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Abstract

We extend an establishedimulationbasedmethod totest for significantshort duration (%
2 centuriesdemographic eventknown fromone documentedhistoricalandone oral
historicalcontext The firstcasestudyextrapolates population data from the Western
historical tradition using historically derived demograptatafrom the catastrophic
European Black Deatiubonic plagudYersima pestig. Wefind acorrespondingstatistically
significant drop in absolute population using extended version of previously published
simulation methodCasestudy two uses tlsrefined simulation methodo test for a
settlement gapdentified inoral historical recordof descendant Tsimshian First Nation
communities from the Prince Rupert Harbour (PRH) region of Pacific Northeggsh of
British Columbia, Canaddsing aegional database af=523radiocarbon datesye finda
significantdrop inrelative populationusing theextendedsimulationbased method

consistent with Tsimshian oral record¥e conclude thatour technicakefinementextends
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the utility of radiocarborsimulationmethods, and canprovidea rigorous tesbf

demographic predictions derived froenrange of historical sources
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Significance Statement

Indigenousoral traditions remain a very controversial sourcéhatorical knowledge in
Western scientific, humanistic and legal traditions. Likewise, demographic models using
radiocarbonbased simulation methods are controversial. We rigorously test the historicity
of indigenous Tsimshian oral recor@sléwx using arextended simulation based method.
Our methodology is able to detect short durationZXenturies) demographic events. First
we successfully test the methodology against a simulated radiocarbon data set for the
caastrophic European Black Dealtubonic pague {ersinia pest)s Second we test the
Tsimshiaradawxaccounts of an occupational hiatus in their territorial heartland ca. £500
1000 years ago. We are unable to disconfirm the oral accounts. This represents the first

formal test of indigenous oral aditions using modern radiocarbon modelling techniques.

Introduction

We extendan establishedsimulationbased method to test for significanégional scale
demographic events known froolocumentaryhistorical and oral historical sources.
Simulationbased nodelsbased on readrchaeologicatlata-sets areprovingincreasingly
usefulfor identifyingpopulation relatedchanges in archaeological contektg3). Such
approaches offer #ar more rigorous statistical assessmentafjivendemographiquestion

thanwas previously possibi@).

Well-deployedsimulationbaseddemographiapproacleshave two mairstrengths Hrstly,
data simulationrcanpotentially account forthe ubiquitousarchaeological probleraof finite,
small sample sizthat diminishovertime (5¢7). Secondlybecause simulation based
approachesanavoid qualitative assessments of patterns withunfned Probability
Distributions (8Dg3, theycan mitigate thehorny issueof confirmationbias This problems

onelong recognized bgsychologistswherdn the influence ofafavored hypothesis



inadvertentlybiasesthe choice ofdataand model selected by a researct{8r9) The
conversassueis oneof rejection bias, whereesearches rejectan unfavorablemodelout

of hand without adequatelyconsidering oevenreplicatingit (10).

Here weattempt to explicitlyavoidthese biasesnd encourage more researchers to follow
our leadwhen using SPDs as a proxy for demographic signatfesxtend the
methodological reach ad widely cited simulatio#rased demographic method.,4) Then

we test this methodagainst the historically well documented population decline it 14
century Europe that was caused by thebonicplague Yersinia pestigg NJ W. £ (@) 5 S G K
We find supportfor this particularsimulationbasedapproach usinghe established (known)
data ofthis historicalcontextfollowing previously contested@oncernsabout this approach
raisedby an earlier study4,10) Using a newly collated radiocarbon datasentaining 523
results we then applya more conservative version of the same simulation methotksb

for ashorter durationdemographiesettlementgap knownfrom the oral-historical recordn
Tsimshian territory in the Prince Rupert Harbg@RHRegion of Northern British Columbia
Canadg12). The results othis test suggesthat significantdropsin relative population
identified using the simulatioAdbased method islso consistent with Tsimshian oral records.
Thispaper present®ne of the first cases of the rigorous testing of an indigenous oral record
aganst demographic data derived from a statistically robust model. The absence of such
tests is a commouariticism of the use of Indigenous oral records in archaeo{@8y14). As

we find support fordemographic eventextrapolated fromboth oral and historical recos]j
we conclude thathese simulatiorbased demographic models are consistent with other
linesof evidence, whiclsuggests thabur resultshaveconsiderableexplanatory powerTo
encourage moreesearchers taise this approachye includethe associated freeware R
code and datand a summarized explanation of the methadsSupplementary

Information.

As the methods used here are advancing apaoerésearchineage ofour particular
simulationapproach is important to notel he following methodological progression is
underpinned by the fundamental belief that population dynamics can be recoveoed f

the archaeological record, given a sufficient observed sample of dated human activity. Our

position is that whilst this sample itself may be a skewed approximatioruefgopulation
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levels and dynami¢®ur results will reflect the underlying population signdahéy meet the

strenuous criteria set by sufficiently rigorous methodological protocols.

Uncalibrated radiocarbon dates have long been used as evidence around the world for
inferring general bman settlement pattern$15¢17), and this paper builds out of this
approach.These tentative FHrst Order approaclesalways cone with stated cautionsand
caveats Recently, given the increasing availability of computer powlee,promise of the
approachhasencouraged a&ontroversialdemographic turrin archaeology18¢21). Initially,
uncalibrated radiocarbon data were simply collated from subséts definedgeographical
regionof archaeological intereseind then summed over orte produce a temporally
coarsegrainedhistogram atime-series of the relative intensity aincalibratedradiocarbon
data(22). After a comprehensive radiocarbon analysis efell-excavatedorehistoricregion
of southern Scandinavidy Edinborouglt{23¢25), Shennan and Edinboroug®6) summed
and calibrateddiscreetbins of archaeologicahdiocarbon resultérom acrosshorthern and
central Europeto produce abroad scalecalibrated population model spanning selected
parts of the Neolithic transitiothere. Radiocarbon dates were binned in this wiayo
archaeologically determined unitst phasesto avoid inadvertent sampling biaseaused
by oversamplin@f specificsites or periodsCollard et al(19)developed the method
further, summinghe calibratedarchaeologicatadiocarbon datebins, or phasesproducing
a new demographic boom and bust model fbe Neolithic transitiorof Great Britain The
potentially confoundingffectsof exponentialhuman growth rateg4,27,28) and
archaeological site formatioprocesses producing a general exponerté@honomicloss
over timeof archaeological datés,7) necessitatech further refinement of this methodThe
most sophisticated method which accounts for research bias, taphonomicaiodshe
longterm population trends \as developed by Shennan et @!). The research bias is
reduced by thespecifichinning procedurewhich gives equal weight to sites/site phases
with differential numbes of dates To account for the effects of taphonomy and lelegm
population growth on the empirical curve, an exponentialdabis fitted to the enpirical
curve by regressiommheresulting exponential model is used as a null model against which

the empirical SPD statisticallyevaluated.



Method

In order to assess the statistical significance of the deviation of the empirical curve from the
null model, a large number of simulated radiocarbon datasets is generated by randomly
sampling calendar dates from the specified time interval according to the probabilities given
by the null mode(see R Codm Supplementary InformationThe number of dtes for each
simulated dataset is equal to the number of bins in the empirical dataset. The sampled
calendar dates are "back calibrated" by simulating a radiocarbon date which might have
produced the particular calendar date. The "back calibrated" dateshen recalibrated

and summed. This procedure is repeated several thousand times in order to create a

distribution of simulated values for each moment in time.

In order to assess the statistical significance of the empirical SPD pattern, the empirical
curve is compared to the 95% percentile intervals calculated from the simulated data for
each year. For time intervals where the empirisainmed calibrated probability distribution
is above or below the simulated 95% confidence intervalst(@e is astatistically
significant growth or decline, respectively, of population relative to the null model. Given
that in 5% of cases the curve will be outside of the 95% @$ lewen if the underlying
population dynamics was identical to the null madalsepositive resultsare identified
througha global significance statisti€his ialculated by first transforming both empirical
and simulated probability density values into Z scores in relation to the simulated
distribution for each time unit. Z scoresitside the 95% CI are then summed both for the
empirical and simulated curves. The empirical sum of Z scores is compared to the
distribution of summed Z scores from simulated datasets. The global significance value is
the relative frequency of simulateds¢ore sumswhich areequal to or greater than the
empirical valueRecent progress in this particular research lineage now allows formal
comparison of entire regional remtarbon assemblages using different datasets, for
instance from different areas @omon culture in Japan, that also produces global
significance tests, so inteegional demographic models can be critically assessed and

productively compared29).

As it isthe Shennan et al. method (henceforth théCLmethod) tests for the departure of
the empirical SPD curve from the null model SPD curve by simulating SPD curves from the
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null model and constructing confidence intervals for each point in time. However, this
method cannot tell whether a difference in the values of the SPD between the two points on
the empirical curve is significant relative to the null model when it comekfterences in

the shape of the curve or parts of the curve. For example, if the true population scenario
looked like the left panel in Rige 1, the UCLmethod would pick up the general deviation
from the null model The uniform null model is uselderefor simplicity because there are

no taphonomic effects given that these are simulated d#tthe uniform model isapplied

to a set of 350 randomly simulated radiocarbon dates from the hypothetical population
model, it would not be able to tell us whetr the changes in the part of the curve which is
already outside the confidence intervals are significarghfrpanel ofFigure 1); the original
method does not detect the small trgi in the high population zoneértical difference
between A and B Fgure 1) Likewise, the method would not be able to detect the
subtleties of the situation shown in Figuzewhere 350 dates are sampled from the
underlying hypothetical model and summed. The SPD curve is consistent with the null
model when it comes to #range of variation for each calendar ygaowever, we know

that the shape of the true underlying model is different from the uniform model. In spite of
this, we would not be able to detect a significant drop in the curve between points A and B

in Figurel or 2using only the origindJCLmethod.



InsertFigure 1. If the true population scenario looked like the left panel, the UCL method
would pick up the general deviation from the null model. If applied to a set of 350
randomly simulated radiocarbomlates from the hypothetical population model, it would

not be able to tell us whether the changes in the part of the curve which is already outside

the confidence intervals are significant (right panel

InsertFigure 2 A set of350randomly simulateddates are sampled from the underlying
hypothetical model and summed. The SPD curve is consistent with the null model when it
comes to the range ofariation for each calendar yeahowever, we know that the shape

of the true underlying model is different from the uniform model.

A simple extension of the original UCL method is proposed to resolvd b@snain idea of

this refinementis that the significance of the relative changes in the SPD curve can be tested
by statistically comparing the difference between two points on the empirical SPD curve to
the distribution of differences between the points with the same coordinates in reaét

time on the SPD coming from the null modehe statistical test is based anawing a large
number of samples from the probability distribution of calendar dates given by the null
model, backcalibrating them, recalibrating them and summing themna calculating the
vertical difference between points A and B on the simulated SPD curve for each sample
draw. This will produce the distribution of vertical differences between two fixed points in
calibrated time under the null model. Then we just comptre empirical difference to the

distribution of differences under the nuthodel.

Case Study:1A HistoricalRecordedDemographic DropTested bySmulation

The UCLmethod has continued to receivamecriticism(10,30) soto test its efficacywe

use a known historical datasé29), containingthe start, duration and end of the European
Black Death, to determine if we caccurately approximate thkistorically recorded

population crash estimated at c. 3Q%ortality rate ofthe (census) populatiorf.o do so, we
simulate a random sample of 1000 radiocarbon dates according to the probabilities given by
Contreras and Meadow#10) historical population dynamics curve atigen applyour

refined version of theJCLmodel(see abovejo this hypotheticalset of data The sampled

radiocarbon dataseis providedwith a randomisedtandard error of dates between 30 and
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40 radiocarbon year#\ gationary (uniform) population model is used asull model

against which th&PDis evaluatedas no taphonomiysinvolvedsincethe dates are

sampled randomly/directly from a known historical cur¥ée resultgFigure3) show that

the empirical curvedipsunder the lower 95% CI limit between 1300 and 1400 AD exactly
when the Black Death dgopulation episode occur3.he calculatedjlobal significance is
<0.001based onl0,000simulated iterationsThe vertical difference between points A and B
is also significanfp = 0.0169)although in this case the original UCL method is sufficient to
demonstrate the deviatioms the empirical curvdoesgo beyond and above the 95% CI
limits at the expected timeWe provide the results of both the UCL and extended method
test applied to the same data but on multiple simulataimplesn Supplementary
Information. These resultslearly show that even when the original UCL method cannot
demonstrate the significance of a change in the cutlre extended method carThis
indicates that both the original UCL method and our extension carfdesthort-duration

demographic events ihistory.

InsertFigure3. 1000 randomly sampled radiocarbon dates from the period between 1000

and 1700 AD, with the standard error of dates between 30 and 40 radiocarbon years

CaseSudy 2: An IndigenoudOral Historical Record Tested bythe ExtendedUCL Method

We nextapply the extended UCL method to an archaeological contetestiothe hypothesis
that oral records provide evidence for an occupation gap that may be recoverable in the
radiocarbon date. Marsden(32)proposed that Tsimshian oral records, caléethwx
NEO2NR I NBIAZ2ylIt O2yFtAO00G (y26y a GKS W2 N
abandonment of the coastal territories of the Tsimshian located along the northern coast of
British Columbia, Canada (Figdpesometime between 1500 and 1000 years &4@). As a

test of our revised method, we evaluatbe potential for a demographic gap around this

time from radbcarbon dates derived from coastal Tsimshian archaeological sites in the
Prince Rupert Harboug main population center of the Tsimshi&si3¢35). Al radiocarbon

dates for Prince Rupert Haour were audited and calibratedsing the latest calibration
curve,otherwise they vould be inaccurate imprecise and inconparable(36¢38).

Firstly, he calibratedadiocarbonresultsare examined for visually obvious gaps in Prince



Rupert Harbour settlement history that may cespond to the oral historical recoré.

battery of models using XCal ratbcarbon calibration softwarésee 8pplemental
Information) are used to construct two groups (phases) of dates around the most obvious
candidate gagollowing a welestablished resarch protocolderived fromtwo recent
exceptional archaeological cases, sequenced udemly dated and stratifiedadiocarbon

material from Fiji and Tonga Polynesig39,40)

InsertFigure4. ThePrince Rupert Harbouarea, showing archaeological sites with

terrestrial and marine based radiocarbosamples.

Only one OxCal model gave a sufficiently good agreement index that allowed the data to
sequencednto two phasesThis model providean interval between these two groups of
dates (the gap) to be calculated in calendar years; in this case2b31gears happening
between1240-1060 cal BP (median 1166) ah@70-945 (median 994al BR

(see Supplementary Information)o avoid any confnation bias of our own, we treahis
OxCal result cdiously as a working hypothesendthen testit with our new extended UCL

method.

Radiocarbon dateare alsosummed(1,4,29)to see if this gapauld be detected by a
conservative simulation testThis summing and simulation method uses bespoke computer
code written in opersourced R statistical software (see Supplementary Information). We
applied the UCL method and its extension as described above with the difference that we
used the Surovell et af7) exponential curve equation which models the effects of
taphonomy instead of fitting the exponential model to the empirical SCPD ctee.

deviate from the original formulation of the UCL method where the null model is
constructed by fitting the expantial curve to the empirical summed probability curve

with an aim to account both faaissumedckeffects of taphonomy and a secular population
growth trend. We make no assumptions aboaisecular population growth trendand use

the null model curve congiicted independently of our data which only accounts for the
assumed effects of taphononty). In this case, weonsidera potential secular population
growth trendto be aseparatedemographic phenomenon to be discoverédt is there

InsertFig. 5. Prince Rupert Harboarea (above plot)with an illustrative kernel density
heat map showingooth distribution and relativeintensity of marine basedradiocarbon

results. Below plot Prince Rupert Harboumarine based radiocarbon data summed with



extended UCL method with 100 year data bins.

significant drop outside the 95% confidence intervals.

The solid red linén Hgure 5shows a general trend of the real data by fitting a rolling-200
year average to the real data (the black linBje interval between ~ 2801500 cal BP

remains outside of the expected confidence range, which suggests ~ 1300 years of a large
yet fluctuating relative population, prior to a significant demographic drop in the region
starting somewhere between 1800 and00 caBP. Although wedo see a ¢.200 year gap at

c. 1000BP (95% confidence interval delineated by the two solid grey lines) with a significant
general downward trend in populatiomterpretative caution is requiredAssuminga single
Marine Reseroir Effect (MREjalue for the entiranarine radiocarbon resutlatasetmay

be problematic if itinsufficiently accounsfor allf 2 O |variatiorwin the datasetAlthough

we are confident that this value is accurate for the last ¢.5000 yledosving the most
NEOSyid O2yaSNBIGABS OFtOdzZ FGA2y (@ | 201t n
interpretations of marine based radiocarbon results remaaniable and potentially

problematic in this region, even when using the most rigorously calculated MRE watlnes

the latest radiocarbon method&8). Furthermore Jack of calibration data present in the
smootherMarine 13 curve (37)compared withits terrestrial counterpartobscures smaller
featuresand smoothsSPD resultdespite the largeradiocarbonsample sizéN=336)used

in this case
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InsertFigure 6 Prince Rupert Harbour area (above plojth an illustrative kernel density
heat map showingyoth distribution and relativeintensity of terrestrial basedradiocarbon
results. Below plot: Prince Rupert Harboterrestrial data summed with extended UCL
method, using 100 year radiocarbon databif3oi nt s § Aandn dicblug,and

show a significant drop outside the 95% confidence intervals.

Figure &resultsare generated agaiasing 100 year data bins for the available PRH
terrestrialradiocarbon dataThe real radiocarbon daterossesD), or is marginally close to
the 95% CIB) of thesimulated data (the soligreyline) in two placesThuswe find two
candidate occupation gap horizor{B and D)ndicatedby this method.The global p value is
highly significant (p ©.0095)indicating that deviations of the empirical curve from the null
model are greater than chanc&he extended method shows that both gapay be
significant as the differences between pointdAand €D are statistically significant at the
0.05 level (with Bonferonni correction the threshold would be 0.§@2%gnificance values
associated with A and @D differences are below this valu@0049 and 0.0091,
respectively. The more recent ggp- 12001000 cal BRt D, is in broad agreement with the
results of our OxCal radiocarbon model detailed ahswewe suggest this the best
candidategapfor correspondence witlother lines of mateial evidence fothe hiatus
described in the oral recor@l2). Additionallythe earlier gap is more likely to be a resoit
sampling bias (se®upplementary Information)Our preferred gap model 6f1200-1000 cal
BPis consistent with our Marine sample SPD modsbnlythe later gap(at D)persistsin

both datasets

Discussion

There is wide consensus that demographic patterns are potentially visible in radiocarbon
data if the data are representative of histori¢cednds. In archaeological contexts with
smaller numbers of dateshe UCL method provides a means of assessing demographic
trends via a comparison between the actual data and iterations of modeled data. We
propose a refinement to this method that allows fa test of specifipopulation trendsof
short duration, on the order of 18200 years. Our test correctigientified suchtrends in
modeled scenarios and against the known historical effects of the Black Death bubonic

plague.Our results validate the U®hethod using a conservative testing approach.
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Wealsoused this method to evaluate whether an event recorded in Tsimshian oral records
was visible in radiocarbon data. Whitethis particular casthere is considerable historical
and archaeological @ence for this eventour testremainsa conservative approach that
providesboth accurate and precise resultsr specificpopulation levelguestions With all
modellingcaveats in mind, @ conclude that the event as recorded in ttval recordg a
settlement hiatus of the coastal Tsimshian regpoccurred between 200 and 1100 years
ago. This represents the first time an Indigenous oral record has been subjected to such
rigorous testingOur result, that the Tsimshian oral record is correct (propeot

disproved) in its accounting of events from over 1000 yearsiagomajor milestone in the

evaluation of the validity of Indigenous oral traditions.

Independent testing of hypotheses derived from thral andhistoricalrecordsin this way

avoids th confirmation and rejection biases. In our case, we tested events as recorded in
documentary and oral records, but this approach would serve to test any explicit
demographic hypothesis, regardless of the source. Our extension of the UCL simulation and
summing method allows formal demogrhje questions to be more rigorously tested whilst

accounting for small sample sizes and short duration events.
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Supplementary Information
Case study 1 results.

500 samples

For the sample size of 50Dput of 10 times we detect the Black Death signal either by the
ShennarTimpson method alone (when the empirical curve hits or crosses the 95% CI) or by
the extended method (testing for the difference between A and B, when marked on graph).
Cases in whicheither method produces significant results are marked by NS in the graph.

In cases where the SCPD curve clearly goes under the lower 95% CI limit the extended
method was not applied.

InsertFig 7. 500 samples.

1000 samples

For the sample size of 100®put of 10 times we detect the Black Death signal either by the
ShennarTimpson method alone (when the empirical curve hits or crosses the 95% CI) or by
the extended method (testing for the difference between A and B). Cases in which neither
method prodwces significant results are marked by NS in the graph. In cases where the SCPD
curve clearly goes under the lower 95% CI limit the extended method was not applied.

InsertFigure 8. 1000 samples.
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Case study 2.
1. Oral records provide evidence for an occupation gap that may be recoverable in the

radiocarbon dated archaeological record.

2. Available radiocarbon dates for Prince Rupert Harbour are audited and calibrated.
Please note, radiocarbon results must alwhgscalibrated using the latest calibration curve

(37), or they will be iaccurate and imprecise.

3. The calibrated results are examined for visually obvious gaps in PupegtR

Harbour settlement history that may correspond to the oral historical record.

4, OxCal radiocarbon calibration softwal) is used to construct twarchaeological
groups (phases) aérrestrial radiocarbon fodatessequencedarounda putative
occupationgap(42). This allowsninterval (or putative gappetween these two groups of
dates to be calculated in @ldar yearsA standard twephase sequence OxCal model
used with a uniform prior distribution, and the interval commasde Supplementary
InformationSI_CS2_OxCal_20_7_2(dsfile for OxCal Code, and uncalibratedliocarbon
data with calibrated redtioutput). This model assumes thiato defined archaeological
WK aSaQs | NB anedribgNdatRhasdIdjoltks fhan phadef Bates
within each of these phases are not assumed to have any ofse©xCal model

G! ANBSYSy (i L ya B Eonsidereim Sfnigniifdldwifig OxCal protocgél)
andisrejectedhere. Agreement indices for individual datesthis modelypically varied
between 90105, with a single date at the extreme old age of the-pigtus phase was
highlighted as inconsistent, but had no effect on the estimate of the higfug. modeQ a
overallAgreement Index was 101 .@dicatingan internally casistent model Using the
Boundary End of phaskas the estimate for the beginning of the hiatus and the Boundary

Start Phase as the estimate for the ending of the hiatus, our model indicates that phase
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ended sometime between 1240060 (median 1166)ma phase2 began sometime between
1070945 (median 994)Theinterval command, which finds the highest likelihood estimate

for the space between thedBoundaryd Y R Mé | Y R & catndmhésl@iEned (0 I NI
a result of 42259 yearsestimates with95% onfidence thata gap of occupatiobetween

42-259 years separates the ending of phdsand the beginning of phas&(See Figure 9)

InsertFigure 9. OxCal result
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R-Code— UCL method replicated

5. Radiocarbon dates are then summed using a published and widely cited method
(1,4,29)to see if this gap can be detected by a more cownave simulation test. This
summing and simulation method uses bespoke computer code written in-sparced R

statistical software and works as follows;

Load the following Rackags;

library(caTools)

library(Bchron}tversion 3.3.0

data(intcal13) if marine calibration curve is used intcall3 needs to be replaced with

marinel3 in all lines of the code

empdata <read.table("clipboard") # Imports copied data from glbbard copy

spreadsheet datin attached fileSI_CS2_OxCal_20_7_20418in threegreycolumns-
radiocarbon datesstd. errors site/phase codessite phase codes need to be integers;
before copying spreadsheet data need to be sorted first by site phase code in ascending

order and then by site phase code in descending order

Mastergrid < ¢(0:13000) #sets the global calibration range (in years BP where present is
year 1950 AD)
Masterdensitybin <c(rep(0, length(Mastergrid)))

5a. BINNING RADIOCARBON DATES at defined intervals (e.g., 100 year bins) sets the
threshold for the sep@ation of bins within a site defined by the archaeologist. Binning the
RFEGF Ay GKAA ¢k YILO O/ 0RETE oTK2SNNBG 2FSNI LI NI A Odzf |

deal of radiocarbon dates, as opposed to another site with far less radiocarbon dates.

bindif =100 #sets the threshold between radiocarbon dates for the separation of bins
within site phases

MASTERBIN &()

r = 500000

for(g in 1:length(levels(factor(empdatal,3])))) {
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a < empdata[which(empdata[,3]==q),1]

BIN < c(1:length(a))

if(length(a)==1){BIN=r; r = r+1} else {for(i in 1:(lengthiin]

if((a[i]-a[i+1]) < bindif) {BIN[i+1]-BIN[i];} else
{BIN[i+1]=BIN[i]+1;}}
}

MASTERBIN &(MASTERBIN, BINF(*q)

BIN < c(1:length(MASTERBIN))

h=1

for(i in 2:length(MASTERBIN))

if(MASTERBIN[i]==MASTERBIN[BIN[i] = BIN{L]} else {h = h +1; BIN[i] = h;}
}

5b. SUMMING WITHIN BINS combines all dates in each defined interval (e.g., each 100

year bin) automatically to one uncalibrated date per bin.

BINfreq <as.vector(stnmary(factor(BIN)))
BINfreq
numofbins <length(levels(factor(BIN)))
BINNEDDATE &()
for(w in 1:numofbins){
binindex <which(BIN==w)
for(s in 1:length(binindex)){
agesbin = BchronCalibrate(ages=empdata[binindex][s],1],
ageSds=empdata[binindex[s],2hlCurves='"intcal13")
yearshin <agesbin$datel$ageGrid
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densitybin <agesbin$date1$densities

for (m in 1:length(yearsbin)) {

indexbin <which(Mastergrid==yearsbin[m])

Masterdensitybin[indexbin] <Masterdensitybin[indexbin] + densitybin[m]

I

}
if(sum(Masterdensitybin) > 0) {BINNEDDATE <
cbind(BINNEDDATE,(Masterdensitybin/sum(Masterdensitybin)))} else
{BINNEDDATE=BINNEDDATE}
Masterdensitybin <c(rep(0, length(Mastergrid)))

}

5c. SUMMING BETWEEN BINS creates one calibrated date psrdaanting for the
fluctuations in the latest radiocarbon calibration curve. All the calibrated data is then
summed over one creating a calibrated Summed Probability Distribution Frequency (SPDF),
of the archaeological radiocarbon data. This resuthesolid black line ofigures 5 and 6A

focal range needs to be defined (i.e. the time range of the data) so that the null model is

constructed only over this specifc time interval.

SUMOFSUMS &pply(BINNEDDATE, 1, sum)
SUMOFSUMS S8UMOFSUMS/sum(SUMOFSYM#Empirical SPD

Empirical_density <SUMOFSUMS

SUMrunmean <runmean(SUMOFSUMS, 200)

#SETTING BOUNDARIES OF THE RESTRICTED (FOCAL) RANGE

start=9200 #start point of focal interval in years BC/AD (if BC put minus sign in front)

end=1850 #endpoint of focal interval in years BC/AD (if BC put minus sign in

front)
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sgrid < which((Mastergrid1950)==start)
egrid < which((Mastergrid1950)==end)

S = sgrid

e = egrid

5d. CREATING A NULL MODElIs exponential SPDF model accounts for an expected
exponential loss of archaeological data over time by site formation processes/€8et al.,
2009).

Weights=5.726442*(10"6)*((Mastergrid[s:e]+2176.4)*8925309))
Weights=Weights/sum(Weights)

5e. SIMULATING DATES FROM A NULL MODEL then creates a huge number of simulated
calibrated and summed datasets based on the real SPDF dataset (see 5c above), using a
az2yidS /NI 2 oFlaSR YSiK2R® ¢KAa Fff2ga dza G2
simulated dataset at a 95% Confidence Interval. If it does, we are provided with good

evidence for a positive (line through the upper CI) or negative (line through the lower ClI)

population signal.
zscoretrans <function (x) {
z = (¢ mean(x))/sd(x)

return(z)

}

mround < function(x,base){

base*round(x/base)
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empsderr <as.numeric(empdatal,2])

iter = 10000 #sets the number of simulations from the null model
ndates = numofbins

Masterdensity <c(rep(0, length(Mastergrid)))

MASTERSPBmatrix(0, length(Mastergrid), iter)

SIM < c¢(1:ndates)

SIMcal <c(1:ndates)

for(j in L:iter) {
cat(j,\n"
Null < sample(Mastergrid[s:e], ndates, replace = TRUE, prob = Weights)

for(es in 1:length(Null)) {

if(Null[es] < 13900) {SIMcal[es]rmaround(Null[es],5)} else {if(Null[es]<25000) {SIMcal[es] <
round(Null[es}1)} else{if(((round(Null[es]i)}-signif(Null[es],3))/10)%%2==0) {SIMcal[es] <
round(Null[es}1)} else {SIMcal[es} round(Null[es};1)-10}}}

}

SIMSD <sample(empsderr, ndateseplace=TRUE)

for(u in 1:ndates) { #Reverse calibration
ind < which(intcall13[,1]==SIMcal[u])

SIM[u] < rnorm(1, intcall3[ind,2], intcal13[ind,3])

if(SIM[u] < 0){SIM[u]<abs(SIM[u])} else {we=1}

SIM[u] <rnorm(1, SIM[u], SIMSD[u])

if(SIM[u] < O)SIM[u] < abs(SIM[u])} else{wer=2}
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for(i in 1:ndates) {

agesl = BchronCalibrate(ages=SIM[i], ageSds=SIMSD|i], calCurves='intcall13")
years <agesl$datel$ageGrid

density < agesl$datel$densities

for (m in 1:length(years)) {
index < which(Mastergrid==years[m])
Masterdensity[index] <Masterdensity[index] + density[m]

h

Masterdensity <Masterdensity/sum(Masterdensity)
MASTERSPDI[,jMasterdensity #Matrix containing simulated SPDs in columns
(iterations)

Masterdensity <c(rep(0, length(Mastergrid)))

5. GLOBARPx! [ !9 ¢9{¢ RSIUSNN¥AYSEA GKS FINBI 2F (K¢
for the simulated summed probabiliy distributions (SPDFs), and returns a global probability
(P-value) todetermine if the model is merely correct by chance, or instead provides us with

a globally statistically significant result.
for(x in L:iter) {

zeroindex <which(MASTERSPD[,x]== 0)
MASTERSPD[zeroindex,x] = runif(length(zeroindex), 0.0000000000,0.000@DO00
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MASTERZSCORE®apply(MASTERSPD, 1, zscoretrans)) #Z scores of simulated
SPDs

Cl < t(apply(MASTERZSCORES, 1, quantile, probs = ¢(.025, .975))) #95% confidence interval
limits

Clraw <t(apply(MASTERSPD, 1, quantile, probs 2%(.@75)))

statisticupper <c(rep(0,iter))

statisticlower <c(rep(0,iter))

globalstatistic <c(rep(0,iter)) #sums of Z scores outside 95% CI intervals for simulated
SPDs

for(j in L:iter) {
difflower < MASTERZSCORES[s:€Ej[s:e,1]
diffupper < MASTERZSCORES][s:Ejf[s:e,2]
indexlower <which(difflower < 0)
indexupper <which(diffupper > 0)
statisticlower[j] < sum(difflower[indexlower])
statisticupper[j] <sum(diffupper[indexupper])

globalstatistic[j] <abs(statisticlower[j])+statisticupperf|j]

Zscore_empirical-<<Empirical_density[s:e]apply(MASTERSPDJ[s:e,], 1,
mean))/apply(MASTERSPD]Js:e,], 1, sd)

R HHHHHH R TR HHempirical statistic#####HHHH
difflower < Zscore_empiricald[s:e,1]

diffupper < Zscore_empiricalCl[s:e,2]

indexlower <which(difflower < 0)

indexupper <which(diffupper > 0)

statisticlower < sum(difflower[indexlower])

statisticupper <sum(diffupper[indexupper])

empirical_statistic <abs(statisttlower)+statisticupper
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perc.rank <function(x, xo) length(x[x <= xo])/length(x)
prank < perc.rank(globalstatistic, empirical_statistic)
pvalue <1-prank #global statistic p value

pvalue

59.MAKING A GRAPH WITH THE EMPIRICAL CURVE, ROLLING MEEARGNBIDENCE
INTERVALS

Mastergrid <Mastergridg 1950# if timescalein BC/AD formais preferred run this line, if
not, skip it.

plot(Mastergrid[s:e], Empirical_density[s:e], type="1", col="black",

xlim=rev(range(Mastergrid[s:e])), xlab="cBIBylab="SPD")

lines(Mastergrid[s:e], SUMrunmean([s:e], type="1I", col="red", lwd =2,
xlim=rev(range(Mastergrid[s:e])))

lines(Mastergrid[s:e], Weights, type="1", Ity = 2, col ="gray",
xlim=rev(range(Mastergrid[s:€])))

lines(Mastergrid[s:e], Clraw[s:e,1],type='lty = 1, col ="grey",
xlim=rev(range(Mastergrid[s:€])))

lines(Mastergrid[s:e], Clraw[s:e,2],type="1", Ity = 1, col ="grey",

xlim=rev(range(Mastergrid[s:€])))
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6. Extension of UCL Method

Short description

The significance of the relative changes ie tBPD curve can be tested by statistically
comparing the difference between two points on the empirical SPD curve to the distribution
of differences between the points with the same coordinates in calibrated time on the SPD
coming from the null model. Thetatistical test is based on drawing a large number of
samples from the probability distribution of calendar dates given by the null model; back
calibrating them, recalibrating them and summing them, and calculating the vertical
difference between point#&\ and B on the simulated SPD curve for each sample draw. This
will produce the distribution of vertical differences between two fixed points in calibrated
time under the null model. Then we just compare the empirical difference to the

distribution of diffeences under the null model.

identify(Mastergrid, Empirical_density) #read the x coordinate of the point of interest by

clicking on it on the graph

index1 = # insertcoordinate of the higher point

index2 = # insertcoordinate of the lower point

teststat < MASTERSPD[indexIMIASTERSPD[index2,]

empstat<Empirical_density[indexdmpirical_density[index2]

prank < perc.rank(teststat, empstat)

pvalue <1-prank #global statistic p value

pvalue
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Figures.

EMPIRICAL SCPD CURVE

20
0.0015
I

95% CONFIDENCE INTERVAL LIMIT
NULL MODEL
200 YEARS ROLLING MEAN

0.0010

Population size
C

0.0005
!

W,fi ]

T T T T T T T T T T T

200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

year AD year AD

Figure 1lf the true population scenario looked like the left panel, the UCL method would
pick up the general deviation from the null model. If applied to a set of 350 randomly
simulated radiocarbon dates from the hypothetical population model, it would not be
able to tell us whether the changes in the part of the curve which is already outside the

confidence intervals are significant (right panel
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Figure 2 A set of350randomly simulateddates are sampled from the underlying
hypothetical model and summed. Th8PD curve is consistent with the null model when it
comes to the range ofariation for each calendar yeahowever, we know that the shape

of the true underlying model is different from the uniform model.
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Figure 31000 randomly sampled radiocarbon dates from the period between 1000 and

1700 AD, with the standard error of dates between 30 and 40 radiocarbon years
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Figure4. ThePrince Rupert Harbouarea (upper panel)showing archaeological sites with

terrestrial and marine based radiocarbon sampl@swer panel)
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Fig. 5. Prince Rupert Harboarea (above plot)with an illustrative kernel density heat
map showingboth distribution and relativeintensity of marine basedradiocarbonresults.
Below plot Prince Rupert Harbour marine based radiocarbon data summed with
extended UCL method with 100 year data bins.

significant drop outside the 95% confidence intervals.
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Figure 6.Prince Rupert Harbour area (above plotyjth an illustrative kernel density heat

map showingboth distribution and relative intensity of terrestrial based radiocarbon

results. Below plot Prince Rupert Harbour terrestrial data summed with extended UCL

method, using 100 year radiocarbon databifdoi nt s { Aandn dicblueand ‘ D’

show a significant drop outside the 95% confidence intervals

QT SIGNIFICART

Fig 7. 500 samples.

Figure 8. 1000 samples.
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OxCal v4.3.2 Bronk Ramsey (2017); r:5 IntCal13 atmospheric curve (Reimer et al 2013) +
Boundary End 1( Hiatus Start .
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Figure 9. OxCal result.
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