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Abstract

Recognition of marine reservoir effect (MRE) spatial and temporal variability must be accounted for in any radiocarbon-based paleoclimate,
geomorphological, or archaeological reconstruction in a coastal setting. ΔR values from 37 shell-wood pairs across southern Southeast
Alaska provide a robust local evaluation of the MRE, reporting a local Early Holocene weighted ΔR average of 265 ± 205, with a significantly
higher ΔR average of 410 ± 60 for samples near limestone karst. Integration with our synthesis of extant MRE calibrations for the Northwest
Coast of North America suggests that despite local variability, regional ΔR averages echo proxies for coastal upwelling: regional weighted
averages were at their highest in the Bølling-Allerød interstade (575 ± 165) and their lowest in the Younger Dryas stade (−55 ± 110).
Weighted ΔR averages across the Northwest Coast rose to a Holocene high during the Early Holocene warm period (245 ± 200) before set-
tling into a stable Holocene average ΔR of 145 ± 165, which persisted until the late Holocene. Our quantification of local and regional shifts
in the MRE shines a light on present methodological issues involved in MRE corrections in mixed-feeder, diet-based calibrations of archae-
ological and paleontological specimens.
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INTRODUCTION

The well-documented marine reservoir effect (MRE) is the result
of the delayed incorporation of atmospheric radiocarbon in deep-
water systems, which affects marine organisms through spatially
and temporally variable upwelling (Stuiver et al., 1986; Bard,
1988; Stuiver and Braziunas, 1993). The influence of this ‘old car-
bon’ from oceanic reservoirs can be quantified as the Reservoir
Age, or R(t): the age difference, or offset, in 14C years between
an affected marine sample and the selected measure of atmo-
spheric 14C levels, commonly a paired contemporaneous terres-
trial sample (Stuiver and Braziunas, 1993). This offset is often
subtracted from the marine sample 14C ages prior to calibration
in a straightforward attempt to normalize samples affected by
the MRE. However, this process fails to account for the variability
in the calibration curve when samples are calibrated and uses only
the R(t) mean without accounting for its error (Reimer et al.,
2013). A difference of 600 ± 60 radiocarbon years does not trans-
late directly to a difference of 600 ± 60 calibrated years, for exam-
ple. Standard practice instead is to use a ΔR factor (Stuiver et al.,
1986), the difference in 14C years between a modeled marine age
(based on a marine calibration curve accounting for the global
reservoir effect) and the sample date (Reimer et al., 2013). The
newest marine curve, Marine20, goes beyond previous global

approximations of the reservoir effect to account for both spatial
and temporal variability in global reservoir age averages, rather
than assuming stability through time (Butzin et al., 2020;
Reimer et al., 2020). A positive ΔR value thus indicates a local off-
set that is larger than the global average. Calculations can be con-
veniently managed using Reimer and Reimer’s (2017) online ΔR
software, which utilizes full probability distributions to report
confidence intervals. Units for R(t) and ΔR values are in 14C
years, but are omitted throughout the text for clarity. Both R(t)
and ΔR quantify the MRE, but the ΔR value should be used as
the reservoir correction when calibrating samples using marine
curves.

Marine organisms alive from the 19th century onward are also
affected by the Suess effect. The dramatic increase in fossil fuel
usage after AD 1850 increased the concentration of anthropogen-
ically 13C/14C-depleted CO2 in the atmosphere, which is then
incorporated into marine ecosystems as radiocarbon-depleted
dissolved inorganic carbon (DIC; Gruber et al., 1999; Misarti
et al., 2009). While this will affect R(t) values, the Suess effect is
accounted for in global calibration curves and therefore will not
affect ΔR values (Butler et al., 2009).

Mollusk shells are commonly selected as marine samples for
estimating the MRE. In addition to the influence of variable deep-
water upwelling, the local environment (particularly on carbonate
substrates, or areas of high freshwater runoff) and feeding habits
of sampled specimens (particularly if grazing species) are further
potential sources of 14C-depleted DIC (Ingram and Southon,
1996; Ascough et al., 2005a; Reimer, 2014). The carbonate

*Corresponding author: Nicholas Schmuck, Email: nschmuck@alaska.edu
Cite this article: Schmuck N, Reuther J, Baichtal JF, Carlson RJ (2021). Quantifying

marine reservoir effect variability along the Northwest Coast of North America.
Quaternary Research 103, 160–181. https://doi.org/10.1017/qua.2020.131

© University of Washington. Published by Cambridge University Press, 2021

Quaternary Research (2021), 103, 160–181

doi:10.1017/qua.2020.131

https://doi.org/10.1017/qua.2020.131 Published online by Cambridge University Press

https://orcid.org/0000-0001-7527-6333
mailto:nschmuck@alaska.edu
https://doi.org/10.1017/qua.2020.131
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/qua.2020.131&domain=pdf
https://doi.org/10.1017/qua.2020.131


fraction of a mollusk’s shell is largely precipitated from the DIC
component of the water column; several studies suggest ∼10%
is derived from metabolic sources, although some place the pro-
portion much higher (Gillikin et al., 2006; McConnaughey and
Gillikin, 2008). These processes all result in raw radiocarbon
dates on marine samples that are inconsistent with atmospheric
samples of the same age, which requires quantification and cor-
rection to produce an appropriate radiocarbon calibration.

Surface ocean MRE calibrations for Southeast Alaska have
been limited to project-specific estimates produced using only a
few sample-pairs (Barron et al., 2009; Carlson, 2012; Carlson
and Baichtal, 2015), calibrations produced for British Columbia
(Southon and Fedje, 2003), or historic calibrations based on
museum samples (McNeely et al., 2006). Local calibrations
based on only a few samples are naturally at risk for error due
to small sample sizes, and known temporal and spatial variations
in the reservoir effect (Southon and Fedje, 2003) indicate that
applying calibrations from neighboring regions or time periods
may not be appropriate. Here we supply a surface ocean marine
reservoir calibration for Early and Mid-Holocene Southeast
Alaska, reporting both R(t) and ΔR values to prevent conflating
the terms unnecessarily. We specifically address the concerns of
Ascough et al. (2005a) regarding the influence of karst on the
MRE with a sample split across karst and non-karst habitats, as
well as the potential for other species-specific variation by testing
for differences between mollusk species in our dataset.

A major methodological issue in reservoir-effect studies
remains the appropriate spatial and temporal scale of analysis.
A recent synthesis of data drawn from across the entire North
Pacific (Fitzhugh and Brown, 2018) argued for the applicability
of a blanket ΔR average for areas affected by the North Pacific
Gyre. However, inconsistencies along the Northwest Coast of
North America (explored here by considering individual local
datasets in detail) led Fitzhugh and Brown (2018) to suggest
that the interior waterways of the Northwest Coast may prove
the exception. We contextualize our Early to Mid-Holocene data-
set for Southeast Alaska by comparing it against the temporal
trends in reservoir effects reported in coastal British Columbia.
The broad scale of the Northwest Coast is appropriate given com-
parable oceanic and glacial impact factors. Synthesizing datasets
from across the Northwest Coast allows us to address low-
sampled gaps in the record and consider trends shared across
the region, while evaluating at what scale regional averages are
no longer in sync with highly focused local datasets.

BACKGROUND

Regional setting

The Northwest Coast spans the islands and fjords of Southeast
Alaska and British Columbia, along with the coast of northern
Washington State (Figure 1). The Northwest Coast was glaciated
during the last glacial maximum (ca. 26–19 ka), though perhaps
not in totality (Lesnek et al., 2018), and the timing of local glacial
maxima, subsequent deglaciation, and associated relative sea-level
change varies across the region (Briner et al., 2017; Darvill et al.,
2018; Lesnek et al., 2020). Many individual research programs on
the Northwest Coast have presented local surface ocean reservoir
corrections with narrow temporal scope (see Martindale et al.,
2018 for a comprehensive list). Variability in the MRE in this
region has been interpreted as the product of shifts in deep-water
upwelling from the North Pacific, distributed via the surface

Alaska and California Current systems to the coast (Kovanen
and Easterbrook, 2002; Southon and Fedje, 2003). Hutchinson
et al. (2004) argued that variation between sampling locations
along the coast are not in phase as one would expect in such a
scenario, proposing instead that certain local reservoir effects
were driven by the influx of 14C-depleted meltwater from the
receding Cordilleran Ice Sheet. A further potential source of
14C-depleted DIC may be present in areas with carbonate bedrock
(Reimer, 2014; Toth et al., 2017), a possibility specifically
addressed by our dataset in karst-rich southern Southeast Alaska.

Previous MRE estimates from the Northwest Coast

Kovanen and Easterbrook (2002) reported six sample pairs from
two uplifted beds of glaciomarine sediment separated by 15 km in
the Fraser Lowlands, British Columbia and northwest
Washington State for comparison against older estimates
(Armstrong, 1981; Robinson and Thompson, 1981). Kovanen
and Easterbrook (2002) provided the oldest samples on the
Northwest Coast; standing alone, the high reservoir effect
reflected in this cluster of ca. 13,500 year old sample pairs
might suggest a 1000 year or more R(t) in shells dated to
>10,000 ka on the Northwest Coast.

Southon and Fedje (2003) published a large dataset of paired
terrestrial and marine samples, along with R(t) values, from a
variety of contexts. Their 2003 publication included the
Radioisotope Direct Detection Laboratory (RIDDL) dataset, pub-
lished by Southon et al., 1990. Our synthesis represents a timely
re-evaluation of trends tentatively identified in Southon and
Fedje’s (2003) regional analysis.

McNeely et al. (2006) radiocarbon dated shellfish housed in
museum collections, reporting 38 samples gathered live in the
late 19th and early 20th centuries from northern Southeast
Alaska, Haida Gwaii, and the Vancouver Island area. These his-
toric ΔR values continue to be widely used for the calibration of
archaeologically sensitive specimens (Dixon et al., 2014), despite
growing awareness that ΔR values are not stable through time.

Edinborough et al. (2016) reported radiocarbon dates from
three separate contexts of an archaeological site in Prince
Rupert Harbor, British Columbia. As dictated by their chosen
method for quantifying the MRE (the multiple-paired sample
approach, see below), many of their sample pairs were eliminated
from their final results: one entire context (eight radiocarbon
dates, four pairs) was eliminated, along with a second context
(two dates, one pair). By reducing their dataset while maximizing
the number of possible pairs that remained, they produced 25
sample pairs with high internal consistency and precision from
only 14 radiocarbon ages.

Previous sampling strategies

The single-paired sample approach
The most common method for quantifying the MRE is the single-
paired sample approach (Stuiver and Braziunas, 1993), which
requires a contemporaneous marine and terrestrial sample for
each sampling location. Among our included datasets, Kovanen
and Easterbrook (2002), Southon and Fedje (2003), Eldridge
et al. (2014), and Letham et al. (2018) all use this method. The
strength of the single-paired sample approach is its ability to
address questions of spatial and temporal variability across
many contexts with a minimal number of samples (in contrast
to the multiple-paired sample approach, see below). Careful

Quantifying marine reservoir effect variability along the Northwest Coast of North America 161

https://doi.org/10.1017/qua.2020.131 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2020.131


selection of marine and terrestrial specimens is critical for paired-
sample approaches. In geological contexts, selection of the marine
sample should prioritize species with limited vertical range in
habitat to minimize the potential for young specimens that have
burrowed into older deposits. The marine sample, commonly a
mollusk, should be identified to species because different feeding
behaviors, seasonal growth patterns, and burrowing depths may
be significant (Dye, 1994; Ingram and Southon, 1996; Forman
and Polyak, 1997; but see Ascough et al., 2005b). The terrestrial
sample should be a short-lived specimen (to avoid the old-wood
effect, Schiffer, 1986), such as a pine/spruce needle or small twig,
providing a measure of atmospheric radiocarbon for comparison
to the marine sample. The paired samples must be closely associ-
ated, in a clearly undisturbed context (to avoid dating intrusive
samples from later periods). In archaeological contexts, specimens
incorporated into a deposit during short-term, well-dated human
occupations are appropriate (Edinborough et al., 2016).

The multiple-paired sample approach
Edinborough et al. (2016) built their analysis around the multiple-
paired sample approach, suggested by the Scottish University
Environmental Research Centre (SUERC). Proponents of the
multiple-pair sample approach (Ascough et al., 2005a, b; Russell
et al., 2011; Cook et al., 2015) emphasize the need to more

realistically account for the compounding errors involved in pro-
ducing a marine reservoir correction. While this is in part due to
varying statistical approaches (see below for discussion of stan-
dard deviation versus standard error of predicted values), the
multiple-pair sample approach prioritizes low measures of error
through the removal of statistical outliers. In contrast to the
single-pair sample approach, the multiple-pair sample approach
requires multiple terrestrial and marine radiocarbon dates for
each secure context, which must then pass chi-squared tests
according to ***sample type: for example, four wood samples
dated to 4218 ± 29, 4182 ± 27, 4176 ± 27, and 4216 ± 27 14C yr
BP are statistically similar (t (3) = 1.93) (Martindale et al.,
2018). Rather than combining these statistically identical marine
and terrestrial dates into a pair of pooled averages, the individual
dates are combined to produce a maximum number of pairs (for
example, four statistically similar terrestrial samples and four stat-
istically similar marine samples from one context are combined to
produce sixteen sample pairs). This approach provides more con-
fidence in the radiocarbon ages used to produce a calibration with
a local ΔR for a given context.

To emphasize potential sources of error underlying the single-
pair sample approach, Martindale et al. (2018) used Edinborough
et al.’s (2016) full dataset (prior to elimination of errant dates) to
produce hypothetical ΔR values, assuming no dates could be

Figure 1. (color online) Marine reservoir effect datasets included in the Northwest Coast Synthesis, spanning from Southeast Alaska to northwestern Washington
State.
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eliminated from consideration. Unsurprisingly, the result was an
extremely high error (a standard error of predicted values for
the whole dataset of ± 382), produced by mismatched samples,
which they imply cannot be identified without the multiple-pair
sample approach.

Fortunately, Southon and Fedje (2003) noted one immediate
method for identifying mismatched pairs: if a sample pair pro-
duces a negative R(t) (i.e., the marine shell appears younger
than the terrestrial sample, rather than older), this immediately
signals that one sample is out of context. By nature of the process
itself, DIC incorporated by shellfish can only result in a radiocar-
bon date equal to or older than the contemporary paired terres-
trial sample (assuming that the terrestrial sample is indeed a
contemporaneous, short-lived specimen, having mitigated the
potential impact of the old-wood effect or accidental selection
of an aquatic sample, and the marine sample is a species not
prone to burrowing into deeper, older deposits). Further, a
Shapiro-Wilk test for normality (Reuther et al., 2020) will identify
whether a population of samples (that one expects to be roughly
similar) are normally distributed. Deviation from a central ten-
dency suggests that an abundance of outliers is skewing the data-
set, or that distinct populations have been combined.

A potential issue at the heart of SUERC’s multiple-pair sample
approach as applied in Edinborough et al. (2016) is the require-
ment that all marine samples in a context pass chi-squared tests.
While it is appropriate to demonstrate that all terrestrial dates
from one undisturbed context are statistically similar, we do not
expect all marine dates to be, given the many possible sources of
variability that may impact individual marine specimens. By only
utilizing samples that are statistically similar, this approach natu-
rally boasts high precision (the absence of statistical outliers pro-
duces a low standard deviation). What remains to be
demonstrated is that all marine samples from a given context
should report a statistically similar age, because this assumes that
the variability in a reservoir-effect calculation is purely the result
of measurement error, with no natural or inherent variability in
how individual specimens incorporate DIC. It may be that in a
given context, all Mytilus specimens precipitate exactly the same
levels of DIC into their shells seasonally and over their lifetimes,
and that within-species dietary contribution also will be equivalent
across individuals; the paired-sample approach allows for no possi-
ble variability at this level by forcing a narrow range of marine sam-
ple ages. Despite aiming for a balance between precision and
accuracy (Martindale et al., 2018), the multiple-pair sample
approach as applied here may itself be favoring precision at the
expense of accuracy. If even all machine error were eliminated
from the equation, marine samples from a secure context should
not be expected to produce statistically similar reservoir values.

Known-age sampling
A third sampling method for MRE corrections uses modern/
historic samples to quantify the MRE. Shells with recorded collec-
tion dates in museums are radiocarbon dated and compared to
the modeled marine calibration curve, the offset between the
two being the local ΔR. Using a known-age sample rather than
two radiocarbon dates (each with its own uncertainty), less
error is introduced to a calibration. In the absence of more appro-
priate calibrations using older sample-pairs, this historic reservoir
value is assumed to be representative for a given region through
time. Samples collected post-1950 reflect the increased amount
of anthropogenically derived radiocarbon in the atmosphere
through the testing of atomic bombs (Libby effect: Taylor and

Bar-Yosef, 2014). These historic reservoir values are not appropri-
ate for calibrating ages of older geological and archaeological sam-
ples, but for many parts of Alaska this approach (McNeely et al.,
2006) represented the only spatially linked foundation on which
to base a marine reservoir correction.

METHODS

Sample selection

To address the potential influence of karst on the MRE in
Southeast Alaska, we followed the single-paired sample approach
(Stuiver and Braziunas, 1993). Protocols for sampling uplifted
marine deposits were previously established in Southeast Alaska
(Carlson, 2012; Carlson and Baichtal, 2015), pairing charred
Pinaceae needles (when possible) with marine shells. Sampled
deposits preserved bivalves in ‘growth position,’ indicating rapid
isolation during isostatic/tectonic uplift with minimal post-
depositional disturbance. Carlson and Baichtal’s (2015) research
program collected samples from across the region ripe for reservoir
effect analyses, because shells had already been dated by
BetaAnalytic for production of their Early Holocene sea-level
curve. Charred Pinaceae needles in direct association with sampled
shell were retained and analyzed in 2016 at the Center for Applied
Isotope Studies at the University of Georgia to complete sample
pairs. Carlson’s (2007) initial six sample pairs were incorporated
into the southern Southeast Alaska dataset reported here. Of the
39 charcoal samples dated for this study, eight were excluded:
four samples produced negative R(t) values, indicative of samples
out of stratigraphic sequence (Southon and Fedje, 2003), while
the other four were identified as outliers due to their excessive R
(t) (>3500 years). Removal of these errant samples resulted in a
normal distribution of R(t) and ΔR values (p = .09).

We also use our Southeast Alaska dataset to address the poten-
tial influence of 14C-depleted DIC derived from carbonate bed-
rock (Ascough et al., 2005a). Data were first categorized by
marine sample species, then by the feeding habits of those species.
Filter and deposit feeders were assessed for statistical differences
using a simple t-test. Of the two categories, deposit feeders have
the highest potential for direct incorporation of 14C-depleted
DIC from karst (Ascough et al., 2005a; Reimer, 2014). We arbi-
trarily distinguished karst from non-karst environments with a
300 m buffer around karst bedrock, a distance that marked a nat-
ural break in our samples between those very near and very far
from karst. A simple t-test of ΔR values evaluated whether
karst-influenced samples are statistically distinguishable and driv-
ing regional ΔR averages.

Synthesis of Northwest Coast datasets

The individual Northwest Coast datasets detailed above were
aggregated at the regional level to determine whether local data-
sets were indeed statistically distinguishable at this broad scale.
We address the potential for spatial versus temporal (climate)
drivers by combining datasets into spatial groups: Southeast
Alaska, northern British Columbia (Haida Gwaii and the nearby
Prince Rupert Harbor area), and southern British Columbia
(Vancouver Island and adjacent mainland). The Shapiro-Wilk
test was used to identify whether the included datasets and subse-
quent groupings were normally distributed. This is a necessary
criterion prior to applying one-way Analysis of Variance
(ANOVA) and Tukey HSD Post-Hoc tests, which were used to
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assess variation within and across spatial and temporal groups of
ΔR values (Reuther et al., 2020); the nonparametric equivalent,
the Kruskal-Wallis test with Dunn’s pairwise tests and
Bonferroni corrections (Dunn, 1964) were used to evaluate
mean ranks when one of the datasets was not normally distribu-
ted. Where only two groups can be compared, a simple two-
sample t-test is used; if the two datasets are not normally distrib-
uted, the Mann-Whitney U test, a non-parametric equivalent for
comparing mean ranks, is used instead. If variation through time
can be identified within regions, broad regional compilations
would immediately be deemed inappropriate as sources of ΔR val-
ues. We suggest that time-sensitive regional ΔR weighted averages
will be optimal for most applications.

Sample selection and exclusion
We excluded local ΔR datasets based on only a few pairs (for
instance, from Barron et al.’s, 2009 marine sediment core), as
well as older datasets, to reduce compounding errors derived
from less-precise radiocarbon dates. For example, part of
Southon and Fedje’s (2003) dataset included data published by
Southon et al. (1990, the Radioisotope Direct Detection
Laboratory [RIDDL] dataset). While these data are likely accurate,
they were excluded from our synthesis because the error of each
radiocarbon age in a pair ranged from ± 90 to ± 160, while
Southon and Fedje’s (2003) more recent data had slightly more
manageable errors of ± 60. From this more recent dataset, we
used pairs from the well-sampled Haida Gwaii and the
Vancouver Island areas. Where multiple marine samples were
paired to one terrestrial sample, we used only mollusk data in
keeping with our broader shellfish focus. Where two statistically
similar terrestrial samples were reported for one marine sample,
we produced a weighted average terrestrial age following Ward
and Wilson (1978) rather than producing multiple pairs. One lim-
itation of Reimer and Reimer’s (2017) ΔR calculator is that it does
not accept pairs of historic age; rather than calculate part of our
dataset using another method, we chose not to calculate the ΔR
values of Southon and Fedje’s (2003) historic samples.

Data reported by Kovanen and Easterbrook (2002) were
included, although the older sample pairs of Armstrong (1981)
and Robinson and Thompson (1981) were not; the error on a
given (non-AMS) radiocarbon date from these studies ranged
from ± 190 to ± 590, which would further increase compounded
error on ΔR averages. We incorporated those pairs retained by
Edinborough et al. (2016) for their reservoir correction, as well
as pairs reported by Edinborough et al. (2016), but published else-
where in Eldridge et al. (2014) and Letham et al. (2018).

After compiling the aggregated Northwest Coast database, we
eliminated four outlier sample pairs. Because it is well established
that the reservoir effect varies through time (Reimer and Reimer,
2017), deviation from normality at the broad regional level was
expected and was not used to isolate extreme outliers for elimina-
tion. Once each region was divided into meaningful time periods
(see below), we chose to eliminate the minimal number of sam-
ples (when necessary) to achieve normal distributions. Further
elimination of outliers is always possible, although a more conser-
vative approach was favored over arbitrarily thinning our dataset.
As a result, two pairs from Southon and Fedje’s (2003) Haida
Gwaii data were eliminated from the middle Holocene along
with one pair from the late Holocene, as well as one middle
Holocene pair from Eldridge et al.’s (2014) data. Upon achieving
a normal distribution, a prerequisite for our statistical analysis, the

broader regional averages were recalculated without the four
errant sample pairs.

Variation through time
Whether changes in the MRE are driven by DIC in glacial meltwa-
ter or by increased upwelling from reservoirs in the North Pacific,
we anticipated detectable and significant variation through time
due to the dynamic nature of these factors. Marine sediment
cores off the coast of Southeast and Southcentral Alaska indicate
high productivity (and upwelling) during the Bølling-Allerød inter-
stade (coinciding with Meltwater Pulse 1A), followed by a dramatic
decrease in productivity during the Younger Dryas stade (YD),
accompanied by cooler sea-surface temperatures. The end of the
YD (coinciding with Meltwater Pulse 1B) saw the return of coastal
upwelling, rising to levels that persisted through the Holocene
(Barron et al., 2009; Davies et al., 2011; Stanford et al., 2011;
Addison et al., 2012). A recent analysis of paired benthic-planktic
foraminifera from a large suite of marine sediment cores
(Praetorius et al., 2020) revealed high levels of 14C-depleted DIC
in the North Pacific deep-water reservoir during the YD.
Sea-surface freshening and cooling linked to the decrease in deep
water ventilation may have limited the upwelling of this
14C-depleted DIC to coastal surface waters. While local signals of
glacial re-advance, stagnation, or recession are difficult to identify
in Alaska due to later re-advances in the Holocene (Briner et al.,
2017), in British Columbia, evidence of glacial re-advances during
the YD (Menounos et al., 2017) suggests that local glacial meltwa-
ter, one possible driver for variability in coastal reservoir effects,
should not be a potential source of 14C-depleted DIC during the
relatively cool YD. However, increased freshening and cooling of
sea-surface waters in the North Pacific indicates that repeated
local megaflood events were dramatically affecting the Northwest
Coast during the YD, with substantial volumes of freshwater in cir-
culation likely originating in Lake Missoula via the Columbia River
(Praetorius et al., 2020).

In light of these often coinciding signals for increased upwell-
ing and glacial runoff, we separated our data into six periods: the
Bølling-Allerød interstade (dates older than 10,700 14C yr BP, or
ca. 14,700–12,900 cal yr BP), the Younger Dryas stade (10,700–
10,000 14C yr BP / ca. 12,900–11,700 cal yr BP), the Early
Holocene (ca. 10,000–8,000 14C yr BP / 11,700–9000 cal yr BP),
the Mid-Holocene (ca. 8000–2000 14C yr BP / 9000–2000 cal yr
BP), Late Holocene (2000–200 14C yr BP / cal yr BP), and finally
the historic period (post 200 cal yr BP / AD 1850).

Data representation

Despite the emphasis placed by the SUERC group on the replica-
bility of results (Ascough et al., 2005a; Russell et al., 2011; Cook
et al., 2015), data continue to be difficult to replicate even when
datasets are published as supplementary material. We are explicit
(Supplementary Table 1) about each round of calculations made,
and applied the same formulae to each dataset incorporated
into the broader synthesis. For internal consistency, we began
each regional calculation at the level of the uncalibrated radiocar-
bon dates of each paired-sample, rather than conflating different
methods of calculating error or rounding across studies. Our
review of the literature revealed that one (if not the) major source
of inconsistency across MRE studies is in the calculation of error
on the weighted mean ΔR value. In replicating a given study, one
can determine the method in which this “standard deviation” was
calculated. It is common practice to report the standard deviation
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Table 1. Southeast Alaska sample pairs used in this study. *First reported in Carlson, 2007. ΔR from Reimer and Reimer, 2017. MH = Mid-Holocene; EH = Early Holocene.

Sample Location Era Sheltered? Near Karst? Marine ID Sample Type Marine 14C ± Terrestrial ID Sample Type Terrestrial 14C ± R(t) ± 1 σ ΔR ± 1 σ

Baranof8 MH Outer Waters Beta - 436194 Littorina sitkana 5930 30 UGAMS - 26200 charred Pinaceae needles 5390 30 540 42 −70 53

Pow203 MH Outer Waters Beta - 283663 Macoma inquinata 6820 40 UGAMS - 26223 charred Pinaceae needles 5820 30 1000 50 422 59

Krestof1 MH Outer Waters Beta - 418058 Balanus glandula 7670 30 UGAMS - 26201 charred Pinaceae needles 6780 30 890 42 314 43

Pow38 MH Inner Waters Beta - 283841 Mytilus edulis 7680 40 UGAMS - 26224 charred Pinaceae needles 6980 30 700 50 141 66

EFSC2w * MH Outer Waters Beta - 154990 Mytilus edulis 7670 80 Beta - 154991 charred Pinaceae needles 7020 40 650 89 87 95

Pow39 MH Inner Waters Beta - 283842 Littorina sitkana 7770 40 UGAMS - 26225 charred Pinaceae needles 7020 30 750 50 181 60

Kuiu8 MH Outer Waters Beta - 418065 Balanus glandula 7700 30 UGAMS - 26210 charred Pinaceae needles 7070 30 630 42 74 51

EFSC3w * MH Outer Waters Beta - 154992 Mytilus edulis 7910 70 Beta - 154993 charred Pinaceae needles 7380 60 530 92 −5 106

Pow47 MH Inner Waters Beta - 283844 Macoma inquinata 8710 40 UGAMS - 26226 charred Pinaceae needles 7720 30 990 50 511 54

Pow179 MH Inner Waters Yes Beta - 276619 Littorina sitkana 8550 50 UGAMS - 26218 charred Pinaceae needles 7770 30 780 58 307 62

Pow178 MH Inner Waters Yes Beta - 276618 Littorina sitkana 8720 50 UGAMS - 26217 charred Pinaceae needles 7780 30 940 58 469 60

Kuiu7 MH Outer Waters Beta - 418064 Balanus glandula 8400 30 UGAMS - 26209 charred Pinaceae needles 7830 30 570 42 108 42

Pow184 MH Inner Waters Beta - 276616 Littorina sitkana 8750 50 UGAMS - 26219 charred Pinaceae needles 7950 30 800 58 308 85

Kuper6 EH Inner Waters Beta - 283658 Macoma inquinata 9000 40 UGAMS - 26211 charred Pinaceae needles 8520 30 480 50 −20 48

Pow199 EH Inner Waters Yes Beta - 436192 Littorina sitkana 9420 40 UGAMS - 26222 charred Pinaceae needles 8560 30 860 50 375 46

Kos7 EH Outer Waters Yes Beta - 276611 Littorina sitkana 9530 50 UGAMS - 26206 charred Pinaceae needles 8600 30 930 58 464 54

Pow177 EH Inner Waters Beta – 418061 Balanus glandula 9590 30 UGAMS - 26216 charred Pinaceae needles 8630 30 960 42 506 40

Kuiu 11 EH Outer Waters Beta - 418068 Balanus glandula 9530 30 UGAMS - 26207 charred Pinaceae needles 8740 30 790 42 364 62

(Continued )
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Table 1. (Continued.)

Sample Location Era Sheltered? Near Karst? Marine ID Sample Type Marine 14C ± Terrestrial ID Sample Type Terrestrial 14C ± R(t) ± 1 σ ΔR ± 1 σ

Kuiu 5 * EH Inner Waters Yes Beta - 395235 Balanus glandula 9650 40 UGAMS - 26337 charred Pinaceae needles 8740 30 910 50 481 67

Pow64 EH Inner Waters Beta - 145933 Littorina sitkana 9540 80 UGAMS - 26228 charred Pinaceae needles 8940 30 600 85 103 102

Heceta12 EH Outer Waters Yes Beta - 264100 Littorina sitkana 9970 90 UGAMS - 26203 charred Pinaceae needles 9100 30 870 95 403 93

Kos5 EH Outer Waters Yes Beta - 276609 Littorina sitkana 10150 60 UGAMS - 26204 charred Pinaceae needles 9230 30 920 67 476 75

Pow136 EH Outer Waters Yes Beta - 269004 Littorina sitkana 10020 80 UGAMS - 26215 charred Pinaceae needles 9230 30 790 85 347 91

Bostwick-8.5 W EH Inner Waters Beta - 472309 Macoma inquinata 10000 30 Beta - 472309 charred Pinaceae needles 9250 40 750 50 309 60

Bostwick-9.0 W EH Inner Waters Beta - 472307 Macoma inquinata 9740 30 Beta - 472308 charred Pinaceae needles 9250 30 490 42 47 54

Bostwick-8.0 W EH Inner Waters Beta - 472311 Macoma inquinata 9870 40 Beta - 472310 charred Pinaceae needles 9310 40 560 57 111 62

Pow 150 EH Inner Waters Beta - 214402 Littorina sitkana 9730 60 UGAMS - 26212 charred Pinaceae needles 9310 30 420 67 −30 71

Yatuk Creek 4c * EH Outer Waters Yes Beta - 214448 Littorina sitkana 9910 70 Beta - 214421 charcoal 9320 60 590 92 147 96

Kos6 EH Outer Waters Yes Beta - 276610 Littorina sitkana 10150 60 UGAMS - 26205 charred Pinaceae needles 9340 30 810 67 365 70

CCRD 8 + 880w * EH Inner Waters Beta - 214403 Littorina sitkana 9640 70 Beta - 214404 charred Pinaceae needles 9400 60 240 92 −199 95

Yatuk Creek 5c * EH Outer Waters Yes Beta - 214423 Littorina sitkana 9840 ## Beta - 214422 charcoal 9430 60 410 143 −34 152

Pow198 EH Inner Waters Yes Beta - 436191 Balanus glandula 10280 40 UGAMS - 26221 charred Pinaceae needles 9440 30 840 50 410 54

Bostwick-7.2 W EH Inner Waters Beta - 472314 Macoma inquinata 10090 30 Beta - 472315 charred Pinaceae needles 9460 30 630 42 204 51

Hecata13 EH Outer Waters Yes Beta - 264099 Littorina sitkana 10030 80 UGAMS - 26202 charred Pinaceae needles 9490 30 540 85 89 109

Pow135 EH Outer Waters Yes Beta - 269005 Littorina sitkana 9940 50 UGAMS - 26214 charred Pinaceae needles 9540 30 400 58 −76 85

Kuiu 2 EH Inner Waters Beta - 276610 Littorina sitkana 10220 40 UGAMS - 26208 charred Pinaceae needles 9630 30 590 50 119 112

Pow 54 EH Inner Waters Beta- 264103 Littorina sitkana 10330 80 UGAMS - 26213 charred Pinaceae needles 9650 35 680 87 186 109
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of the means (see Martindale et al., 2018), which does not
incorporate the individual uncertainties associated with the ΔR
value of each sample pair. Others report the arithmetic average
or the standard deviation of the standard error of the means
(e.g., Khasanov et al., 2015), which also fails to capture the full
uncertainty of these aggregated datasets. SUERC attempted to
address this inconsistency by suggesting a new statistical measure
for use in MRE studies: the standard error of predicted values
(Russell et al., 2011), which accounts for the compounding
sources of error in the calculation of a regional ΔR value by
incorporating both the standard error of the mean and the stan-
dard deviation of the weighted means. To standardize how these
estimations of error are reported, Reimer and Reimer’s (2017)
ΔR application is accompanied by suggested formulae for calcu-
lating the weighted mean, variance, and standard deviation of
weighted ΔR values when averaging samples (from Bevington,
1969). The standard deviation formula from Bevington (1969)
effectively compensates for the variability Russell et al. (2011)
attempted to address. We report our standard deviation follow-
ing Bevington (1969) and Reimer and Reimer (2017) alongside
SUERC’s standard error of predicted values to demonstrate
their similarity.

We use the term Reservoir Age R(t) to denote simply the
difference in uncalibrated radiocarbon years between the
terrestrial sample and its contemporaneous paired marine
sample. The associated error was calculated using the standard

error of the difference (Stuiver et al., 1986; Taylor and
Bar-Yosef, 2014). ΔR means and standard deviations were calcu-
lated using Reimer and Reimer’s (2017) ΔR application.
Arithmetic means for R(t) and ΔR values were calculated for
each region, along with the more appropriate weighted mean.
The weighted mean and standard deviation of averaged ΔR values
were calculated using the formulas from Bevington (1969), fol-
lowing Reimer and Reimer (2017). The standard error of the
mean for each group of samples was also included, alongside
SUERC’s standard error of predicted values (Russell et al.,
2011). In the interests of replicability, data in our Supplemental
Material is left unrounded, alongside the relevant formulae
(Supplemental Table S1).

RESULTS

Southern Southeast Alaska

Our 37 sample pairs (Table 1) for southern Southeast Alaska
produced a weighted average ΔR value of 250 ± 195, with no
significant difference between the Early and Mid-Holocene
(t (35) = .067, p = .95). Our data were subdivided to test for
multiple possible MRE drivers in this region: (1) exposure to
geologic carbon from proximity to karst, (2) the increased
influence of upwelling due to exposure to the North Pacific,
and (3) the influence of marine sample species on the dataset

Figure 2. (color online) Locations of sample-pairs reported in this study for the calculation of the marine reservoir effect in Southeast Alaska.
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(Figure 2). The difference between samples from inner
waterways and those more exposed to the coast was not
statistically significant (t (35) = .329, p = .74; see Supplemental

Table S2). Differences between deposit- and filter-feeding
species in our dataset also were not statistically significant
(t (35) = .559, p = .553).

Figure 3. The skewed distribution of ΔR values of samples near limestone karst. We suggest that this distribution may be the result of variability in freshwater
output through karst systems. If outliers with lower reservoir effects are removed, a normal distribution is achieved.

Figure 4. Northwest Coast ΔR variability through time, sorted by dataset. H = historic period.
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Table 2. Time periods and regions identified in this study. ΔR from Reimer and Reimer, 2017. Weighted mean and standard deviation from Bevington, 1969. Standard error of the mean from Long and Rippeteau, 1974.
Standard error for predicted values from Russell et al., 2011.

Region

R(t),
Weighted
Mean

R(t),
Arithmetic

Mean
Standard
Deviation

SED
Pre.Val.

SED
Mean

# of
Pairs

ΔR,
Weighted
Mean

ΔR,
Arithmetic

Mean
Standard
Deviation

SED
Pre.Val.

SED
Mean

# of
Pairs

Bølling-Allerød /
Meltwater Pulse 1A
(> 10,700 14C yr BP)

Northwest
Coast Synthesis

1097.81 1064.29 168.98 192.20 24.72 7 576.00 546.29 165.66 175.38 25.54 7

Younger Dryas
(10,700 - 10,000 14C yr BP)

Northwest
Coast Synthesis

484.96 537.83 201.83 172.96 31.21 6 −55.62 −38.50 108.80 117.60 41.24 6

Early Holocene /
Meltwater Pulse 1B
(10,000 - 8000 14C yr BP)

Northwest
Coast Synthesis

698.59 645.33 194.08 200.12 8.72 61 245.96 181.00 198.63 199.15 9.63 61

Southeast
Alaska

698.52 669.17 190.89 202.12 11.85 24 264.44 214.46 203.03 205.92 13.45 24

Northern
British
Columbia

698.68 629.86 201.64 200.37 12.87 37 226.52 159.30 195.90 194.77 13.80 37

Mid-Holocene
(8000 - 2000 14C yr BP)

Northwest
Coast Synthesis

664.99 643.86 133.39 143.93 6.73 65 144.59 120.38 163.48 141.75 9.08 65

Southeast
Alaska

752.32 751.54 168.05 166.68 14.22 13 226.74 219.00 182.86 184.56 16.09 13

Northern
British
Columbia

654.12 646.78 102.19 112.09 8.10 40 84.37 115.95 131.73 113.51 11.56 40

Southern
British
Columbia

524.42 517.50 121.53 123.45 22.96 12 29.57 28.33 120.75 119.39 26.92 12

Late Holocene
(2000 - 200 14C yr BP)

Northwest
Coast Synthesis

628.41 639.70 107.16 124.57 8.74 43 139.41 106.86 101.42 107.63 9.83 43

Northern
British
Columbia

600.16 594.88 71.47 79.72 9.96 26 129.57 75.31 90.76 81.34 11.60 26

Southern
British
Columbia

723.12 708.24 147.84 151.11 18.24 17 164.43 155.12 123.98 127.59 18.50 17

Historic (< 200 14C yr BP) Northwest
Coast Synthesis

733.00 743.83 102.49 114.21 6.46 47 233.31 253.55 94.23 103.14 6.62 38

Southeast
Alaska

858.31 862.22 92.80 93.15 18.92 9 360.49 359.56 78.71 82.28 18.92 9

Northern
British
Columbia

644.74 680.83 106.25 112.62 17.10 12 114.91 123.00 85.50 88.16 21.20 5

Southern
British
Columbia

730.29 731.92 83.43 93.64 7.51 26 228.16 241.00 73.45 73.00 7.49 24

Bølling-Allerød interstade (BA, ca. 10,700 14C yr BP / ca. 14,700 cal yr BP) to Younger Dryas stade (ca. 10,700–10,000 14C yr BP / ca. 12,900–11,700 cal yr BP) Transition
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In considering marine samples whose 14C concentrations may
have been influenced by karst (< 300m), there was no statistically
significant difference between samples near and distant from
carbonate bedrock (U = -1.942, p = .053), but the karst subsample
(n = 14) was not normally distributed (Shapiro-Wilk = 0.834,
p = .014). Because the feeding habits of different species may
drive the degree to which karst affects a sampled mollusk
(Ascough et al., 2005a, although see Allen et al., 2019), we also con-
sidered the effect of karst within deposit feeders alone, and found
no significant difference (t (25) = 1.769, p = .089). We suggest
that proximity to a karstic environment presents a highly variable
source of 14C-depleted DIC, given the potential for highly variable
flow rate of both surface and groundwater from these systems
(Dreiss et al., 1989); deviation from normality is thus not surpris-
ing. It should be possible that the 14C concentrations of some sam-
ples near karstic environments were not dramatically affected, while
others were. A histogram of our abnormally distributed data shows
a strong skew to the right, favoring high ΔR values (Figure 3).

If the outliers in this set of samples near karst are removed
to achieve a normal distribution, the weighted mean ΔR of
karst-affected sample-pairs (n = 10) is 410 ± 60, against the non-
karst ΔR weighted mean of 190 ± 190, which is a statistically
significant difference (t (35) = 4.565, p > .005). If these karst-
influenced sample-pairs were removed to produce a purified,
karst-free Early Holocene average for Southeast Alaska
(ΔR 185 ± 210), it would be statistically similar (t (51) = .0797,
p = .44) to the Early Holocene average for British Columbia
(ΔR 226 ± 195). Use of this ‘purified’ average in Southeast
Alaska would be appropriate only where there is high confidence
that the archaeological or paleontological samples to be
calibrated were free of karst influence.

Carbonate bedrock is known throughout coastal British
Columbia and is particularly prevalent on Vancouver Island
(Stokes and Griffiths, 2019); it remains a potential source of
14C-depleted DIC for the other datasets reviewed below. Because

none of the sample-pairs from these datasets was taken from con-
texts within 300m of karst (using Cui et al., 2018), we did not test
for the potential effect of karstic environments on the British
Columbia MRE datasets. It is possible that drainages through car-
bonate bedrock provide variable levels of 14C-depleted DIC to
surface-water circulation, not unlike the effect of coastal-upwelling
introducing 14C-depleted DIC from deep-water reservoirs.

Northwest Coast synthesis: regional aggregates

Because Southeast Alaska on the whole remains poorly sampled,
we combined our Early and Mid-Holocene sample pairs from
southern Southeast Alaska with McNeely et al.’s (2006) historic
sample pairs from northern Southeast Alaska. Our data do not
significantly overlap McNeely et al.’s (2006) data spatially and
are separated in time by ca. 5 ka, therefore it is not surprising
that the combined regional dataset is not normally distributed
(p = .036), suggesting that the two datasets form two distinct
populations defined by either their spatial or temporal differences
(t (44) = 2.143, p = .038). Results from our Southeast Alaska data-
set are well in line with previously published estimates for the
Northwest Coast (Figure 4).

Individual datasets from within northern British Columbia are
surprisingly similar (Supplemental Table S3). The low variation in
ΔR weighted and arithmetic means in relation to accompanying
uncertainties resulted in no statistical difference between most
datasets at this regional level, even before considering variability
through time. The difference between Letham et al., (2018) and
Eldridge et al. (2014), two low-sample datasets, are the exceptions
driving overall statistical significance (F (4, 109) = 2.97, p = .022;
see Supplemental Table S4). Southern British Columbia data, as in
northern British Columbia and Southeast Alaska, are not normally
distributed, suggesting the presence of multiple populations or a
multitude of outliers. Once the clearly distinct Bølling-Allerød inter-
stade data from Kovanen and Easterbrook (2002) are removed,

Figure 5. Northwest Coast ΔR variability through time, all sample pairs in synthesis. H = historic period.
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normality is achieved, but clear statistical differences between indi-
vidual datasets remain (t (52) = 4.09, p = .0002).

Northwest Coast synthesis: temporal aggregates

In light of arguments that the MRE along the Northwest Coast
could be driven primarily by phases of productivity and upwelling
from the North Pacific Ocean reservoir or by the influx of

14C-depleted DIC in meltwater from the Cordilleran Ice Sheets
(Kovanen and Easterbrook, 2002; Hutchinson et al., 2004), R(t)
and ΔR values should vary by region, but rise and fall together
coincident with estimates of productivity and upwelling, and
increase above global averages during increased periods of melt-
water runoff during deglaciation.

Grouping regional datasets into meaningful temporal aggre-
gates reveals broad trends through time across the Northwest

Figure 6. Illustration of the shift in R(t) values from the Late Holocene into historic period. The relative stability of reservoir effects through the Holocene ends ca.
200 cal yr BP as reservoir values began to steadily increase.

Figure 7. Illustration of the shift in ΔR values from the Younger Dryas stade low into the Early Holocene high. Although sample pairs from the Younger Dryas are
limited in number, pairs from the Early Holocene confirm a steady and rapid increase in reservoir effects at the onset of the Early Holocene.
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Table 3. Post-glacial recolonization of Northwest Coast waters by “food clams.”

Study Region Location Lab # Genus
Conventional 14C

(yr BP) ± ΔR ±

Calibrated Age
Min (2 σ)
(yr BP)

Calibrated Age
max (2 σ)
(yr BP)

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26745 Macoma 13,230 25 575 165 13,670 14,790

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26746 Macoma 13,215 25 575 165 13,650 14,780

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26747 Macoma 13,170 25 575 165 13,580 14,680

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26743 Macoma 13,060 25 575 165 13,440 14,470

Pasch et al., 2010 South-Central Alaska Seal River UCIAMS-26731 Saxidomus 12,965 30 575 165 13,330 14,270

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26744 Macoma 12,265 20 575 165 12,690 13,360

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS-26742 Macoma 12,255 25 575 165 12,680 13,350

Pasch et al., 2010 South-Central Alaska Admiral Bogg UCIAMS -26741 Macoma 12,210 20 575 165 12,650 13,310

Pasch et al., 2010 South-Central Alaska Admiral Bogg Beta - 208865 Macoma 12,320 110 575 165 12,690 13,480

Pasch et al., 2010 South-Central Alaska Ancient Forest Beta - 147767 Macoma 10,920 90 −55 110 11,850 12,650

Pasch et al., 2010 South-Central Alaska Ancient Forest Beta - 147769 Macoma 10,480 70 −55 110 11,210 12,050

Hetherington and Reid, 2003 North British Columbia Hecate Strait TO-1335 Macoma 13210 80 575 165 13,600 14,790

Hetherington and Reid, 2003 Central British Columbia Goose Island Trough GSC-3711 Macoma 13200 150 575 165 13,510 14,860

Hetherington and Reid, 2003 North British Columbia Hecate Strait CAMS-26282 Mytilus 12890 60 575 165 13,240 14,150

Hetherington and Reid, 2003 Central British Columbia Goose Island Bank TO-9305 Mytilus 12710 100 575 165 13,070 13,980

Hetherington and Reid, 2003 Central British Columbia Goose Island Trough TO-77 Macoma 12620 80 575 165 12,960 13,810

Hetherington and Reid, 2003 North British Columbia Port Simpson Beta-114464 Saxidomus 12570 50 575 165 12,950 13,740

Hetherington and Reid, 2003 North British Columbia Hecate Strait TO-9308 Saxidomus 12520 100 575 165 12,850 13,720

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-47674 Protothaca 11320 50 −55 110 12,470 13,000

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-54601 Protothaca 11280 50 −55 110 12,430 12,970

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-47675 Protothaca 11150 50 −55 110 12,210 12,820
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Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-49631 Protothaca 11140 50 −55 110 12,190 12,800

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-54600 Saxidomus 11050 50 −55 110 12,070 12,720

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-48155 Protothaca 10890 50 −55 110 11,860 12,600

Hetherington and Reid, 2003 South British Columbia Burnaby Strait NA Mytilus 10750 60 −55 110 11,640 12,470

Hetherington and Reid, 2003 Central British Columbia Goose Island Bank TO-1257 Saxidomus 10650 80 −55 110 11,410 12,380

Hetherington and Reid, 2003 Central British Columbia Goose Island Bank TO-1254 Macoma 10630 70 −55 110 11,390 12,340

Hetherington and Reid, 2003 South British Columbia Juan Perez Sound CAMS-49630 Saxidomus 10380 50 −55 110 11,140 11,870

Baichtal, Unpublished Data Southeast Alaska Mitkof8 Beta - 307866 Saxidomus 13,240 60 575 165 13,660 14,820

Baichtal, Unpublished Data Southeast Alaska Kupre10 Beta - 357132 Saxidomus 13,180 50 575 165 13,590 13,740

Baichtal, Unpublished Data Southeast Alaska Kupre8 Beta - 338251 Saxidomus 10,820 50 −55 110 11,750 12,520

Baichtal, Unpublished Data Southeast Alaska Mitkof9 Beta - 307877 Saxidomus 10,700 40 −55 110 11,580 12,420

Baichtal, Unpublished Data Southeast Alaska Pow54 Beta- 264103 Saxidomus 10,330 80 265 200 10,330 11,590

Baichtal, Unpublished Data Southeast Alaska Pow198 Beta - 436191 Saxidomus 10,280 40 265 200 10,270 11,450

Baichtal, Unpublished Data Southeast Alaska Kuiu2 Beta - 307871 Saxidomus 10220 20 265 200 10,220 11,330

Barrie and Conway, 1999 North British Columbia Dixon Entrance TO-3489 Nuculana 13,770 100 575 165 14,300 15,590

Barrie and Conway, 1999 North British Columbia Dixon Entrance CAMS-33806 Nuculana 13,140 60 575 165 13,510 14,660

Barrie and Conway, 1999 North British Columbia Dixon Entrance TO-3491 Nuculana 13,000 100 575 165 13,320 14,450

Barrie and Conway, 1999 North British Columbia Dixon Entrance CAMS-33805 Nuculana 12,960 60 575 165 13,310 14,290

Barrie and Conway, 1999 North British Columbia Hecate Strait CAMS-26282 Mytilus 12,690 60 575 165 13,060 13,900

Barrie and Conway, 1999 North British Columbia Dixon Entrance TO-2253 Nuculana 12,670 100 575 165 13,020 13,930
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Coast that are not captured by the narrower focus of local ΔR esti-
mates (Table 2). As expected, when approached in this way, each
regional dataset represents a discrete population (F (5, 214) =
16.63, p < .005; see Supplemental Table S5). ΔR averages for
each region varied through time following the same trends
(Figures 4, 5). The Bølling-Allerød interstade stands distinct
from all other time periods, the Younger Dryas stade distinct
from all but the middle and late Holocene, and the historic period
distinct from all but the Early Holocene (Figure 5).

Bølling-Allerød interstade (BA, ca. 10,700 14C yr BP / ca. 14,700
cal yr BP) to Younger Dryas stade (ca. 10,700–10,000 14C yr BP /
ca. 12,900–11,700 cal yr BP) Transition

The oldest range of dates within the Bølling-Allerød interstade
combined data from Kovanen and Easterbrook (2002) and Southon
and Fedje (2003). Although a small sample (n = 7 pairs), these data
are normally distributed and have a weighted ΔR mean of 575 ±
165 and R(t) of 1100 ± 170. Because Southon and Fedje (2003) con-
tributed only one pair, a t-test between the two datasets would be
inappropriate. Following a gap in the aggregated dataset, a cluster of
sample pairs from Southon and Fedje (2003) and Letham et al.
(2018) address the YD. Again, despite the small sample (n = 6
pairs), the data are normally distributed. Because Letham et al.
(2018) contributed only one pair, a t-test between the two datasets
would again be inappropriate. The weighted mean ΔR is -55 ± 110
and the R(t) is 485 ± 200, in stark contrast to the preceding period
which was ca. 650–615 years greater (Figure 4). We note that while
a sample size of six or seven pairs is small in comparison to our full
dataset, it represents a typical sample size in relation to many local
MRE calibrations (e.g., Carlson, 2007; Eldridge et al., 2014;
Edinborough et al., 2016).

Early Holocene (EH, ca. 10,000–8000 14C yr BP / 11,700–9000
cal yr BP)

For the purposes of this analysis, we use the term Early Holocene
to denote the 2800 years following the YD, overlapping Meltwater
Pulse 1B (Stanford et al., 2011; Kaufman et al., 2016). Our overall
Early Holocene weighted mean ΔR is 245 ± 200, R(t) 700 ± 195.
This robust sample (n = 61 pairs) of combined pairs from our
southern Southeast Alaska data, Southon and Fedje’s (2003)
data, and Letham et al.’s (2018) data is normally distributed,
with no significant statistical difference between Southeast
Alaska and northern British Columbia (t (59) = 1.06, p = .294).
When each dataset was compared individually, there was a statis-
tical difference between Southon and Fedje’s (2003) and Letham
et al.’s (2018) data, but not between those datasets and
Southeast Alaska (F (2, 58) = 4.122; p = .021). This difference is
not unsurprising given Letham et al.’s (2018) sample size of
three pairs for this period (Figure 4).

Middle Holocene (MH, 8000–2000 14C yr BP / 9000–2000 cal yr
BP) to late Holocene (LH, ca. 2000–200 14C yr BP / cal yr BP)

Sixty-five samples from our dataset, Southon and Fedje (2003),
Eldridge et al. (2014), and Edinborough et al. (2016) contributed
to the middle Holocene weighted mean ΔR of 145 ± 165 and R(t)
of 665 ± 135. Not all datasets are normally distributed, and a
Kruskal-Wallis test indicates significant differences between the
three regions, driven by Southeast Alaska (KW (4) = 8.55,
p = .014). Forty-three samples from Southon and Fedje (2003),
Eldridge et al. (2014), and Edinborough et al. (2016) produced
a late Holocene weighted mean ΔR of 140 ± 110 and R(t) of

630 ± 110. Northern and southern BC are statistically distinct
(t (41) = 2.54; P = .015), driven by high values reported by
Southon and Fedje (2003) in southern BC. Tukey HSD
Post-Hoc tests of the individual datasets in the LH indicated
that the statistical difference is driven entirely by the difference
within Southon and Fedje’s (2003) northern and southern BC
datasets, rather than differences involving Edinborough et al.
(2016) or Eldridge et al. (2014).

Historic period (200 cal yr BP/ AD 1850 to Present)
Forty-seven samples from McNeely et al. (2006) and Southon and
Fedje (2003) encompassed considerable variability across the
Northwest Coast in the historic period (Figure 6). We discuss
results only for the R(t) here because our chosen method for cal-
culating ΔR (Reimer and Reimer, 2017) does not accept historic
(post-AD 1850) terrestrial dates. The overall R(t) for the historic
period is 735 ± 100, although regional differences are high and
statistically distinct (F (2, 44) = 8.493; p = .001). The highest
R(t) is in northern Southeast Alaska, with a weighted mean R(t)
of 860 ± 95; northern BC values (R(t) = 645 ± 105) mirror the
Holocene average (645 ± 135), while the weighted mean R(t) is
higher in southern BC (730 ± 85). Interestingly, there is consider-
able variability between individual datasets in each region;
McNeely et al’s (2006) mean values are much higher than
Holocene averages in Southeast Alaska, but slightly lower than
the Holocene average in northern BC (590 ± 65) and only
slightly higher than the Late Holocene average in southern BC
(730 ± 80), while Southon and Fedje’s (2003) values for northern
(750 ± 85) and southern BC (885 ± 135) both exceeded Holocene
averages.

DISCUSSION

Our synthesis combined 229 sample-pairs: seven pairs from the
BA, six from the YD, 61 from EH, 65 from the MH, 43 from
the LH, and 47 from post-AD 1850. Values begin at their highest
point in the BA (ΔR 575 ± 165), echoing the results of a recent
study of 88 benthic-planktic pairs from marine cores off the
coast of south-central Alaska (Walczak et al., 2020). After the
BA, reservoir effects dropped dramatically to their lowest values
in the YD (ΔR -55 ± 110), also supported by a recently reported
re-analysis of marine cores off the Northwest Coast (Praetorius
et al., 2020). We split our Early Holocene sample (ΔR 245 ±
200) into two units to illustrate the variation in this period
through time: from 11,700–10,200 cal yr BP, ΔR values rose
from the YD low to 200 ± 220, rising higher still to an average
of 265 ± 190 from 10,200–9000 cal yr BP. Following
Meltwater-Pulse 1B (Bard et al., 1990; Stanford et al., 2011), the
reservoir effect declined to an average ΔR 145 ± 165, which per-
sisted until the historic period (Figure 4).

The historic period MRE

The combination of McNeely et al.’s (2006) samples for
Southeast Alaska and British Columbia with Southon and
Fedje’s (2003) dataset lends credence to the latter’s observation
of an increased reservoir effect over the last few centuries
(Figure 6). Oddly, while McNeely et al.’s (2006) R(t) values for
Southeast Alaska were higher than the Holocene average (follow-
ing the trend of Southon and Fedje’s, 2003 data), their R(t) aver-
ages for northern and southern BC dropped slightly below
Holocene averages. McNeely et al. (2006) did include several
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post-bomb samples from the 1950s in their samples from south-
ern BC; R(t) values for pre- and post-1950 are unsurprisingly
statistically different (t (22) = 2.831, p = .009), but these differ-
ences are accounted for by Incal20 because ΔR were not signifi-
cantly different (t (22) = 1.401, p = .18; see Supplemental
Table S6). In light of the strength of the Suess effect in the
North Pacific (Eide et al., 2017) and the Libby effect (Taylor
and Bar-Yosef, 2014), anthropogenically depleted DIC upwelling
from this reservoir may be driving the higher R(t) values along
parts of the Northwest Coast. Hutchinson (2020) recently
reviewed Late Holocene reservoir effects along the west coast of
North America and suggested a correlation between increased
ΔR values in the latter half of the Late Holocene and variations
in El-Nino-Southern Oscillation activity, with a distance-decay
effect driving values in Southeast Alaska.

Holocene MRE stability

We arbitrarily divided the Holocene into early, middle, and late
periods to capture potential variation through time within the
period, expecting to see differences in reservoir effects between
the Early Holocene and preceding Younger Dryas stade and the
Late Holocene with the historic period. The Early Holocene
remained statistically distinct (F (2, 166) = 3.502, p = .03),
although a Tukey HSD Post-Hoc test of the three periods indi-
cated no difference between the Mid- and Late Holocene (p
= .90). This suggests relative stability across the Mid-Late
Holocene, from 9000–200 cal yr BP. Notably, Moss’ (1989) ΔR
average of 280 ± 50 is comparable to our Holocene average for
the Northwest Coast (if calculated in Marine13 for better compat-
ibility, ΔR 270 ± 135).

This stability in the Mid- and Late Holocene was also noted by
Edinborough et al. (2016), although their samples were solely
derived from two distinct archaeological contexts. This provided
an opportunity to compare the single- and multiple-pair sample
approaches. The increase in context-specific, localized reservoir
correction factors is driven by the assumption that regional

averaging of samples conflates highly variable local variation
(Edinborough et al., 2016; Martindale et al., 2018). We should
therefore expect a difference between our aggregated dataset and
the highly focused results of Edinborough et al.’s (2016) ΔR
values, produced for two specific archaeological contexts. Our
Mid-Late Holocene weighted average ΔR (with Edinborough
et al.’s, 2016 data removed) is 115 ± 140, compared to
Edinborough et al.’s (2016) ΔR 145 ± 55. When comparing the
full Mid-Late Holocene range, the two are statistically distinguish-
able (U = 2.411, p = .016), although when the middle and late
Holocene are considered separately, a statistically similar average
ΔR is achieved (t (63) = 1.14, p = .259 and t (41) = .788, p = .435,
respectively; see Supplemental Table S7).

The multiple-pair sample approach assumes that all contem-
porary marine specimens from one context are affected by the res-
ervoir effect at statistically identical levels. It provides a highly
concise MRE correction with low error, and may accurately
account for the variety of factors influencing the MRE in a specific
area (Hutchinson, 2020), but this precision is then only demon-
strably applicable for calibrating specimens (or species that
incorporated marine species into their diet) that lived in that
immediately local area for a very limited length of time. The
single-pair sample approach is more susceptible to the inclusion
of ‘bad’ dates, but may better represent the natural variability
across the timescale addressed by current radiocarbon precision
(± 20 years). The inherently higher uncertainties involved with
such variability could mask trends through time, although in
our synthesis trends through time are sufficiently dramatic as to
remain statistically distinguishable. For research questions with
a broader focus (such as diet-based calibrations of dates from
highly mobile human foragers), we suspect the regional scale
averages and uncertainties may be more appropriate. This is not
to say that local calibrations are unnecessary; given the internal
coherence of several of the individual datasets included here
and the local nature of potential reservoir effects (such as freshwa-
ter influence or karst), it remains prudent to use a robust local
calibration when research questions are strictly local.

Figure 8. (color online) Modified from Schwarcz et al.,
2014a. Isotopic analysis of prehistoric human skele-
tons compared to potential food sources along the
Northwest Coast. Schwarcz et al. (2014a) argued that
the influence of freshwater fish is driving the high 13C
values of Kennewick Man. Isotope values of the
Shuká-Kaa individual match individuals from prehis-
toric sites along coastal British Columbia, interpreted
as having diets dominated by anadromous fish
consumption.
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Table 4. Post-glacial recolonization of the Northwest Coast by brown bears (mixed marine diet) and black bears (terrestrial diet).

Source Site Lab # Sample Type
Conventional 14C

(yr BP) ± ΔR ±

Calibrated Age
Min (2 σ)
(yr BP)

Calibrated Age
max (2 σ)
(yr BP)

Heaton and Grady, 2003 El Capitan Cave AA-10445 Brown bear 12,295 120 575 165 13,310 14,000

Heaton and Grady, 2003 El Capitan Cave AA-32122 Brown bear 11,910 140 575 165 12,890 13,520

Heaton and Grady, 2003 Enigma Cave AA-15226 Brown bear 11,715 120 575 165 12,750 13,310

Heaton and Grady, 2003 Bumper Cave AA-15222 Brown bear 11,640 80 575 165 12,750 13,170

Heaton and Grady, 2003 Colander Cave AA-44450 Brown bear 11,630 120 575 165 13,180 13,610

Heaton and Grady, 2003 El Capitan Cave AA-10448 Black bear 11,565 115 N/A N/A 13,220 13,530

Heaton and Grady, 2003 El Capitan Cave AA-10446 Black bear 11,540 110 N/A N/A 13,220 13,530

Heaton and Grady, 2003 Hole 52 Cave AA-33202 Black bear 11,460 130 N/A N/A 13,110 13,520

Heaton and Grady, 2003 Tlacatzinacantli Cave AA-32119 Black bear 10,970 120 N/A N/A 12,740 13,100

Heaton and Grady, 2003 Hole 52 Cave AA-36638 Black bear 10,930 140 N/A N/A 12,690 13,110

Fedje et al., 2011 Gaadu Din UCIAMS15156 Brown bear 10,715 30 −55 110 12,090 12,620

Fedje et al., 2011 Gaadu Din UCIAMS41042 Brown bear 10,660 30 −55 110 12,000 12,500

Fedje et al., 2011 Gaadu Din UCIAMS41043 Brown bear 10,465 30 −55 110 11,690 12,270

Fedje et al., 2011 Gaadu Din UCIAMS15154 Black bear 11,030 30 N/A N/A 12,880 13,080

Fedje et al., 2011 Gaadu Din UCIAMS5756 Black bear 10,515 35 N/A N/A 12,470 12,630

Fedje et al., 2011 Gaadu Din UCIAMS5753 Black bear 10,485 35 N/A N/A 12,460 12,620

Ramsey et al., 2004 K1 Cave CAMS 75746 Brown bear 14,390 70 575 165 16,330 17,000

Wigen, 2005 K1 Cave K1S7H Brown bear 14,540 70 575 165 16,500 17,200

Wigen, 2005 K1 Cave K1L11BB8 Brown bear 12,090 35 575 165 13,190 13,590

Wigen, 2005 K1 Cave KlLllAblZ Brown bear 12,070 40 575 165 13,170 13,530

Wigen, 2005 K1 Cave K1S11X3 54 Brown bear 12,065 40 575 165 13,170 13,530

Wigen, 2005 K1 Cave K1S7B12 12 Black bear 11,280 40 N/A N/A 13,100 13,240

Wigen, 2005 K1 Cave Kl SUB Black bear 11,250 70 N/A N/A 13,080 13,300

Wigen, 2005 K1 Cave K1S7X1-6 0 Black bear 11,180 40 N/A N/A 13,060 13,170

Wigen, 2005 K1 Cave K1S7A Black bear 11,150 50 N/A N/A 12,760 12,970

Wigen, 2005 K1 Cave KlLllCb3a Black bear 10,960 35 N/A N/A 12,760 12,970

Wigen, 2005 K1 Cave K1S11A20 Black bear 10,950 40 N/A N/A 12,760 12,970

Wigen, 2005 K1 Cave K1S11B20 Black bear 10,660 40 N/A N/A 12,620 12,730
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The Younger Dryas stade sampling gap

One of the significant findings of this study is the recognition of
an apparent decrease in the MRE during the YD to near global
averages (ΔR 0). Prior to this analysis, the small set of samples
from the tail end of the Bølling-Allerød interstade with extremely
high reservoir values (Kovanen and Easterbrook, 2002) gave the
impression of a gradual reservoir effect decrease from the terminal
Pleistocene high into the Early Holocene. The absence of con-
straining samples in the YD was not a cause for concern, given
a number of studies in the North Atlantic that reported high res-
ervoir effect values during the YD interval (Bard et al., 1994;
Austin et al., 1995; Bondevik et al., 2006). Lower values in the
under-sampled YD were noted by Southon and Fedje (2003,
p. 100), but considered insignificant against the scatter of their
Early Holocene data. The interpretation was thus perpetuated:
due to insufficient sample pairs post-dating 10,000 14C yr BP,
the only reference points for calibrating marine samples older
than the Early Holocene were Kovanen and Easterbrook’s
(2002) sample pairs. Our aggregated dataset suggests that the
Younger Dryas stade is significantly different from both the
Bølling-Allerød interstade (p < .005) and the Early Holocene (p
= .009), although confidence in a shift of this magnitude would
increase with a larger sample size (Figure 7).

We note that the YD ‘low’ was recently independently recog-
nized by Praetorius et al. (2020) in their re-evaluation of marine
sediment cores along the Pacific Coast of North America. After
assuming a constant MRE in age models for each sediment
core, Praetorius et al. (2020) adjusted each core’s MRE calibration
in order to align shifts in δ18O across cores with those mirrored in
the U-Th dated speleothem record from the Oregon Caves
National Monument (Vacco et al., 2005; Ersek et al., 2012) and
Cave of Bells (Wagner et al., 2010). To reconcile these datasets,
ΔR values must be 100–300 years lower from 9.5–11.5 14C yr
BP. A similar trend is reflected in our ΔR averages.

Implications for paleoclimate proxies and archaeology
The recognition of the YD drop in reservoir effect has immedi-
ate implications for any paleoclimate study that applies MRE
calibrations from the historic period (McNeely et al., 2006) or
BA (Kovanen and Easterbrook, 2002) to samples from the
Younger Dryas stade, although further paired-samples from
the YD would be ideal to provide further confidence in this phe-
nomenon. We briefly consider a range of case studies in which
paleoecological, paleoclimatic, and archaeological reconstruc-
tions relying heavily on dated marine samples can be reevalu-
ated following our finding of a diminished reservoir effect
during the YD.

Recalibrating shellfish ages often has a direct impact on pale-
oclimate reconstructions. For example, the deglaciation of the
Dixon Entrance separating Prince of Wales Island and Haida
Gwaii is constrained using uncalibrated dates on marine fossils
collected by Barrie and Conway (1999). Cold-water foraminifera
(Cassidulina reniforme) in ice-proximal sediments are dated at
14,380 ± 110 14C yr BP / 15,260–16, 370 cal yr BP, while the ear-
liest clam (Nuculana fossa) marks the return to open water by
13,770 ± 100 14C yr BP / 14,320–15,580 cal yr BP.

The postglacial recolonization of the Northwest Coast by shell-
fish is also an important factor for the viability of the region
for human settlement (Dyke et al., 1996; Hetherington et al.,
2003; Potter et al., 2017). Species traditionally consumed by
Northwest Coast groups (e.g., Macoma nasuta, Saxidomus

gigantea) appear to have recolonized rapidly across the entire
Northwest Coast (Table 3). In South-Central Alaska, the oldest
dated specimens are at 13,230 ± 25 14C yr BP / 13,670–14,790 cal
yr BP (Pasch et al., 2010), in Southeast Alaska at 13,240 ± 60 14C
yr BP / 13,660–14,820 cal yr BP (J.F. Baichtal, unpublished data),
and in British Columbia at 13,210 ± 80 14C yr BP/ 13,600–14,790
cal yr BP (Hetherington and Reid, 2003). While we lack terrestrial
samples from these slightly older contexts to produce paired-
sample reservoir corrections, we note the overlap between the ear-
liest food clams in Southeast Alaska (13,660–14,280 cal yr BP) and
the last pagophilic Ring Seal remains from Shuká-Kaa Cave
(13,970–15,700 cal yr BP, calibrated in Supplemental Table S8)
as proxies for the elimination of substantial sea-ice in the region.

In practice, choice of which ΔR value to use to calibrate
unpaired shells requires careful consideration. For example, for
samples with conventional radiocarbon dates near the BA-YD
transition, a YD sample correction is implied: if the sample
were from the BA, it would have been strongly affected by the
MRE and would thus not report a conventional radiocarbon
date close to the YD. In contrast, the transition between the YD
and the EH has a high potential for overlapping radiocarbon
dates. A sample of Early Holocene age is likely to have a high res-
ervoir effect, resulting in a conventional radiocarbon date that
appears to be within the YD. A sample of YD age, with a much
lower MRE, could report a similar conventional radiocarbon
age. Because ΔR values were at their lowest at the onset of the
EH, YD calibrations should be appropriate for those samples
reporting YD radiocarbon ages. As an exercise, we calibrated
shells from this overlap zone with both corrections, and results
were statistically the same at a 95% confidence interval (due to
high overlapping uncertainties).

MRE corrections for mixed-diets in humans and bears on the
Northwest Coast

Shuká-Kaa
MRE corrections are commonly used to calibrate radiocarbon
ages on paleontological and archaeological mixed feeders: speci-
mens that consumed marine species as a significant part of
their diet (Dixon et al., 2014). This is of critical importance to
Early Holocene archaeology on the Northwest Coast given the
importance of cave sites (El Capitan Cave, K1 Cave, Gaadu Din
2, etc.) with paleontological and archaeological bear bone
(Heaton and Grady, 2003; Fedje et al., 2011). Few human remains
from Southeast Alaska have been radiocarbon dated, with the
notable exception of the Early Holocene Shuká-Kaa individual
found on Prince of Wales Island. This individual’s isotope values
are typically interpreted as evidence of a ‘marine diet’ (Dixon
et al., 2014; Potter et al., 2017). Given the difference between
the Southeast Alaska Early Holocene ΔR average (265 ± 200)
and McNeely et al.’s (2006) Southeast Alaska historic average
(ΔR 360 ± 80, t (31) = 2.044, p = .049) used in the most recent cal-
ibration of the individual’s age (Dixon et al., 2014), we provide an
updated calibration using our new Early Holocene data. The
pooled mean of the two radiocarbon dates reported for the skele-
ton (9820 ± 40 14C yr BP) was calibrated using our Early Holocene
Southeast Alaska ΔR (265 ± 200) with the Mixed-Marine Northern
Hemisphere Calibration Curve (Reimer et al., 2020), in light of the
individual’s marine diet (see below discussion).

We use our full Early Holocene Southeast Alaska calibration
because we cannot rule out that the individual’s diet did not
include karst-influenced marine foods, particularly given their
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final resting place on karst-rich Prince of Wales Island. Our
reevaluation of the individual’s age is 9640–10,860 cal yr BP
(two sigma). While the median age is comparable to that reported
elsewhere (usually only discussed in relation to an average age of
ca. 10,300 cal yr BP, most recently 10,230 ± 110 cal yr BP in
Dixon et al., 2014), our estimate of the error more accurately
reflects the considerable uncertainty produced by the diet-based
calibration process (Russell et al., 2011).

Isotopic data from two dated elements of the Shuká-Kaa skel-
eton, dated to ca. 9800 14C yr BP, have long been used to support
the marine diet of the Early Holocene human inhabitants of the
region, based on carbon isotope values in Dixon et al.’s (1997)
report (δ13C = -12.5‰ for the mandible and -12.1‰ for the
pelvis). New C- and N-isotope ratios have been published recently
for the Shuká-Kaa individual (Dixon et al., 2014). Following
the publication of these results, a robust sample of Mid- to
Late Holocene individuals from coastal and interior British
Columbia with a more nuanced model for diet determinations
was also published—an ideal comparative sample (Schwarcz
et al., 2014a). The Shuká-Kaa individual’s isotope data fit squarely
among the salmonid-focused individuals of coastal British
Columbia, rather than among those with a marine-mammal-
heavy diet (Figure 8). These results are not unlike that of the
Early Holocene Kennewick Man (Schwarcz et al., 2014b), whose
isotope ratios similarly were driven by anadromous fish, 500 km
up the Columbia River. Particularly when human remains are
the samples in question, it is important that measured radiocar-
bon ages are corrected appropriately, with adequate recognition
of the potential influence of diet-driven reservoir effects.

Schwarcz et al. (2014a) note that nitrogen values in their sam-
ples suggest that mollusks never constituted more than 25% of the
diet of their sampled coastal foragers (in favor of other marine
food sources), yet the reservoir corrections applied to ancient
human remains from the coast are inevitably derived from mol-
lusks. Recognition that reservoir effects across fish and marine
mammal species are also significantly different from shellfish
(and one another) demands more diet-appropriate reservoir
corrections for ancient human remains (Dumond and Griffin,
2002; Clark et al., 2019; Dyke et al., 2019; Reuther et al., 2020).
Because marine (likely anadromous) fish appear to be central to
the diet of Shuká-Kaa and Kennewick Man (and not marine
mammals, terrestrial mammals, freshwater fish, or mollusks),
a marine reservoir correction based on anadromous fish is
necessary (Figure 8).

A salmon-derived reservoir effect has yet to be quantified in
detail. Southon and Fedje (2003) included two historic salmon
dates in their dataset (which we excluded from our mollusk syn-
thesis). One pair has an R(t) of 870 ± 90, the other 1050 ± 85, for a
weighted average R(t) of 970 ± 60. de Flamingh et al. (2018)
recently dated a set of Late Holocene salmon bones from a
house storage pit on the Kenai Peninsula, Alaska, commenting
that their age was offset from two radiocarbon dates on wood
from the house structure. Assuming the younger of the two
wood dates most accurately reflects the age of storage pit usage,
their paired sample has an R(t) of 950 ± 45. These few pairs
strongly suggest that our present mollusk-derived MRE correction
is insufficient for diet-based calibrations. Future production of a
reservoir correction for salmon would provide more appropriate
corrective values for mixed-feeders on the Northwest Coast.
Anadromous fish spend part of their life cycle in freshwater
streams and lakes, and the remainder in the North Pacific; such
a project should include modern samples from karst and non-

karst drainages alongside ancient samples, which could be assem-
bled from well-dated archaeological contexts.

Post-glacial bear recolonization
In addition to humans, bears represent mixed-feeder species of
great interest to the post-glacial history of the Northwest Coast.
Radiocarbon dating of the earliest paleontological remains of
black and brown bears found in caves in Southeast Alaska and
British Columbia has the potential to track the recolonization of
the region by these species, which is critical given recent evidence
that pre-glacial lineages did not survive glaciation in refugia
(Lindqvist, 2019). These omnivores serve as proxy indicators of
a post-glacial environment that could have supported humans,
making their presence of interest to archaeologists as well (Fedje
et al., 2011). Unfortunately, published data on stratigraphic rela-
tionships are insufficient to link dated salmon and bear remains
with charcoal, which could have produced sample-pairs for
MRE calculation. As with humans, it remains unclear whether a
mollusk-derived MRE correction is sufficient for calibration of
radiocarbon dates on specimens with marine diets.

If calibrations accounting for a 50% mixed-feeder diet are
applied to brown bears (following Heaton and Grady, 2003),
brown bears can be recalibrated using our values for comparison
against the terrestrial diets of black bears (Table 4). In Southeast
Alaska, the earliest brown and black bear dates overlap at two
sigma (brown bear 13,310–14,000 cal yr BP; black bear 13,220–
13,530 cal yr BP). A similar pattern is repeated on Haida Gwaii,
overlapping these dates at two sigma, although Fedje et al.
(2011) reported stratigraphically older, abundant but undated
brown bear remains in the Gaadu Din caves. A significantly
older bear in the K1 Cave is dated to 16,500–17,200 cal yr BP (cal-
ibrated using BA ΔR 575 ± 165, assuming mixed diet, as indicated
in Ramsey et al., 2004), likely the same individual reported by
Wigen (2005) given the statistically identical age. At this time,
while Haida Gwaii was deglaciated, ice was just receding from
the outer coast of Southeast Alaska (Lesnek et al., 2018). Given
recent genetic evidence of late glacial interbreeding between the
brown bears of Southeast Alaska and polar bears (Cahill et al.,
2015, 2018), this may represent a polar/brown bear hybrid.

CONCLUSION

Approaches to MRE models range from a broad global level
(Butzin et al., 2005; Alves et al., 2019; Reimer et al., 2020) to
the very local (e.g., Edinborough et al., 2016). Here we considered
surface ocean reservoir effect data at a broad regional level by
combining datasets that are expected to have been affected by
comparable oceanic and glacial effects along the length of the
Northwest Coast of North America, from the Southeast Alaska
panhandle to Vancouver Island, British Columbia. R(t) and ΔR
values for the Mid- and Early Holocene in southern Southeast
Alaska are in close agreement with those from adjacent Haida
Gwaii and Prince Rupert Harbor sampling localities in British
Columbia. The aggregated data for the Northwest Coast on the
whole present clear temporal trends, possibly driven by coastal
upwelling.

The reservoir effect is strongest during the initial period of
high productivity in the Bølling-Allerød, coinciding with
Meltwater Pulse 1A (Barron et al., 2009; Davies et al., 2011;
Stanford et al., 2011; Addison et al., 2012; Walczak et al., 2020).
The YD brought a decrease in productivity alongside cooled
and freshened sea-surface waters, a signal of persistent local

178 N. Schmuck et al.

https://doi.org/10.1017/qua.2020.131 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2020.131


meltwater events (Praetorius et al., 2020). The coinciding disrup-
tion to deep water ventilation appears to have lessened coastal
upwelling significantly, resulting in lower levels of 14C-depleted
DIC in coastal waters and allowing the MRE on the Northwest
Coast to decrease to near ΔR 0, the global average. The end of
the YD saw a return of coastal upwelling. Shellfish reservoir values
steadily increased from the YD low, stabilizing by 8800 cal yr BP
around a regional average that persisted through the Holocene.
The updated reservoir effect estimates reported here will help
refine regional chronologies of many types that are ultimately
based on these common index fossils.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/qua.2020.131
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