticated statistical analyses. Other factors, such as sex differences or
variation in age-specific growth, also play an important role (85).

The population growth rate (r) exerts a strong effect on the mean age at
death (86–88). In a stable population, changes in r actually affect the mean
age at death more than changes in life expectancy. Increased r depresses the
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mean age at death by increasing the relative proportion of young individ-
uals in the living population. As such, evidence of high infant mortality in a
skeletal sample correlates to high fertility and population growth. Con-
versely, decreased r, as would be expected in a time of disease stress, in-
creases the mean age at death by lowering the relative proportion of young
individuals in the living population. This would counter some of the effects
of epidemic events on the mean age at death, although Paine (50) showed
that shifts in the age distribution of death during a virgin soil epidemic
would overwhelm stable death patterns and significantly decrease the mean
age at death.

Data Analysis. All analyses were run in the R environment for statistical com-
puting (89). The code necessary to reproduce the analysis from the supple-
mentary data files Datasets S1 and S3 is available in Code S1 (i.e., the file named
Dataset S4). Data include osteological/bioarcheological-derived age-at-death
estimates, archival age-at-death estimates from mission records, simulated
plague and stable populations (50), and archival data (49) on age-at-death re-
cords from individuals experiencing plague in AD 1630 Italy.

Themission recordswere aggregated to three time periods: AD 1770 to 1800
(early Mission period), AD 1800 to 1825 (late Mission period), and AD 1770 to
1870 to include the period of overlap with the final osteological/archeological
record for comparison and validation. To avoid potential bias introduced by
differing precision of age-at-death estimates across the various records, we
assigned all age-at-death records (osteological and mission) to the following
coarse-grained osteological categories: Fetal (<birth), Infant (0 to 3 y), Child (4
to 12 y), Adolescent (13 to 18 y), Adult (18 to 50+ years), Young adult (19 to 34
y), Middle adult (35 to 49 y), and Old adult (50+ years).

We excluded the youngest two age classes (i.e., fetal and infant) from
analysis to mitigate against the long-standing concern that the archaeological
record tends to be incomplete for the youngest age categories (90). We then
constructed life tables for each time period using the mortAAR package in R
(47). This approach estimates the “living” population from the age-at-death
records by assuming a uniform probability that each individual derived from
any of the 5-y age classes that span the range of the age-at-death estimate
(i.e., between the “from” and “to” columns in Datasets S1 and S3).

These data were then converted to case-form and fit with a Kaplan–Meier
survival function and Cox proportional hazard model for each time period

using the survival package in R (48). From the Kaplan–Meier model fits, we
calculated the restricted mean and median age at death with 99% CIs per time
period to compare with the reference stable and plague populations. We took
two alternative approaches to account for the difficulty in assigning precise
age estimates to older osteological individuals. First, we censored cases esti-
mated as older than 50 y of age in the main analysis, which is common in
survival analysis when the timing of the event (death in this case) is unknown
past the last observation point (age 50 in this case). Second, we also ran the
analysis without censoring by evenly distributing mortality across age classes
over 50 in order to check if the results were consistent.

The censored analysis does limit our ability to estimate the median age at
death for each time period because this is calculated as the age at which the
model fit crosses the 0.5 survival threshold, which does not occur for many of
the censored populations. While means do not accurately represent central
tendency for skewed distributions, the results still offer a relative comparison
between time periods. From the Cox proportional hazard model, we calcu-
lated hazards and 99% CIs for each time period relative to the reference
archival plague population from ref. 49. For validation, we repeated these
analyses comparing the osteological and mission records from the period of
overlap from 1770 to 1870.

Data Availability. All study data are included in the article and/or supporting
information.
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