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Abstract Holocene and Pleistocene marine sediment records in the North Pacific record

multiple dysoxic events proximal to continental margins and oxygen minimum zones (OMZs). High-
resolution paleoenvironmental studies in the Gulf of Alaska (GoA) were previously restricted to the

last ~17,000 years, limiting our knowledge of oxygenation in the high latitude North Pacific. Here we
develop a ~54,000-year-long record of co-registered benthic foraminiferal assemblages and redox sensitive
metal concentrations (Mo/Al and U/Al) at Site U1419 in the upper OMZ of GoA to reconstruct the
history of OMZ extent and intensity at multi-centennial resolution. Using multivariate analyses of total
benthic foraminiferal assemblages, we develop quantitative dissolved oxygen estimates that are robust

to differences in the benthic foraminiferal size fraction analyzed, replicate modern oxygenation patterns
in the GoA, and are cross-validated by redox sensitive metal concentrations. We identify dysoxic events

in the early Holocene and in the Bolling-Allerad (B/A), consistent with previous studies, as well as two
dysoxic events during MIS 3 that are comparable in severity to the B/A event and lower in oxygen than
the modern GoA OMZ. We further record short-duration (<300 years) dysoxic events during glacial times
similar to those recorded at more southern latitudes. Rates of oxygenation change can be abrupt with
transitions exceeding 1 ml/L O, in 100 years. Quantitative estimates of paleo-oxygenation, such as those
possible with benthic foraminiferal assemblages, are important for forecasting future oxygenation changes
in OMZs and their potential impacts on the marine ecosystems.

1. Introduction

Low-oxygen conditions occur naturally in fjords, upwelling zones, restricted basins, and at intermediate
ocean depths within oxygen minimum zones (OMZs). The intensity and spatial extent of OMZs vary with
changes in global climate, ocean circulation, and nutrient availability (Deutsch et al., 2011; Helly & Lev-
in, 2004; Keeling et al., 2010). Since at least the 1960s, the global ocean oxygen inventory has declined,
including within OMZ cores, and upper OMZ boundaries have shoaled (Bograd et al., 2008; Ito et al., 2017;
Pierce et al., 2012; Schmidtko et al., 2017; Whitney et al., 2007). This expansion and intensification of OMZs
are a major threat to ecosystem health (Diaz & Rosenberg, 2008; Gilly et al., 2013; Helly & Levin, 2004). In
addition, changes in OMZ size and extent affect nutrient and carbon cycle processes with particular effects
on deep-sea carbon storage with global climate consequences (Gray et al., 2018; Keeling et al., 2010).

The North Pacific contains the most extensive modern OMZ and the lowest minimum oxygen values in the
ocean due to the longer circulation paths (Paulmier & Ruiz-Pino, 2009). North Pacific paleoceanographic
records document changes in the extent of its OMZs since the Late Pleistocene including sites in Baja Cal-
ifornia, the California Margin, Santa Barbara Basin (SBB), East and South China Seas, Sea of Japan, Sea of
Okhotsk, Bering Sea, the Cascadia Margin, and the southeastern margin of Alaska (Belanger et al., 2020;
Bubenshchikova et al., 2015; Cartapanis et al., 2011; Davies et al., 2011; K. Cannariato & Kennett, 1999; K.
G. Cannariato et al., 1999; K. Ohkushi et al., 2013; Li et al., 2018; McKay et al., 2005; Mix et al., 1999; Mof-
fitt et al., 2014; Praetorius et al., 2015; Saravanan et al., 2020; Shibahara et al., 2007; Takahashi et al., 2016;
Tetard et al., 2017; Zou et al., 2020). In many of these records, low-oxygen events correspond to warmer pe-
riods, such as the Bolling-Allered (B/A) and interstadials during glacial conditions. Proposed proximal driv-
ers of deoxygenation during these events include decreased oxygen solubility directly related to warming,
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enhanced productivity, and thus respiration, due to changes in nutrient supply, and decreased intermediate
water ventilation (Gray et al., 2018; Jaccard & Galbraith, 2012; Moffitt et al., 2015; Praetorius et al., 2015).

Previous studies of low-oxygen events in the southeastern margin of Alaska are restricted to the last
~17,000 years (Addison et al., 2012; Davies et al., 2011; Praetorius et al., 2015). These paleoceanographic
records suggest OMZ expansion and strengthening in the Gulf of Alaska (GoA) during B/A interstadial
(14.7-12.9 ka) and the early Holocene; 11.5-10.5 ka. However, the frequency and severity of hypoxia for
glacial intervals are not documented for this region as they have been elsewhere in the North Pacific. This
paleoceanographic gap in the high-latitude North Pacific is largely due to poor preservation of microfossils
in corrosive bottom waters. Paleoceanographic records for the past ~54,000 years are obtainable in the
GoA, though, due to high sedimentation rates that led to the excellent preservation of foraminifera (Gulick
et al., 2015).

Combined sedimentary, faunal, and geochemical approaches are important for resolving oxygenation re-
cords because each proxy has limitations. The presence of laminations indicates the absence of biotur-
bation due to severe low-oxygen conditions (Moffitt et al., 2015; van Geen et al., 2003). However, these
sedimentary structures are easily overprinted by later bioturbation when oxic conditions return, especially
if sedimentation rates are low. Redox-sensitive metal accumulations (including Mo and U) are instrumental
in reconstructing dysoxia (<0.5 ml/L O,), including in the North Pacific (Davies et al., 2011; Jaccard & Gal-
braith, 2013; Moffitt et al., 2015; Praetorius et al., 2015; Zheng et al., 2002). However, processes like post-di-
agenetic reworking, re-oxidative burn down, bioturbation, sedimentary dilution, and diffusion within the
sediments can overprint oxygenation histories based on redox-sensitive metals (Calvert & Pedersen, 1993;
Tribovillard et al., 2006; Zindorf et al., 2020). This may lead to imprecise interpretations of paleoenviron-
mental conditions like the severity, duration, and timing of the events.

Benthic foraminifera are particularly useful for studying oxygenation because some species rapidly re-
spond to changes in oxygenation but are insensitive to oxygenation differences above 1 or 2 ml/L (McCune
et al., 2002; Moffitt et al., 2015). Like sedimentary proxies, bioturbation can mix foraminifera accumulated
under different environmental conditions across environmental changes leading to time-averaged assem-
blages in the sediment core (Fiirsich & Aberhan, 1990). This time-averaging can dampen the signal of
low-oxygen events but, unlike redox-sensitive metals, foraminifera are not necessarily removed from the
sediments. However, many environmental factors can influence the distribution of benthic foraminifera in-
cluding organic carbon flux, salinity, current velocity, temperature, and substrate characteristics, and thus,
can confound paleo-oxygen reconstruction, especially when based on only a few index species (Jorissen
et al., 2007). Thus, cross-validation across sedimentary, faunal, and geochemical proxies is important for
reconstructing paleo-oxygenation.

Like index taxon approaches, paleoenvironmental reconstructions based on benthic foraminifera restricted
to larger (>125 pm) sizes may also exclude species and overlook some environmental information, espe-
cially in low-oxygen or eutrophic environments (Schonfeld et al., 2012; Schroeder et al., 1987; Sen Gupta
et al., 1987; Weinkauf & Milker, 2018). However, separating smaller foraminifera from sediments is time-in-
tensive and they are more difficult to identify thus, some studies exclude them for efficiency (Schroeder
et al., 1987; Weinkauf & Milker, 2018). Therefore, we must also consider the sensitivity of foraminiferal
assemblage-based paleo-oxygenation proxies to taxonomic and size inclusion.

In this study, we use both benthic foraminiferal assemblages and redox sensitive metals as proxies for
pore-water oxygenation and assess their correspondence in reconstructing a quantitative oxygenation his-
tory of the upper OMZ in GoA. We develop a new method for calculating oxygenation values from total ben-
thic foraminiferal assemblages, which is not limited to taxa with known physiological tolerances. Further,
we examine the influence of faunal size-fraction on this correspondence and on the resulting paleoxygen-
ation reconstructions. With these data, we reconstruct an oxygenation history over the last ~54,000 years
at ~200-year resolution to test the hypotheses that: a) hypoxia occurred in both glacial and interglacial
intervals in the GoA, b) the duration and severity of hypoxia are independent of whether the event occurred
during glacial or interglacial times, and c) ecologically relevant changes in oxygenation can occur on mul-
ti-centennial timescales in GoA.
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2. Materials and Methods

Integrated Ocean Drilling Program (IODP) Site U1419, jumbo piston
core EW0408-85JC and an adjacent multicore EW0408-84MC are located
on the Khitrov Bank in the GoA at 697 and 682 m water depth, respec-
tively, and underlie North Pacific Intermediate Water (NPIW; Figure 1;
Jaeger et al., 2014). The modern OMZ core in GoA is at ~670-1,060 m
(~0.45 ml/L O,; Paulmier & Ruiz-Pino, 2009), thus this site lies within
the upper OMZ. The central GoA is a high nutrient low chlorophyll area
and micronutrients, like iron, limit productivity (Stabeno et al., 2004).
e Nitrates and phosphates are generally transported from the subsurface
150°'W 140°'W ocean (Childers et al., 2005), while iron comes from fluvial sources

Oxygen [mi/l] (Stabeno et al., 2004). The availability of sunlight is the main limiting
factor for the primary productivity in the GoA, and productivity is low in
winters and comparatively high in early summer (Stabeno et al., 2004).
6 Early spring may have large algal blooms due to availability of ample sun-
light and nutrients (Stabeno et al., 2004).

Ocean Data View

~

Site U1419 was drilled to ~177 m below the seafloor with an overall core
recovery of 82% (Jaeger et al., 2014). The chronology for Site U1419 is
based on a Bayesian age model using 250 *C values from separately ana-
lyzed benthic and planktonic foraminiferal samples that were calibrated
using the Marinel3 calibration curve (Walczak et al., 2020). The base of
2 the stratigraphic splice among holes at U1419 is ~55 ka. Sedimentation
rates at Site U1419 average ~50 cm/ka over the past 12 ka, are as high as

o0 % 1 800 cm/ka during the deglacial interval, and average ~200 cm/ka during

§ the glacial portion of the record (Walczak et al., 2020). These high sed-

5000 ‘ ‘ . H P imentation rates led to exceptional preservation of carbonate, including
52°'N 56°'N 58N foraminiferal fossils (Gulick et al., 2015).

Figure 1. Study site locations. (a) Map showing the location of sites The width of the continental shelf in SE Alaska is ~25 km near Kay-

EW0408-85]C, EW0408-84MC, and Site U1419 in the Gulf of Alaska. ak Island with shelf break at 220 m water depth (Dobson et al., 1998;

(b) Meridional cross section (144°W) of the oxygen concentration in the
modern Eastern Pacific Ocean, showing location of site with respect to

Molnia, 1983). As a result, lithology in the continental shelf varies from

the OMZ. Oxygenation data are from the World Ocean Atlas 2013 (Garcia hemipelagic muds to glacial diamictites, and glacial-marine sand and silt
et al., 2013) and both panels were constructed in Ocean Data View (Carlson, 1989; Penkrot et al., 2018). The dominant lithofacies recorded
(Schlitzer, 2018). OMZ, oxygen minimum zone. in the Site U1419 core is clast poor diamict, and facies ranged from mas-

sive bioturbated mud to laminated diamicts (Penkrot et al., 2018). Lam-
inations occur during the deglacial, similar to site survey core EW0408-
85JC (Davies et al., 2011), but also within the glacial interval (Penkrot
et al., 2018).

We sampled 2 to 3-cm-wide intervals (5-40 cc) with a median age resolution of 127 years (interquartile
range [IQR] = 73-201 years) based upon the age model from Walczak et al. (2020). Sample ages and depths
are calculated from the midpoint of sample width. Approximately 2 cc of each sample was reserved for
redox metals analyses and the remainder was disaggregated for faunal analyses.

2.1. Multivariate Faunal Analysis

Sediment samples for faunal analysis were weighed after freeze-drying, disaggregated in deionized water,
and wet-sieved at 63 um. After air-drying, the coarse fraction (>63 um) was weighed and used to calculate
the proportion of sand and silt. Coarse fractions were split with a microsplitter to obtain at least 150 benthic
foraminifera specimens >63 um in each sample. Samples with a high proportion of sand-sized sediment
grains often had fewer specimens due to sedimentary dilution and samples with as few as 50 individuals in
the >63 um fraction were retained for analysis. The median number of individuals we obtained per sample
is 268 (IQR = 159-404). While previous work estimates 300 individuals are needed for statistical analyses
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Table 1
Comparison of Ecological Analyses on Benthic Foraminiferal Assemblages Using Three Size Fractions (>63 um,
>125 um, and 63-125 um)

Size fraction used >63 um >125 um 63-125 um
Total number of taxa 74 67 67

Number of taxa used in analyses (>2%) 48 46 47

Median number of individuals per sample 268 81 175
(Interquartile Range; IQR) (159-404) (46-141) (85-265)

DCA Axis 1, proportion of variance summarized 55% 51% 52%

DCA Axis 2, proportion of variance summarized 16% 6% 19%

Spearman rho 0.45 0.45 0.43

DCA 1 versus Mo/Al (0.35-0.55)*** (0.35-0.54)*** (0.33-0.53)***
Spearman rho 0.61 0.58 0.59

CA 1 versus U/Al (0.54-0.69)*** (0.50-0.66)*** (0.51-0.66)***
Spearman rho —0.33 0.01 —0.06

DCA 2 versus Mo/Al (—0.42 to 0.25)*** (—0.10 to 0.12)ns (=0.17 to 0.04)ns
Spearman rho —0.14 0.28 —0.18

DCA 2 versus U/Al (~0.23 to —0.04)* (0.18-0.37)*** (~0.29 to —0.08)***
Mantel correlation 0.47 0.42 0.39

Faunal versus Mo, U dissimilarity (0.46-0.49)** (0.41-0.43)** (0.38-0.41)**

Note. For Spearman correlations, rho-values are reported; for Mantel correlations, r-values are reported. 95% confidence
intervals for each correlation are in parentheses.
*p < 0.05; **p < 0.01, ***p < 0.001, ns = non-significant.

of diversity metrics (Buzas, 1990), more recent studies suggest that multivariate analyses of assemblage
composition are stable with as few as 58 individuals (Forcino et al., 2015). Foraminifera were picked and
identified to species-level within four size fractions (>355 um, 355-250 um, 125-250 um, and 63-125 pum)
to retain size information (Table S1). Species that were rare and occurred infrequently were often grouped
at the genus-level for counts. Only those species and generic groups that occurred in more than one sample
and comprised >2% of individuals in at least one sample were included in analyses.

We use the multivariate ordination method detrended correspondence analysis (DCA) to reduce the dimen-
sionality of our faunal data set and extract major gradients in faunal composition. DCA, which uses the chi-
square dissimilarity among the relative abundances of taxa to define assemblage differences, is commonly
used in paleoecological analyses and is preferred when the research emphasis is on finding a single faunal
gradient reflective of environmental gradients (Belanger & Villarosa Garcia, 2014; Bush & Brame, 2010; Mc-
Cune et al., 2002; Scarponi & Kowalewski, 2004). We then test the hypothesis that oxygenation influences
the primary axes of faunal variation by comparing by DCA species scores of taxa with different environmen-
tal preferences in the modern (Table S2). DCA analyses are performed using the “decorana” function with
its defaults in vegan package of the R programming language (Oksanen et al., 2017; R Core Team, 2016).
We calculate the proportion of variance summarized by each axis using the Pearson correlation between
the Euclidean dissimilarity of the DCA sites scores and the Bray-Curtis dissimilarity of the faunal abun-
dances for each site with the mantel function in the “ecodist” package (“after the fact method” of McCune
et al., 2002).

To test the hypothesis that different benthic foraminiferal size fractions reconstruct the same environmental
gradients, we perform DCA analyses on three size fractions (>63 um, >125 pum, and 63-125 pum) separately.
Subsetting the data by size fraction necessarily reduces the number of individuals per sample, thus, these
analyses contain samples with fewer than the typically recommended 300 to 58 individuals per sample
(Table 1). We do not perform DCA analyses using subsets focused on the larger size fractions alone because
we obtained fewer than 50 individuals larger than 250 pm in ~90% of samples (median = 12 individuals
>250 um). We use the Mantel correlation among sample ordination scores to test whether the resulting
ordination structures are significantly different. Similarly, we use the Mantel test to compare the similarity
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of species positions in ordination space. Mantel tests were performed using mantel function in the “ecodist”
package in R (Goslee & Urban, 2007).

2.2. Redox Sensitive Metals

Authigenic accumulations of Molybdenum (Mo) and Uranium (U) are commonly used as paleo-oxygen
proxies. In sulfidic environments, Mo solubility decreases, thus the concentration of authigenic Mo can
serve as a geochemical tracer of severely dysoxic (<0.5 ml/L O,) conditions (Crusius et al., 1996; McManus
et al., 2006; Zheng et al., 2000). Accumulation of authigenic U in sediments typically occurs at similar
redox condition as the reduction of iron oxyhydroxides and thus indicates less severe, suboxic (<1.4 ml/L
0,) conditions (Klinkhammer & Palmer, 1991; McManus et al., 2006; Tribovillard et al., 2006). Thus, when
used together, U and Mo allow differentiation of suboxic and sulfidic conditions respectively, increasing the
quantifiably of paleo-oxygen reconstructions.

Mo and U were measured in bulk sediment samples (~50-100 mg) and digested using a mixture of HF-
HCI-HNO; in a CEM MARS-6 microwave oven (J. M. Muratli et al., 2012). Mo and U concentrations were
analyzed on a quadrupole ICP-MS in the W.M. Keck Collaboratory for Plasma Spectrometry of Oregon State
University. Samples, calibration standards, and blanks were spiked with internal standards (***Rh and **Bi).
Procedural blanks of the entire process were corrected for and were 0.8 + 0.3 (1) % for Mo and 0.03 % 0.01
(10) % for U. Repeated analysis of sediment reference material PACS-2 produced a Mo concentration of
5.70 = 0.23 (10, n = 58) ppm, agreeing well with the certified value of 5.43 + 0.14 (1) ppm. Repeated anal-
ysis of the United States Geological Survey rock reference material AGV-1 resulted in U concentration of
1.900 + 0.049 (1o, n = 3) ppm, also in agreement with the literature value of 1.903 + 0.010 ppm (Jochum
et al., 2016). Repeated analysis of an in-house marine sediment standard yielded long-term (over 3 years)
reproducibility (1 relative standard deviation [SD], n = 57) of ~4% of measured values for Mo and of ~6%
of measured values for U.

We report Mo and U as Element/Aluminum (Al) ratios to distinguish authigenic accumulation from the
terrigenous background (Cartapanis et al., 2011; J. Muratli et al., 2010). Al was analyzed using an inductive-
ly coupled plasma optical emission spectrometer (ICP-OES) at the same lab. Repeated analysis of the sed-
iment reference material PACS-2 gave an Al concentration of 6.45 + 0.16 (1o, n = 58) wt% consistent with
the certified value of 6.62 + 0.16 (16) wt%. Procedural blanks of Al were negligible (<0.1%). Long-term (over
3 years) reproducibility (1 relative SD, n = 57) of Al were ~2%. The choice of terrigenous normalization is
however not essential given that Al and Ti, two most widely used elements for terrigenous background, at
both sites varied little (<5%) during the entire record, suggesting that the variabilities of Mo and U concen-
trations were dominated by authigenic accumulation.

2.3. Correspondence Between Faunal Changes and Redox-Sensitive Metals

We obtained redox sensitive metal concentrations and benthic foraminiferal faunal counts from the same
samples, making it possible to quantitatively compare the two types of data. In total, we have 355 samples
with both faunal and redox metals data (Table S1). We use the Mantel correlation to test the hypothesis
that samples that are most dissimilar in faunal composition are also most dissimilar in their concentra-
tions of redox metals. For these analyses, we calculated Bray-Curtis dissimilarity among samples using
the proportional abundances of species and the Euclidean dissimilarity among samples using the z-score
transformed redox metals data (Mo/Al, U/Al); the Euclidean dissimilarity metric accommodates negative
values unlike the Bray-Curtis dissimilarity, which is most appropriate for faunal abundances (McCune
et al., 2002). Z-score transformations were performed using the scale function of the “base” package in R (R
Core Team, 2016).

Each redox sensitive metal has different threshold sensitivity to changes in oxygenation and, thus, may have
a different relationship to the faunal gradients. To test if Mo/Al and U/Al differ in the strength of their cor-
relation to the primary axis of faunal variation, we calculate the Spearman correlation between faunal DCA
Axis 1 scores and individual redox-sensitive metal concentrations. All correlations were also performed for
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each size fraction separately to test the hypotheses that faunal variation is similarly associated with differ-
ences in redox metals concentrations regardless of the size fraction.

2.4. Quantifying Dissolved Oxygen Concentrations From Faunal Assemblages

Further, we quantitatively estimate oxygenation values from benthic foraminiferal faunal assemblages us-
ing the Behl dissolved oxygen (BDO) index following K. Ohkushi et al. (2013). However, in its original im-
plementation, this index was restricted to the 19 species for which the authors acquired oxygen tolerances
reported in the literature (K. Ohkushi et al., 2013). Of these 19 species, we found 14 in our samples and used
these species to calculate a “literature-based” BDO estimate comparable to this previous work (Table S2).
In order to instead use all species in our analyses, we also calculate a modified BDO using the covariation
of species with known oxygenation tolerances in DCA ordination spaces to place unassigned species into
dysoxic (>1.83 DCA species scores), suboxic (—0.39 to 1.83), or weakly hypoxic to oxic (<—0.4) categories
(see Section 3.3). To assess whether the faunal size fraction examined can affect these calculated oxygena-
tion values, we compare BDO results using the >63 pm size fraction and the >125 um size fraction.

2.5. Comparing Fossil Assemblages to Modern Surface Sediment Assemblages

We further compare our fossil assemblages (>63 um size fraction) to 225 benthic foraminifera assemblag-
es collected from sediment surface samples following Belanger et al. (2016) to identify fossil assemblages
indicative of oxygenation values outside the range of modern spatial variability in GoA. Samples were com-
piled from Bergen and O'Neil (1979), Echols and Armentrout (1980) and from EW0408 and IODP Expedi-
tion 341 coretops (Belanger et al., 2016). The data set includes at least 13 samples from within the modern
OMZ. As in previous work, we consider a fossil sample to have no modern analog if its nearest-neighbor
Spearman rho coefficient is less than 0.1285, which we calculated from the 95th percentile of the dissimilar-
ity among modern-modern sample pairs (Belanger et al., 2016). We use Spearman rho because it considers
only the rank abundance of taxa and, thus, minimizes the dissimilarity due to differences in the proportion-
al abundances of species. Fossil assemblages for which we identify analogs are also assigned to a primary
environment (i.e., slope or shelf) based upon the environment of their nearest modern analog.

Modern species represented in the fossil data set were assigned to the same oxygen categories as in the fos-
sil calculations. The 27 modern species not found in the fossil data set were assigned to oxygen categories
based upon the correlation between their relative abundances in a modern sample and the modern oxygen
values of the collection site estimated from the World Ocean Atlas (WOA) 2013 (Garcia et al. 2013). Species
with a positive correlation with oxygen concentrations were assigned to the oxic category and species with
a negative correlation to the suboxic category (Table S3). Samples with flagged WOA data for oxygenation
were excluded from analyses requiring oxygen concentrations leaving 208 modern samples with modern
oxygen measurements.

2.6. Identifying the Occurrence, Severity, and Duration of Hypoxic Events

To quantitatively distinguish low-oxygen events from background conditions, we extract the most extreme
values for each oxygenation proxy (DCA Axis 1 score, Mo/Al, and U/Al) in our time series using the 95th,
95-90th, and 80-90th upper quantiles where the 95th upper quantile represents data in the highest 5% of
values. We focus on the change in DCA Axis 1 because this Axis summarizes the majority of our faunal
variation and is well related to oxygenation (see Section 3.1). This method ensures that all proxies yield the
same number of potential low-oxygen events. Further, we used the BDO values calculated from >63 um
data set to operationally categorize the events into dysoxic (<0.5 ml/L), suboxic (0.5-1 ml/L), and weakly
hypoxic to oxic (>1 ml/L) conditions. Because we are primarily interested in identifying low-oxygen events
and the BDO index is known to underestimate oxygenation at higher values, we conservatively define the
threshold between suboxic and weakly hypoxic to oxic conditions at 1 ml/L instead of the 1.4 ml/L used by
others (Moffitt et al., 2015; K. Ohkushi et al., 2013). Using these data, we can then ask whether proxies agree
or disagree on the presence, duration, and relative severity of a low-oxygen event.
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Figure 2. Relative abundance of numerically and ecologically significant
benthic foraminiferal species in the >63 um size fraction. (a) Five of the
most frequently occurring species that are also have high abundances in
the glacial. (b) Opportunistic species. (c) Six species with reported oxygen
tolerances <0.1 ml/L.

2.7. Rates of Faunal and Environmental Change

DCA axes are scaled in units of SDs of total faunal variation (McCune
et al., 2002), thus we can use DCA Axis 1 scores to quantify rates of
ecological change as in other paleoecological studies (Correa-Metrio
et al., 2012). We also calculate the rate of change in oxygenation using
our modified BDO values. We recalculate the rate of BDO change after
removing shelf analogs to provide a more conservative rate estimate that
accounts for potential downslope transport and faunal changes due to
major sedimentation changes.

3. Results

In total, we identified 74 species and congeneric groups of benthic fo-
raminifera in the >63 pm size fraction. Of the 74 species, 26 comprised
less than 2% of any one sample and, thus, were removed from the anal-
yses leaving 48 species. From the full faunal list, 67 species occur in the
63-125 pm size fraction and 67 species occur in the >125 um size fraction
(Table 1). The most frequently observed species regardless of size fraction
are Cassidulina reniforme, Epistominella pacifica, Uvigerina peregrina,
Islandiella norcrossi, Elphidium clavatum, Alabaminella wedellensis, and
Epistominella exigua and together they often comprise the majority the
assemblage in the >63 um size fraction (Figures 2a and 2b). Only 9% of
the taxa present in the >63 um size fraction are absent from the >125 um
size fraction. Some species, including Bolivina earlandi, Loxostomum
minuta, Bolivina decussata, A. wedellensis, and E. exigua, are abundant
in the 63-125 um size fraction and are rare to absent in the >125 um
fraction (Table S1). For example, A. wedellensis and E. exigua, which are
used as proxies of organic carbon fluxes (Gooday, 1993; Gooday & Jor-
issen, 2012; Sun et al., 2006), comprised up to 76% of the assemblage in
the 63-125 pum size fraction but are less than 6% of the assemblage in the
>125 um size fraction (Figure S1).

3.1. Primary Gradients in Faunal Composition

DCA Axis 1 summarizes 51%-55% of the faunal variation whereas DCA
Axis 2 summarizes 6%-19% of the faunal variation depending on the size
fraction analyzed (Table 1). The position of samples in the total DCA
space (Axes 1-4) has a strong positive Mantel correlation among all three
size-fractions; sample position along DCA Axis 1 alone is also similar
among size fractions (Table 2). Species positions in total DCA space are
also positively correlated among size fractions, but with weaker associa-
tions among size fractions than for site positions in DCA space (Table 2).
Given these similarities among the ordinations and their temporal pat-
terns regardless of size fraction (Figure 3; Table S4), we will only discuss
the DCA results using the >63 pum data set.

Species with the most positive DCA Axis 1 scores include Buliminella tenuata, Takayanagia delicata, Bolivi-

na seminuda, Bolivina subadvena, Bolivina pseudobeyrichi, and Suggrunda eckisi (Figure 4; Table S5); these
taxa are common in dysoxic to suboxic settings (Erdem & Schonfeld, 2017; K. Ohkushi et al., 2013; Schmiedl
et al., 2003; Tetard et al., 2017) and sometimes dominate our assemblages (Figure 2c). Species with strong
negative DCA Axis 1 scores include I. norcrossi, Stainforthia complanata, Astrononion gallowayi, Nonionella

digitata, Triloculina trihedra, E. clavatum, Quinqueloculina spp., Virgulina spp., Stainforthia fusiformis, a

phytodetritus-feeding opportunist related to ephemerally low-oxygen environments (Alve, 2003), has a low

negative DCA Axis 1 score. Other opportunistic species sensitive to the seasonality of productivity and flux

SHARON ET AL.

7 of 21



A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Paleoceanography and Paleoclimatology 10.1029/2020PA003986

Table 2
Pairwise Mantel Correlations Between DCA Site Scores for the Three Benthic Foraminiferal Size Fractions (>63 um,

>125 um, and 63-125 um)

DCA score comparison >63 um and >125 um >63 um and 63-125 um >125 um and 63-125 um

DCA Axes 1-4 sample scores 0.82 0.80 0.58
(0.81-0.83)** (0.79-0.80)** (0.57-0.60)**

DCA Axis 1 sample scores 0.82 0.93 0.76
(0.81-0.82)** (0.93-0.94)** (0.75-0.77)**

DCA Axes 1-4 species scores 0.28 0.50 0.18
(0.24-0.33)* (0.47-0.55)** (0.14-0.22)*

DCA Axes 1 species scores 0.65 0.83 0.47
(0.62-0.70)** (0.82-0.85)** (0.43-0.53)**

Note. Mantel r-values are reported with 95% confidence intervals for each correlation in parentheses.
*p < 0.05; **p < 0.01.

of fresh phytodetritus, including A. wedellensis and E. exigua (Gooday, 1993; Gooday & Jorissen, 2012; Sun
et al., 2006), have low positive (A. wedellensis) and high positive (E. exigua) DCA Axis 1 scores and dominate
assemblages in the Holocene interval of our record (Figure 2b). Species associated with glacial conditions,
including E. pacifica and C. reniforme (K. I. Ohkushi et al., 2003), and oxic settings, such as Pyrgo spp. and
Quinqueloculina spp. (K. Ohkushi et al., 2013), have negative DCA 1 Axis scores. Nonionellina labradorica,
categorized by others as a taxon that favors oxic environments (K. Ohkushi et al., 2013), has a low positive
DCA Axis 1 score in our analyses.

Species with positive DCA Axis 2 scores include phytodetritus sensitive taxa such as N. labradorica, S. fusi-
formis, A. wedellensis, and E. exigua (Cedhagen, 1991; Sun et al., 2006); these species are dominant in some
samples with DCA Axis 2 scores >0.5 (Figure 4; Table S5). Other species with positive DCA Axis 2 scores
include Bolivina decussata, Trifarina angulosa, B. subadvena, T. trihedra, Nonion grateloupii, Valvulineria
spp., C. reniforme, and Cassidulina spp. Some low-oxygen tolerant taxa, including B. seminuda and S. eckisi,

DCA Axis 1, >125um DCA Axis 2, >63um Mo/Al (ppm/wt%)
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Figure 3. Ecological and environmental proxies for Site U1419 in the Gulf of Alaska for the last 54 ka. (a—c) Detrended
Correspondence Analysis (DCA) Axis 1 scores of benthic foraminiferal assemblages using each of three size fractions
(>63 pm, >125 pum, and 63-125 pm). In (a), assemblages with no modern analog are indicated with gray-filled symbols.
(d), DCA Axis 2 scores for the >63 um size fraction. Redox metal values from the same samples: (e), U/Al (f), Mo/AL
Vertical dashed line in (a), (¢), and (f) represents the upper 95th upper quantile and the dotted line represents upper
80th upper quantile of the data distribution. Climate intervals indicated as eH, early Holocene; YD, Younger Dryas;
B/A, Bolling-Allerad; and HS1, Heinrich Stadial 1. Pink bars represent dysoxic events discussed in the text, blue bars
are oxic intervals discussed in the text. The Allered is distinguished from the Belling in yellow.
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have positive DCA Axis 2 scores; however, other low-oxygen tolerant
taxa including T. delicata, B. tenuata, and B. pseudobeyrichi have negative
DCA Acxis 2 scores.

3.2. Correspondence Between Faunal and Redox Metal Variation

2 Stainforthia B o Samples that are most dissimilar in their faunal composition are also
- fusiformis ¢ e . . . . .
~ Nonionellina labradorica & O Soqgrunda ooks most dissimilar in their redox metal concentrations in all three size-frac-
= T A u] PY tions we tested (Mantel correlations, Table 1). Individual redox-sensitive
< a ivil i . . .
S A e Bolivina seminuda metal concentrations (Mo/Al and U/Al) and the primary gradient of fau-
a Quinqueloculina Alabaminella q Epistominella exigua . . o

A A weddellensis nal composition (DCA Axis 1 scores) also positively covary regardless of

A a5 o o g_"g‘;’gjdi’g:;;iii size fraction (Table 1), such that samples with higher DCA Axis 1 scores
O Takayanagia have higher redox metal concentrations. This is consistent with the posi-
- F’Aj/rgoA Bolivina spissam .. delicata tive DCA Axis 1 scores of low-oxygen tolerant species. U/Al has a strong-
Epistominella pacifica® W Gropobulimina  Buliminella tenuata er positive correlation (Spearman'’s rho = 0.61) with DCA Axis 1 scores
A g:;g;zzz 5 as compared to Mo/Al (Spearman’s rho = 0.45). In contrast to DCA Axis
T T T ; T . 1, DCA Axis 2 has weaker correlations with redox metal concentrations
-2 -1 0 1 2 3

DCA axis 1 (55%)

Figure 4. Detrended correspondence analysis (DCA) species scores for
benthic foraminiferal assemblages from the >63 pm size fraction. Circles
indicate species with a lowermost oxygen tolerance below 0.1 ml/L O,
squares indicate species with a lowermost oxygen tolerance of 0.1-0.5 ml/L
0,, and triangles indicate those with a lowermost oxygen tolerance above
0.5 ml/L O, based upon published tolerances (Table S2). Diamonds denote
opportunistic taxa, which are also inferred to tolerate suboxic conditions.
Filled symbols indicate species for which environmental preferences were
obtained from the literature and are labeled with species names. Open
symbols denote species assigned to a category based on its DCA Axis 1

and no systematic relationship with low-oxygen tolerant species (Table 1;
Figure 4).

3.3. Quantifying Oxygenation From Faunal Assemblages

Published oxygen tolerances indicate six species associated with dysox-
ic conditions (lowermost oxygen tolerances <0.1 ml/L O,) and five spe-
cies associated with suboxic conditions (lowermost oxygen tolerances
0.1-0.5 mL/L O,) are present in our data set (Table S2). Following pre-
vious studies using similar methods (K. Ohkushi et al., 2013; Tetard
et al., 2017), only three “weakly hypoxic to oxic” species (N. labradorica,

score.

Pyrgo spp., and Quinqueloculina spp.) are used in our “literature-based”
BDO calculations. Using this subset of 14 species produces BDO values
between 0.10 and 1.25 ml/L (Figure 5a, Table S4).

All species designated as dysoxic in the literature have DCA Axis 1 scores greater than or equal to 1.83.
Species categorized as suboxic indicators in the literature have with DCA Axis 1 scores between —0.39 and
1.83, thus we assign species without literature-based oxygen tolerances that fall within this range of DCA
Axis 1 scores to the suboxic category. We categorize all species without published oxygen tolerances with
DCA Axis 1 scores less than -0.4 as weakly hypoxic to oxic, consistent with the DCA Axis 1 scores of Pyrgo
spp., and Quinqueloculina spp. (Figure 4, Table S3). Oxygen values calculated using the >63 pum data set
produce values between 0.12 and 1.40 ml/L O,; restricting to foraminifera >125 um produces values from
0.11 to 1.50 ml/L O, (Figures 5b and 5c).

On average, BDO calculations using only those species with published oxygen tolerances reconstruct ox-
ygen values 0.30 ml/L O, IQR = 0.15-0.43) lower than calculations using all species in the >63 pm size
fraction (Figure 6). Oxygen estimates from the literature-based calculations tend to frequently produce val-
ues of ~0.5 ml/L O, whereas calculations for these same samples are 0.5-1.2 ml/L O, using the total fauna.
In contrast, oxygen calculations using the >125 um size fraction are similar on average to the >63 um size
fraction (median difference = 0.05 ml/L, IQR = —0.04 to 0.10; Figure 6).

3.4. Oxygen Estimates From Modern Faunas

Core top assemblages from Site U1419 and EW0408-84MC have an average BDO estimate of 0.60 ml/L O,
using the full fauna (>63 pm size fraction), similar to the 0.59 ml/L O, estimates for the modern site derived
from the WOA (Table S6). Oxygen calculations from our modified BDO index and the modern measured
oxygen concentrations have a strong positive correlation (Spearman rho = 0.81, p <<0.001), but the values
are different in scale (Figure 6¢). The calculated oxygen estimates are higher than measured values when
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Figure 5. Rates of oxygenation and ecological change. (a) Dissolved oxygen values calculated using the Behl dissolved
oxygen (BDO) index and only species whose oxygen tolerances are known from the literature. (b) Dissolved oxygen
values calculated using the total assemblage and (c) using the >125 um size fraction. (d) Rate of oxygenation change
per 100 years using all samples. (e) Rate of change in oxygenation per 100 years with shelf analogs removed. (f) Rate
of change in detrended correspondence analysis (DCA) Axis 1 scores per 100 years using all samples. All metrics are
derived from the >63 um size fraction unless otherwise specified. Dashed lines in a-c indicate 0.5 ml/L are dysoxic-
suboxic O, threshold. Climate intervals indicated as eH, early Holocene; YD, Younger Dryas; B/A, Belling-Allerad;

and HSI, Heinrich Stadial 1. Pink bars represent low oxygen events discussed in the text, blue bars are the oxic events.
Allered is distinguished from the Bolling in yellow.

WOA values are <0.5 ml/L (median difference = 0.26 ml/L, IQR = 0.15-0.39), similar for WOA values
0.5-1.5 ml/L (median difference = —0.09 ml/L, IQR = —0.17 to 0.09) and lower than measured values when
WOA values are >1.5 ml/L (median difference = —5.29 ml/L, IQR = —5.49 to —4.34).

3.5. Defining the Occurrence and Duration of Low-Oxygen Events

Of the 355 samples we analyzed, 129 have at least one low-oxygen proxy (DCA Axis 1 score, U/Al or Mo/Al)
that exceeds the 80th upper quantile of the data for that variable (Figure 3). In total, we found 71 samples in
which all the proxies suggest low-oxygen conditions. For the majority of the record, all three faunal size frac-
tions indicate similar DCA Axis 1 excursions with minor differences in the relative severity (Figure 3). During
the mid-Holocene (~6.8 ka) to present, many samples have DCA Axis 1 scores in the upper 80-90th quantile,
but these samples do not have correspondingly high redox metal concentrations (Figure 3). Similarly, some
Holocene samples from 8.5 to 7.4 ka and MIS 3 samples from 53.5 to 49.2 ka have redox metal concentrations
in the 80th upper quantile without corroborating DCA Axis 1 scores. However, these are exceptions and the
majority of samples that have high positive DCA Axis 1 scores have high redox metal concentrations.

High DCA Axis 1 scores and high concentrations of redox metals also generally correspond to low BDO es-
timates. All samples with either DCA Axis 1 scores or redox metals concentration in the 80th upper quantile
have BDO values suggesting dysoxic or suboxic conditions. Most of the severe dysoxic events with <0.5 ml/L
BDO estimates contain fewer than 5% oxic species. Mo/Al values in the 95th upper quantile correspond to
median BDO values of 0.23 ml/L (IQR = 0.18-0.40), significantly lower than DO estimates of 0.41 ml/L for
samples with Mo/Al values in the 90-95th upper quantile (Mann-Whitney U = 258, p = 0.0013; Table 3).
Similarly, Mo/Al values in the 90-95th upper quantile have BDO estimates that are significantly lower than
the median BDO estimates of 0.59 ml/L in the 80-90th upper quantile (U = 1,188, p < 0.0001, Table 3).
Increasing U/Al values also correspond with increasing faunal DO estimates. The BDO estimates in sam-
ples with U/Al in for the >95th upper quantile (Mann-Whitney U = 76, p = 0.0034) are significantly lower
than for samples in than 90-95th U/Al quantile (Mann-Whitney U = 244, p = 0.0049) and 80-90th quantile
(Mann-Whitney U = 1,079, p < 0.0001; Table 3).
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Figure 6. Relationships among dissolved oxygen calculations for (a) fossil assemblages using only 14 species
with published oxygen tolerances and fossil assemblages using all 48 species in the >63 um size fraction, (b) fossil
assemblages from the >63 um size fraction and fossil assemblages from the >125 pm size fraction, and (c) modern
assemblages in the >63 um size fraction and measured dissolved oxygen values from the World Ocean Atlas 2013
(Garcia et al., 2013). In (a and b), BDO values are the same as in Figures 5a-5c and dotted lines are 1:1 lines.
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The lowest BDO estimates occur during the B/A and during discrete

Table 3
Upper Quantile Values for Faunal and Geochemical Oxygenation Proxies intervals in MIS 3 as indicated by both the faunal and redox sensitive
Median faunal >63 metals. DCA Axis 1 scores (>63 pum data set) exceeding the 95th and
Proxy value dissolved oxygen 90th upper quantile of the faunal data occur in samples from the Bolling
range estimate (ml/L) (14.7-13.8 ka) and the Allered (13.8-12.9 ka), respectively (Table 3). The
Mo/ Al (ppm/wt%) B./A interval had th'e lowest calculated D(? values (9.12 ml/L from modi-
- i . 4 fied BDO >63 um) in the ~54 ka record with a median value = 0.20 ml/L;
>th upper quantile 0-34-1.09 023 (0.18-0.40) IQR = 0.16-0.37. The B/A is also corroborated by redox metal values in
90-95th upper quantile gt 0.41 (0.37-0.46) the 80th upper quantile. Within the B/A, the Bolling had lower BDO
80-90th upper quantile 0.16-0.25 0.59 (0.50-0.68) values (0.12-0.26 ml/L) and most samples have redox values in the 95th
U/Al (ppm/wt%) upper quantile. In the Allerad, however, BDO estimates were greater
95th upper quantile 0.41-0.60 0.30 (0.18-0.45) than 0.26 ml/L and redox values where in the 80-90th upper quantile
90-95th upper quantile . 0.49 (0.40-0.63) (Flgu’res 3 and 5). DCA Axis 1 scores and redox metal cgncentra.tlons are
. also in the upper 90th quantile from 46.7 to 45.7 ka with median BDO
S-SR EiEaE el 0.32-0.37 U5 D) estimates of 0.42 ml/L (IQR = 0.25-0.46 ml/L; Figures 3 and 5).
DCA Axis 1 (sample scores)
S5 s e 1.55-2.50 0.19 (0.16-0.26) In addition to the excursions in the B/A and MIS 3 discussed above,
— 'l L05-151 S shorter duration excursions occur during MIS 3. DCA scores >1.52 occur
~95th upper quantile 05713 42(039-0.47) in two adjacent samples at ~36.9 ka with BDO value of 0.18 ml/L and are
80-90th upper quantile ozmlen 0.60 (0.52-0.64) corroborated by Mo/Al values in the 95th upper quantile and U/Al values
75-80th upper quantile 0.44-0.52 0.68 (0.64-0.71) in the upper 80th quantile. BDO estimates as low as 0.38 ml/L occur from

Note. Faunal dissolved oxygen estimates are from the BDO index using ~ 11.2 to 10.9 ka during the early Holocene and are associated with DCA
the full fauna in the >63 um size fraction. Interquartile ranges on the  Axis 1 scores in the upper 90th quantile and redox metal values in the

medians are in parentheses.

upper 80th quantile. Faunal assemblages and both redox sensitive metals

also have values in the upper 80th quantiles in single samples at 23, 29,

33.3, 41.8, and 42.8 ka and in a sample pair at ~48.5 ka. These shorter

(<150 years) events have BDO values ranging from 0.36 to 0.44 ml/L. In
addition, five consecutive samples from 44-43.5 ka have scores in the 80-95th upper quantile with BDO
values ranging from 0.40 to 0.53 ml/L (Figure 5). All of these shorter MIS 3 events are corroborated by Mo/
Al and U/Al values in the upper 80th quantile with the exception of the 23 ka event where U/Al is not in
the upper 80th quantile.

When proxy values are less extreme, correspondence becomes less common. For example, DCA Axis 1
scores in the 80-95th upper quantile (scores 0.52-1.51) occur immediately following the B/A event between
13.6 and 11.7 ka, similar in timing to the Younger Dryas (YD; 12.9-11.7 ka). These YD samples also have
Mo/Al values in the upper 80th quantile, however only two of five samples have U/Al values in the upper
80th quantile. In the younger record from ~7 ka to present, DCA Axis 1 scores are in the 75-90th upper
quantile with the median BDO values of 0.68 ml/L (IQR = 0.64-0.72 ml/L), but both redox sensitive metals
have values below the 80th quantile for the entire interval. Further, during MIS 3, samples from ~53 to 48
ka have redox metals values in the upper 80th quantiles, however, with the exception of two samples, DCA
Axis 1 scores are below the upper 80th quantile (median BDO = 0.72 ml/L; IQR = 0.58-0.98 ml/L).

3.6. Rates of Faunal and Environmental Change

Changes in faunal composition along DCA Axis 1 are minor between sequential samples with a median
absolute ecological change between samples of 0.11 SDs per 100 years (IQR = —0.11 to 0.12). Changes in
DCA Axis 1 sample scores exceeding 1 SD/100 years toward higher scores occur 11 times in the record and
12 times toward lower scores; changes exceeding 2 SD/100 years occur five times toward higher DCA Axis
1 scores and thrice toward lower scores (Figure 5). The most rapid faunal shift toward higher DCA Axis 1
scores occurs at 29 ka with additional changes >2 SD/100 years at 9.8, 11.0, 11.8, and 14.8 ka. Similarly,
changes in oxygenation values calculated using the modified BDO index (>63 pum size fraction) are gen-
erally low between adjacent samples with a median absolute change of 0.07 (IQR = 0.03-0.17) ml/L per
100 years. However, changes in oxygenation exceeding 0.5 ml/L per 100 years occurs 18 times and changes
exceeding 1 ml/L per 100 years occurs five times in our record (Figure 5). Of these, 10 are decreases in
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oxygenation and 8 are increases in oxygenation. The most rapid oxygenation changes co-occur with rapid
changes in DCA Axis 1 scores (Figure 5).

Of the 355 fossil assemblages, 50 are most similar to samples from the modern shelf (Table S7). Thus, we
reevaluated changes in oxygenation after removing all the samples that are most similar to the shelf samples
to reduce the potential influence of downslope transport on the abruptness of faunal changes. All retained
fossil samples had modern analogs from water depths greater than 473 m. Some abrupt changes in DCA
Axis 1 scores are diminished as faunal shifts are now stretched over greater potential time or are offset to
occur earlier (Figure 5). In this restricted set of calculations, the median absolute change in oxygenation is
0.06 (IQR = 0.02-0.16) ml/L per 100 years. Changes in oxygenation exceeding 0.5 ml/L per 100 years occur
15 times and changes exceeding 1 ml/L per 100 years occur four times (Figure 5).

4. Discussion
4.1. Primary Determinant of Faunal Composition is Oxygenation

Benthic foraminifera are commonly used as marine paleo-oxygenation proxies, however confounding envi-
ronmental factors such as organic carbon availability can complicate their use (Gooday, 1993; Gooday & Jor-
issen, 2012; Jorissen et al., 2007). In our approach to reconstructing the oxygenation history of GoA, we first
use multivariate analyses of species-level faunal assemblages to detect faunal gradients and cross-validate
the gradients using concentrations of redox-sensitive metals measured on the same sediments from which
we collected the foraminifera. We find that the redox-sensitive metal concentrations generally increase with
increasing DCA Axis 1 scores, suggesting that, while these co-registered proxies are independently meas-
ured, they reflect a similar oxygenation gradient. This interpretation is further supported by high positive
DCA Axis 1 scores for species associated with dysoxic conditions in modern environments. The stronger
association between DCA Axis 1 and U/Al than between DCA Axis 1 and Mo/Al suggests that benthic
foraminiferal assemblage composition is sensitive to oxygen variation at suboxic levels and is not simply
responding to a threshold condition such as the presence or absence of sulfidic conditions.

The positive association between redox sensitive metal concentrations and the position of samples in the
overall faunal ordination space further underscores the importance of oxygen in structuring the GoA as-
semblages. Species known to respond positively to phytodetritus input have the most influence on DCA
Axis 2 scores, suggesting that this secondary, orthogonal, axis reflects differences in organic carbon availa-
bility. Unlike DCA Axis 1, species with known tolerances for low-oxygen conditions have both positive and
negative DCA Axis 2 scores, suggesting little direct influence of oxygenation on DCA Axis 2. Our previous
analysis of benthic foraminiferal faunas at two sites in GoA extending to ~23 ka also found that variation in
oxygen-sensitive and productivity-sensitive components of the fauna were separated on different ordination
axes (Belanger et al., 2020). The separation of oxygen-sensitive and productivity-sensitive components of
the faunal variation in our GoA records on orthogonal axes strengthens our ability to use DCA Axis 1 scores
as the basis for estimating quantitative oxygenation changes.

4.2. Sensitivity of Faunal and Environmental Gradients to Size Fraction

Inconsistencies in the faunal size fraction examined among studies can pose a challenge for comparisons
among regions and could inadvertently bias the reconstructed oxygenation histories (Schonfeld et al., 2012;
Weinkauf & Milker, 2018). While some studies suggest using only individuals >125 um is more efficient
and does not strongly affect environmental or ecological interpretations (Bouchet et al., 2012; Schénfeld
et al., 2012), the smaller size fractions (63-125 um) may contribute important faunal variation in eutrophic
or low-oxygen settings (Gooday & Goineau, 2019; Schonfeld et al., 2012). In addition, comparisons of the
>125 um and >150 pm size fractions show that subtle variations between size fractions can contribute sig-
nificant variations in assemblage counts and subsequent multivariate analyses (Weinkauf & Milker, 2018).

Comparisons among analyses using different size fractions herein, however, suggest that faunal variation
is similarly captured regardless of size fraction (Figure 3). While the majority of foraminiferal individuals
are in the 63-125 um size fraction in the GoA data set, the taxonomic composition is similar among size
fractions. Further, faunal variation is partitioned similarly among DCA axes in each size fraction and the
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position of samples in DCA space is similar between the analyses. However, the position of species in DCA
space is not as well correlated among size fractions, suggesting that species positions in ordination space
are not as stable as sample positions, which incorporate the relative abundances of all species. Together,
these comparisons suggest that analyses using total faunas are likely to replicate similar ecological and
environmental gradients regardless of size fraction, but size-fraction choices may affect analyses that rely
on index taxa.

4.3. Quantifying Paleo-Oxygenation in the GoA

Differences in the taxa incorporated into oxygen reconstructions could also affect the perceived severity
of low-oxygen events in paleoceanographic records, however index taxon methods prevail in the litera-
ture, even among studies incorporating multivariate faunal analyses (e.g., K. Ohkushi et al., 2013; Tetard
et al., 2017). For the GoA, BDO calculations restricted to literature-derived oxygen tolerances reconstruct
significantly lower oxygen concentrations than the full fauna; the disproportionate inclusion of species at
the low-oxygen end of the faunal gradient in the literature-based calculations likely drives this bias (Fig-
ure 6a). In contrast, there is no systematic difference between oxygenation values calculated using all taxa
in the >63 um size fraction compared to all taxa in the >125 um size fraction (Figure 6b). Thus, taxonomic
inclusion affects these oxygen calculations, but, when using all observed species, size fraction choices intro-
duce no systematic bias for the GoA record Figure 6.

For the GoA site, our modified BDO index accurately reconstructs the modern measured oxygen concen-
trations using the full fauna from modern surface sediment samples, suggesting our assignment of taxa to
oxygenation categories reflects the foraminiferal tolerances well. Further, the dissolved oxygen calculations
for the modern assemblages are positively related to the modern measured oxygen values suggesting that
the faunas successfully record relative differences in oxygenation. However, the BDO values severely under-
estimate oxygen concentrations above 1.5 ml/L (Figure 6¢). This limitation is expected given the equation is
restricted to producing values between 0.1 and 1.5 ml/L. Further, foraminiferal assemblages do not tend to
vary in response to oxygenation above >1 or 2 ml/L (Moffitt et al., 2015; Murray, 2001), but modern oxygen
concentrations in the data set exceed 7 ml/L. K. Ohkushi et al. (2013) further suggested that the BDO index
overestimates the lowest oxygen values. This is reflected in GoA in the overestimate of modern oxygena-
tion for sites with WOA oxygen concentrations <0.5 ml/L (Figure 6¢). Differences between the measured
dissolved oxygen and the BDO values may also occur because the WOA values are from near-bottom wa-
ters rather than at the sediment-water interface or within pore waters where benthic foraminifera reside.
Our modified BDO index is not systematically biased for modern oxygen concentrations between 0.5 and
1.5 ml/L and, thus, may be most reliable for observed oxygen values in that range. Despite these potential
inaccuracies, calculated BDO values <45 ml/L occur when Mo/Al values are in the 90th upper quantile
of our data set, consistent with measurable Mo accumulation occurring at O, values <0.51 ml/L (Zheng
et al., 2000). Further, samples with the highest Mo/Al values (upper 95th quantile of our data) have a medi-
an BDO value of 0.23 ml/L, consistent with the interpretation that the presence of authigenic Mo suggests
bottom water oxygen values <0.22 ml/L (Zheng et al., 2000). Mo/Al values as low as 0.25 ppm/wt% also
straddle the dysoxic-suboxic boundary reconstructed by the faunal assemblages while lower Mo/Al values
correspond to the more oxic faunas. Thus, the oxygenation values reconstructed by the faunas are consistent
with the known redox behavior of Mo. Similarly, higher U/Al values correspond tend to correspond with
lower BDO estimates from the faunas.

Given the faunal-based BDO calculations herein tend to overestimate oxygenation at the lowest values, and
low BDO estimates are strongly associated with the highest Mo/Al values, we are confident that when the
calculation produces oxygen concentrations <0.5 ml/L, the conditions were indeed dysoxic. Using these
methods, we find either 21 or 32 fossil samples that indicate lower oxygen conditions in the past 54 ka than
present in the modern GoA data set based upon WOA-derived data (minimum of 0.36 ml/L O,) or the BDO
estimates using modern benthic foraminiferal assemblages (minimum of 0.44 ml/L O,), respectively. This
suggests that this upper OMZ site experienced lower oxygen conditions in the past than anywhere in the
modern GoA. While benthic foraminiferal proxies primarily reflect pore water oxygenation, previous stud-
ies have related low (<5%) abundances of oxic taxa to I/Ca values from epifaunal benthic foraminifera that
suggest dysoxic bottom waters (Taylor et al., 2017). In our record, species assigned to the weakly-hypoxic
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to oxic category make up fewer than 5% of individuals in samples with the lowest BDO values. Thus, when
our benthic foraminiferal faunas indicate extreme dysoxia in the pore waters, oxygen was likely also low in
the bottom waters.

The environmental tolerances of benthic foraminifera most abundant in our lowest oxygen samples also
support past low-oxygen conditions with no modern analog in the GoA. Species that dominate our lowest
oxygen assemblages, such as B. tenuata, B. seminuda, and B. argentea, are rare in the modern GoA samples.
These species are known to perform complete denitrification, to have a metabolic preference for nitrate
as an electron acceptor, or are associated with denitrifying chemosymbionts (Bernhard et al., 2012; Glock
et al., 2019; Pifia-Ochoa et al., 2010). The presence of these species with metabolic adaptations for living
in oxygen-depleted sediments further indicates the presence of no-analog low-oxygen conditions in our
record.

These low-oxygen conditions in GoA that favor benthic foraminifera able to use nitrate-based metabolisms
suggest that metazoan species would be extirpated during the dysoxic events. Median lethal dissolved oxy-
gen concentrations from a study of benthic crabs, fish, bivalves and gastropods is ~1.2 ml/L (Vaquer-Sunyer
& Duarte, 2008), which is far better oxygenated than we infer during dysoxic intervals. Laminated muds also
occur in this record, particularly during the deglacial and at ~29, 36, and 43 ka (Davies et al., 2011; Penkrot
et al., 2018), further suggesting that oxygen levels were occasionally low enough to exclude or reduce the
activity of metazoans. Metazoan meiofauna (such as some nematodes) are more tolerant of low-oxygen con-
ditions (Gallo & Levin, 2016), thus sediments under suboxic conditions, even if previously laminated during
preceding dysoxia, may still have bioturbation due to the activities of those specialists.

4.4. Occurrence and Duration of Low Oxygen Events

Previous work in the GoA recognized low-oxygen events during the last deglacial using redox sensitive met-
als and selected index taxa from jumbo piston core and adjacent multicore (Davies et al., 2011; Praetorius
et al., 2015) and using whole faunal assemblage analyses based on foraminiferal proxies at Site U1419 over
the past 54 ka at much lower temporal resolution (Belanger et al., 2016). In the present study, using much
higher resolution, we recognize low-oxygen events from whole assemblage analyses in interglacial, degla-
cial, and glacial conditions that are supported by enrichments in redox sensitive metals. While we base our
faunally derived oxygenation history below on the >63 um size fraction, the occurrence of events does not
differ significantly when considering only the >125 um size fraction (Figure 3).

4.4.1. Low-Oxygen Events in MIS 2 to the Holocene

Analyses of modern assemblages from the site indicate suboxic conditions, as expected from the site's posi-
tion in the upper OMZ. Our high-resolution faunal analysis recognizes severe dysoxic events in the earliest
Holocene and during the B/A interstadial. Between 14.7 and 13.8 ka, modified BDO values are sustained
below 0.27 ml/L O, with redox metals values frequently in the upper 90th upper quantile of the data. This
dysoxic event is followed by a better-oxygenated interval (BDO: 0.4-0.7 ml/L) from 13.2-11.8 ka, overlap-
ping the YD. BDO estimates below 0.50 ml/L O, then reoccur in the early Holocene immediately following
the YD along with elevated concentrations of Mo/Al and U/Al In total, this deglacial low-oxygen interval
lasts for ~4 ka in our GoA record, with a brief interruption during the YD, and corroborates previous work
at the site (Davies et al., 2011; Du et al., 2018; Praetorius et al., 2015). Overall, redox sensitive metals corrob-
orate the BDO estimates, especially during the extreme low-oxygen events in the deglacial.

Deglacial dysoxia during the B/A is also well recorded elsewhere in the North Pacific margin, but the pro-
posed drivers vary (Moffitt et al., 2015). At ODP Site 1017, on the slope near Point Conception on the Cal-
ifornia margin, local productivity may have driven pore-water deoxygenation during the Bolling whereas
incursion of low-oxygen intermediate waters may have contributed to dysoxia during the Allered (Taylor
et al., 2017). OMZ intensification on the Cascadia Margin also occurred during the B/A following a dra-
matic increase in primary productivity related to intense upwelling driven by changes in the California
Undercurrent (McKay et al., 2005; Saravanan et al., 2020). High productivity has also been reported during
the B/A in the Bering Sea and during the Allerad in the Okhotsk Sea (Max et al., 2014). The Bering and Ok-
hotsk Seas are potential sources of NPIW during the glacial while the Okhotsk Sea is the primary source of
NPIW in the modern (Knudson & Ravelo, 2015; Max et al., 2014; K. Ohkushi et al., 2016; Rella et al., 2012).
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NPIW extends to the eastern parts of the North Pacific and low-oxygen conditions in Okhotsk Sea Interme-
diate Water (OSIW) influence the GoA and the eastern North Pacific margin (Max et al., 2014; K. Ohkushi
et al., 2016). Local factors, such as organic carbon export, may then contribute to further deoxygenation of
these source-waters.

Better-oxygenated intervals occur in our record during Heinrich Stadial (HS) 1 and the YD, consistent with
previous GoA studies (Belanger et al., 2020; Davies et al., 2011; Du et al., 2018; Praetorius et al., 2015)
and other North Pacific records. For example, increased oxygenation during HS1 in our record (17-15 ka,
BDO > 0.99 ml/L) coincides with oxygenation >1.5 ml/L SBB (K. G. Cannariato et al., 1999; K. Ohkushi
et al., 2013) and with a well-ventilated interval in the Okhotsk Sea (Max et al., 2014; K. Ohkushi et al. 2016)
and Okinawa Trough (Zou et al., 2020). During the YD, intermediate depths on the eastern and western
Pacific margins were also better-oxygenated (K. G. Cannariato et al., 1999; K. Cannariato & Kennett, 1999;
Max et al., 2014; McKay et al., 2005; Taylor et al., 2017; Tetard et al., 2017; Zou et al., 2020). This relaxation
of severe low-oxygen conditions is consistent with enhanced NPIW ventilation during the YD suggested by
records near Hokkaido, Japan (Ivanochko & Pedersen, 2004; K. Ohkushi et al., 2016; Shibahara et al., 2007).
Thus, better ventilation and decreased biological productivity during colder periods in the OSIW had broad
effects on oxygenation in the GoA and California margin (K. Ohkushi et al., 2016; Shibahara et al., 2007).
However, a decrease in primary productivity locally may also contribute to the increase in oxygenation on
the California margin (Taylor et al., 2017).

Following the YD, oxygenation declined in GoA during the early Holocene (11.2-10.9 ka). A similarly
timed low-oxygen event occurred near Vancouver Island from ~11-10 ka, potentially driven by decreased
ventilation and increased productivity (McKay et al., 2005). In addition, dysoxic foraminifera increased in
abundance during the early Holocene along the California margin to Baja California and in the western
subtropical North Pacific (K. Cannariato and Kennett, 1999; Tetard et al., 2017; Zou et al., 2020), suggesting
this low-oxygen event was also widespread. After this early Holocene deoxygenation, suboxic conditions
dominate the remainder of our GoA record as evinced by generally higher DCA Axis 1 scores and lower
BDO estimates (0.55-0.80 ml/L). Mo/Al and U/Al values in our record are also generally low (<80th upper
quantile) during the Holocene, supporting oxygenation levels above the threshold accumulation for these
metals. California margin slope Site ODP 1017, also increased in oxygenation after early Holocene dysoxia,
while sites in the SBB, Baja California, and Sea of Japan remained as dysoxic as during the B/A (K. G. Can-
nariato et al., 1999; K. Cannariato and Kennett, 1999; K. Ohkushi et al., 2013; Shibahara et al., 2007; Tetard
et al., 2017). Therefore, the GoA has a Holocene oxygenation history more similar to slope sites elsewhere
in the North Pacific as compared to sites from more restricted basins, suggesting that local processes drive
the maintenance of dysoxia at those sites. Previous work in the SBB and the California margin also suggests
local changes in productivity become a more prominent control of oxygenation during the Holocene (Iva-
nochko & Pedersen, 2004).

4.4.2. Dysoxia During the Last Glacial

Long sedimentary records extending to MIS 3 that permit high-resolution analyses are generally lacking
in the higher latitudes of the eastern North Pacific unlike more southern sites. In our ~54 kyr-long GoA
record, faunal DCA Axis 1 scores and our modified BDO estimates suggest better-oxygenated background
conditions during the glacial than during the Holocene. Similarly, on the California margin paleo-oxygen
records based on foraminiferal proxies indicate better oxygenation in glacial times than in MIS 1 and 2 (K.
G. Cannariato et al., 1999; K. Cannariato and Kennett, 1999; K. Ohkushi et al., 2013; Tetard et al., 2017).
Thus, our paleo-oxygen reconstruction is overall consistent with lower-latitude foraminiferal records.

Despite the better-oxygenated background conditions of the glacial, we reconstruct three dysoxic events at
36.9-36.8 ka, 44-43.9 ka, and 46.7-45.7 ka that have BDO estimates <0.5 ml/L in more than one sample and
are corroborated by enriched redox sensitive metals. Co-registered faunal assemblages and redox-sensitive
metal concentrations also support shorter duration dysoxic events registered in single samples (Figure 3).
BDO estimates suggest these MIS 3 dysoxic events are as low-oxygen as those in the better-studied deglacial
and early Holocene (Figure 5). A lower-resolution U1419 record of biomarkers for the anaerobic oxidation
of ammonium has a glacial high at ~46 ka, which corresponds with our longest period of dysoxia in MIS
3, and a lesser peak at ~29 ka coincident with a single-sample dysoxic event we detect, suggesting that
water column oxygenation was also lowest during these intervals (Zindorf et al., 2020). While potential
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uncertainties in age models make it difficult to directly align these events with those of other regions,
similarly timed short-lived decreases in oxygenation occur in Baja California and the SBB where they ap-
pear to coincide with Daansgard-Oeschger (D-O) events and interstadials (K. G. Cannariato et al., 1999;
Tetard et al., 2017). Thus, it is likely that these glacial-age low-oxygen events reported at lower latitudes oc-
curred throughout the North Pacific Margin, including at subarctic latitudes. In addition, high-productivity
events are recorded in the Bering Sea during MIS 3 that are also similar in timing to D-O events (Schlung
et al., 2013), thus these shorter-term glacial events in GoA may also be influenced by productivity as hypoth-
esized for the B/A dysoxic event and suggested by the high relative abundances of phytodetritus-sensitive
species prior to the low-oxygen events (Figure 2).

Given many of these glacial dysoxic events in GoA lasted no longer than ~100-400 years based upon the
ages of adjacent samples in which faunas indicate suboxic to weakly hypoxic conditions and redox met-
als are not enriched, it is clear that high-resolution sampling is necessary to capture these environmental
changes. Given that our sample spacing exceeds 100 years in ~ 60% of cases, it is likely that our recon-
struction also omits some low oxygen events recognized elsewhere in the North Pacific and certainly omits
events that are shorter in duration than 100 years. For example, SBB records capture 9 dysoxic events from
~22 to 45 ka (K. Cannariato and Kennett, 1999), however our GoA record captures 6 events over the same
interval. In addition, short-lived low-oxygen events are susceptible to bioturbation, which could have ob-
scured the low-oxygen signal in the faunal record, and to oxic burn down of redox sensitive metals, which
would remove this chemical tracer of low-oxygen (Zheng et al., 2002).

4.5. Rates of Faunal and Oxygenation Changes

While consecutive samples are typically similar to each other in their faunal composition given the high res-
olution of our sampling, changes in DCA Axis 1 scores exceeding 1 SD/100 years do occur between sequen-
tial adjacent samples, suggesting that changes in faunal composition can occur quite rapidly (Figure 5).
Re-analysis considering potential down-slope transport suggested by the modern analog comparisons yield
similar rates, thus the occurrence of downslope transport cannot explain the rapid changes in oxygenation
conditions. Further, independent evidence for sedimentary transport at this site for the last ~54 ka is unre-
ported. Changes in grain size and faunal composition could instead reflect in situ changes in environmental
changes expected with influx of ice-rafted debris during glacial melting or blockage of fjords as glaciers
retreat (Davies et al., 2011; Penkrot et al., 2018).

Systematic biases in the BDO equation imply that calculations of the rate of change from well-oxygenated
conditions to low-oxygen conditions will be underestimates. Despite this shortcoming, we find multiple rap-
id changes in BDO values exceeding 0.5 ml/L per 100 years, even after accounting for potential downslope
transport. Uncertainty in the age model can also affect our calculations of rates; however, any errors due to
interpolation between the high-resolution radiocarbon data points should have an equal likelihood of de-
creasing rates as increasing them. Thus, it is likely that biologically significant changes in oxygenation can
occur on decadal to centennial timescales in the upper OMZ of the GoA.

5. Conclusions

Cross-validated faunal and geochemical proxies reveal dysoxic and suboxic intervals during glacial, de-
glacial and interglacial times in GoA. Our quantitative paleo-oxygen reconstructions using total benthic
foraminiferal assemblages, rather than index taxa, are robust to size fraction differences and suggest that the
larger size fraction is sufficient for reconstructing paleo-oxygenation. Comparisons between modern and
fossil assemblages demonstrate that oxygenation in the upper OMZ in GoA was lower than anywhere in the
modern GoA during the last deglacial and during three distinct intervals in MIS 3. Thus, an intense OMZ
can develop in this subarctic region during both glacial and interglacial times, similar to lower latitudes
and restricted basins elsewhere in the North Pacific. Similarities in the timing of events across the North
Pacific suggests a common, basin-wide driver of oxygenation, perhaps related to warm climate events, en-
hanced productivity around the basin margins, or changing intermediate-depth ventilation. While many
of the low-oxygen events in GoA are geologically brief, transitions between oxic and suboxic conditions, or
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