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A B S T R A C T   

Deep-sea ecosystems are highly sensitive to changes in organic matter export and oxygenation driven by climate 
change. Here we document past ecological changes in benthic foraminiferal assemblages indicative of deglacial 
changes in deep-sea oxygenation and the character of organic matter fluxes from sedimentary records retrieved 
at intermediate (692 m) and abyssal (3667m) depths in the Gulf of Alaska. Constrained multivariate ordination 
combining faunal and geochemical data over the past ~22,000 years distinguishes the impacts of pulsed pro-
ductivity, which exports carbon to the abyss, from extreme dysoxia across the deglacial warming transition. At 
both depths, opportunistic species are more prevalent in interglacial conditions, reflecting higher pulsed organic 
matter export to the seafloor developed in response to warming and reduced sea-ice cover. Benthic foraminiferal 
species tolerant of low-oxygen conditions increased in abundance during the deglacial transition at both inter-
mediate and abyssal depths. Authigenic trace metals reveal sulfidic sedimentary conditions indicative inter-
mittent anoxia, but only at intermediate-depths. Benthic foraminiferal richness and evenness are also highest 
during this deglacial low-oxygen interval, likely due to high food availability. Last Glacial Maximum faunas were 
distinctly different at the two sites, consistent with a more stratified deep Pacific, but the faunas become more 
similar during Holocene time, suggesting destratification of the abyss during deglaciation. These ecosystem re-
sponses support that carbon fluxes increased during warm intervals in subpolar regions and underscores the 
importance of considering the effects of transient biological blooms on paleoceanographic interpretations and in 
model projections of future deep carbon export.   

1. Introduction 

The deep sea contains the largest ecosystems on Earth and plays a 
significant role in global carbon cycling by sequestering carbon trans-
ferred by the ocean’s biological carbon pump (Honjo et al., 2014). 
Although the deep sea has long been thought to be more stable than 
surface-ocean or terrestrial environments, abyssal ecosystems are hy-
pothesized to be sensitive to change via climate’s influence on primary 
productivity and ocean oxygenation (Smith et al., 2009; Rogers, 2015). 
For example, future warming of the surface ocean is projected to in-
crease stratification and inhibit vertical mixing of nutrients, resulting in 
a net reduction of global average export productivity (Bopp et al., 2013). 
However, regional disagreements occur at high latitudes and in some 
high productivity regions due, in part, to how models address micro-
nutrient controls, different classes of phytoplankton, and controls on 

rates of subsurface carbon remineralization (Steinacher et al., 2010; 
Flombaum et al., 2020). Some models forecast up to a 60% increase in 
the flux of particulate organic matter to bathyal and abyssal regions of 
the Arctic Ocean and Southern Ocean due to increased primary pro-
ductivity during longer ice-free periods (Sweetman et al., 2017). The 
potential impacts of changing productivity on the abyss also remains 
uncertain because export fluxes may be decoupled from primary pro-
ductivity (Bopp et al., 2005; Moran et al., 2010; Lopes et al., 2015; 
Sweetman et al., 2017). For example, oxygen consumption from carbon 
remineralization a few hundred meters below the euphotic zone varies 
much less between the subtropical and subpolar North Pacific than does 
primary productivity (Emerson, 2014), suggesting carbon exports are 
relatively insensitive to climate change, whereas studies of the Arctic 
Ocean project greater increases in export production than in primary 
production with future climate change (Lavoie et al., 2010). Pulsed 

* Corresponding author. 
E-mail address: Christina.Belanger@tamu.edu (C.L. Belanger).  

Contents lists available at ScienceDirect 

Deep-Sea Research Part I 

journal homepage: http://www.elsevier.com/locate/dsri 

https://doi.org/10.1016/j.dsr.2020.103341 
Received 15 January 2020; Received in revised form 27 April 2020; Accepted 13 June 2020   

mailto:Christina.Belanger@tamu.edu
www.sciencedirect.com/science/journal/09670637
https://http://www.elsevier.com/locate/dsri
https://doi.org/10.1016/j.dsr.2020.103341
https://doi.org/10.1016/j.dsr.2020.103341
https://doi.org/10.1016/j.dsr.2020.103341
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dsr.2020.103341&domain=pdf


Deep-Sea Research Part I 164 (2020) 103341

2

export production associated with biological blooms is thought to be 
more effective at reaching the deep sea than is steady export in which 
most organic matter is remineralized at shallow to intermediate depths 
(Smith et al., 2018). Thus, elucidating how large-scale climate change 
affects the pattern of carbon export is also important for understanding 
variations in the oceanic carbon cycle and forecasting climate’s future 
impacts on deep-sea benthic ecosystems and carbon storage. 

Paleoecological records of benthic marine communities provide an 
opportunity to observe and better understand the impacts of climate- 
driven impacts on the deep sea. Here we examine the ecological re-
sponses of benthic foraminiferal faunas to deglaciation at two sites from 
the Gulf of Alaska (GoA) over the past 22 ka at multi-centennial reso-
lution (Fig. 1). In the GoA, regional deglacial warming of the sea surface 
started at ~17 ka and accelerated from 15.2 to 14.7 ka. After a cooling 
interval from ~13.5–12 ka, warming recommenced at ~12 ka and 
accelerated at 11 ka (Praetorius et al., 2015). Lithological evidence from 
the intermediate-depth site indicates a change from fluctuating glacial 
conditions to a period of increased meltwater discharge at ~19 ka 
(Penkrot et al., 2018), consistent with the early phases of deglaciation 
elsewhere in the northern hemisphere. At ~14.5 ka, the lithology 
transitions abruptly from glacially-derived diamict to laminated hemi-
pelagic mud as the Bering Glacier retreats onshore (Davies et al., 2011; 
Penkrot et al., 2018). 

Hypoxic events are evident in both laminated structures and authi-
genic redox-sensitive trace metals (U and Mo) at intermediate depths in 
the Gulf of Alaska in the intervals 14.7–12.9 ka and 11.5–10.5 ka, 
plausibly associated with higher productivity (Barron et al., 2009; 
Davies et al., 2011; Addison et al., 2012; Praetorius et al., 2015). 
However, models of productivity responses to future climate change 
(Bopp et al., 2013), interseasonal observations from modern settings 
(Smith et al., 2018), and data from paleoceanographic records (Lopes 
et al., 2015), suggest that primary productivity may be decoupled from 
export productivity in some circumstances, which may be further 
decoupled from opal and carbon burial (Arndt et al., 2013; Chase et al., 
2015). This decoupling can lead to disagreement among estimates of 
past carbon flux to the seafloor because those estimates often rely on 
different parts of the carbon cycle. For example, some estimates of 

carbon flux based on isotopic tracers of particle scavenging in the sub-
polar North Pacific imply higher organic fluxes during interglacial 
(warmer) intervals than during glacial (colder) times (Costa et al., 
2018), however estimates based on organic carbon burial rates in the 
same region imply lower organic fluxes during interglacial (or warmer) 
times (Cartapanis et al., 2016). Assessments based on the opal and 
organic content of marine sediment in the NW Pacific also suggest lower 
biogenic fluxes during warmer (interglacial) times (Ohkushi et al., 
2018). This contrasts, however, with nitrogen isotope evidence sug-
gesting lower upwelling and lower productivity in the Bering Sea and 
North Pacific during glacial intervals (Worne et al., 2019). Further, the 
correlation between various productivity indices and biogenic burial 
fluxes vary across the Subarctic North Pacific, warning against the 
interpretation of burial fluxes in terms of paleoproductivity in this re-
gion (Serno et al., 2014). 

To elucidate the impact of enhanced productivity on ocean deoxy-
genation and seafloor environments, it is essential to distinguish among 
carbon export that is primarily remineralized in the upper ocean and 
that which reaches the deep seafloor. Benthic foraminifera, which reside 
at or within centimeters of the sediment-water interface, can record the 
magnitude and character of carbon fluxes to the seafloor via changes in 
species composition and ecological structure. This group is particularly 
well-preserved in GoA sediments and high sedimentation rates yield 
detailed records of change, allowing us to examine deep-sea benthic 
ecological responses to climate change in the region. In contrast to 
earlier GoA data on just a few benthic taxa (Praetorius et al., 2015), we 
analyze the full benthic foraminiferal species diversity, which allows us 
to distinguish ecosystem responses to changing oxygen levels and to 
export productivity. If organic carbon fluxes to the seafloor increased 
after the Last Glacial Maximum, then we would expect post-glacial in-
creases in the abundances of benthic foraminiferal species associated 
with fluxes of fresh phytodetritus or with high accumulations of less 
labile organic matter, depending on whether organic carbon increased 
via pulsed delivery or steady rain. We would also expect changes in 
ecological structure consistent with higher food availability including 
increased richness (number of species) and evenness (the similarity in 
relative abundances among species) relative to times of greater food 
stress (McCallum et al., 2015; Sweetman et al., 2017). 

2. Methods 

2.1. Study site and sampling 

Integrated Ocean Drilling Program (IODP) Site U1419 and its co- 
located site-survey core EW0408-85JC underlie North Pacific Interme-
diate Water (NPIW) at 692 m water depth in the modern upper oxygen 
minimum zone (hereafter intermediate-depth site), while IODP Site 
U1418 and its associated site-survey core EW0408-87JC underlie Pacific 
Deep Water (PDW) at 3677 m water depth (hereafter abyssal site). 
Samples from U1419 and EW0408-85JC (intermediate site) and from 
U1418 and EW0408-87JC (abyssal site) were integrated using their 
respective age models, which are based on reservoir-corrected radio-
carbon ages from planktonic foraminifera and tephrochronology 
(Davies-Walczak et al., 2014; Praetorius et al., 2015; Du et al., 2018). 
Samples were 2–3 cm wide (5–40 cc) depending on anticipated sedi-
mentation rates and availability of material. Geochemical and faunal 
data were obtained from the same samples allowing direct comparisons 
among different proxies. At the intermediate-depth site, we analyzed 
149 samples with a median sampling spacing of ~118 years. At the 
abyssal site, we analyzed 37 samples with a median sample spacing of 
~310 years. All sample depths, assigned ages and data used herein are in 
Appendix A. 

2.2. Redox-sensitive metal analyses 

We use the redox-sensitive metals Molybdenum and Uranium, 

Fig. 1. A. Location map showing the location on the slope (U1419/85JC) and 
abyssal (U1418/87JC) sites in the Gulf of Alaska. B. Meridional cross section of 
the oxygen concentration in the modern Eastern Pacific Ocean, showing loca-
tion of core sites with respect to the oxygen minimum zone. Data are from 
GLODAPv2.2019 (Olsen et al., 2016). 
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normalized to Aluminum, as proxies for low-oxygen conditions. Mo 
accumulates in sediments at oxygenation values < 0.45 ml/L (Zheng 
et al., 2000), and thus, is a proxy for dysoxic (<0.5 ml/L O2) conditions. 
Uranium begins accumulating during suboxic (0.5–1.4 ml/L O2) con-
ditions, thus, becomes enriched in sediments under less severe 
low-oxygen conditions than Mo (Tribovillard et al., 2006; McManus 
et al., 2006). 

Freeze-dried bulk sediment samples (~50–100 mg) were digested in 
a CEM MARS-6 microwave oven using a mixture of HF–HCl–HNO3 ac-
cording to the established procedure at Oregon State University (Muratli 
et al., 2012). Aluminum was analyzed using ICP-OES in the W.M. Keck 
Collaboratory for Plasma Spectrometry of Oregon State University. 
Repeatedly digestion and analysis of the marine sediment reference 
material PACS-2 yield an Al concentration of 6.45 ± 0.16 (1σ, n = 58) wt 
%, which agrees well with the certified value of 6.62 ± 0.16 (1σ) wt%. 
Procedural blanks of total digestion were negligible (<0.1%) for Al. 
Repeated digestion and analysis of an in-house marine sediment stan-
dard yield long-term (over 3 years) reproducibility (1 relative standard 
deviation, n = 57) of ~2% of measured values for Al. 

Molybdenum and Uranium were analyzed on a quadrupole ICP-MS 
in the same laboratory. Instrumental drifts were monitored and cor-
rected for by spiking samples, calibration standards and blanks with 
internal standards (103Rh and 209Bi). Procedural blanks of total digestion 
were corrected for and were 0.8 ± 0.3% for Mo and 0.03 ± 0.01% for U. 
Repeated digestion and analysis of PACS-2 yield a Mo concentration of 
5.70 ± 0.23 (1σ, n = 58) ppm, which agrees well with the certified value 
of 5.43 ± 0.14 (1σ) ppm. To calibrate U concentrations, we repeatedly 
digested the USGS certified rock materials AGV-1, which resulted in U 
concentration of 1.900 ± 0.049 (1σ, n = 3) ppm in agreement with the 
reference values of 1.903 ± 0.010 ppm (Jochum et al., 2016). Repeated 
digestion and analysis of an in-house marine sediment standard yield 
long-term (over 3 years) reproducibility (1 relative standard deviation, 
n = 57) of ~4% of measured values for Mo and of ~6% of measured 
values for U. Mo and U were normalized by using Element/Aluminum 
ratio to distinguish authigenic excess relative to terrigenous inputs 
(Muratli et al., 2010; Cartapanis et al., 2011). This normalization is 
however not essential given that Al and Ti concentrations, commonly 
used elements for lithogenic normalization, at both sites changed very 
little (<5%) in the studied interval, indicating nearly constant lithogenic 
background such that the variabilities of redox metal concentrations are 
almost entirely due to authigenic accumulation. 

2.3. Stable isotope analyses 

Stable isotope measurements were made on the planktonic fora-
minifer Neogloboquadrina pachyderma (sinistral) in the >125 μm size 
fraction after ultrasonic cleaning in methanol followed by an ultrasonic 
rinse in deionized water and drying at <50OC. All measurements were 
made at the Oregon State University College of Earth Ocean and At-
mospheric Sciences Stable Isotope Mass Spectrometer Facility using a 
Kiel-III carbonate preparation device connected to a Thermo-Finnigan 
MAT-252 mass spectrometer. Values are corrected to the PDB scale 
using both an in-house standard and the US National Institute of Stan-
dards and Technology RM8522 (NBS-19) standard. δ18O and δ13C 
external precision on standards is 0.03 and 0.02 permil (±1 standard 
deviation), respectively. 

2.4. Faunal analyses 

For benthic foraminiferal faunal analyses, samples were dis-
aggregated in deionized water and wet-sieved at 63 μm. The coarse 
fraction (>63 μm) was split using a microsplitter to obtain at least 150 
benthic foraminifers, although sample sizes as low as 50 individuals 
were included in samples where benthic foraminifera were less abun-
dant or sample volume was small. While some studies recommend 300 
individuals for statistical analyses of diversity metrics (Buzas, 1990), 

assemblage compositions are stable with as few as 58 individuals (For-
cino et al., 2015). Samples with <300 individuals do not systematically 
differ in the ecological metrics we calculate below from those with 
larger counts (Appendix A). 

Benthic foraminiferal responses to low oxygen can be confounded 
with responses to increased organic matter availability because organic- 
loving species often tolerate low-oxygen conditions (Jorissen et al., 
2007). Here, we separate these effects using a distance-based redun-
dancy analysis (RDA), which summarizes faunal variation associated 
with constraining environmental variables and produces one con-
strained axis for each constraining variable (Legendre and Anderson, 
1999). Data from both the intermediate and abyssal site are analyzed 
together in the same RDA such that axes scores for each site are on the 
same scale. For ordination analysis, species counts were converted to 
relative abundances and samples related using the Bray-Curtis dissimi-
larity method, which is typically used in ecological studies (Legendre 
and Anderson, 1999; Borcard et al., 2018). Species that were not present 
in more than one sample or that comprised less than 2% of the assem-
blage in at least one sample were removed prior to ordination analysis to 
reduce noise. 

Constraining variables (Mo/Al, U/Al, δ13C and δ18O) were z-score 
transformed prior to analysis, thus the resulting scores of the con-
straining variables are on the same unitless scale. Constraining the 
ordination to these co-registered geochemical proxies illuminates the 
components of faunal variation associated with each environmental 
factor on constrained axes and further separates out the remaining 
faunal variation associated with site differences unrelated to the envi-
ronmental constraints on unconstrained axes. 

We then use the known environmental preferences of species 
strongly associated with each axis of variation, such as their affiliation 
with different types of organic matter fluxes, to infer further ecological 
and environmental changes associated with the constrained environ-
mental factors. We also use benthic foraminiferal species with published 
oxygen tolerances to corroborate our environmental interpretation of 
RDA axes. We define dysoxic indicators as those with a lowermost ox-
ygen tolerance of 0.1 ml/L O2 or less and suboxic indicators as those 
with a lowermost oxygen tolerance between 0.1 and 0.5 ml/L O2 
following Ohkushi et al. (2013) and Tetard et al. (2017) (Appendix A). 
RDA analyses were performed using the capscale function in the R 
programming package “vegan” (Oksanen et al., 2017). Only samples 
with data for all constraining variables are included in the analysis. 
Variance inflation factor (VIF) for all constraining variables is less than 
5, thus multicollineary should not affect our analyses. VIF was calcu-
lated using the vif function in the HH package in R (Heiberger, 2018). 

Species richness was calculated as the average number of species in a 
complete sample after 100 iterations of rarefaction to 50 individuals, the 
lowest number of individuals in any one sample, using the rarefaction 
function in the vegan package of the R programming language (Oksanen 
et al., 2017). The evenness of the abundance distribution was quantified 
using the probability of interspecific encounter (PIE) using the Hurl-
bert_PIE function in the paleotree package in R (Bapst, 2012). 

3. Results and discussion 

3.1. Environmental change at intermediate depth and abyssal sites 

Deglacial deoxygenation has been previously recognized at inter-
mediate depths in GoA using redox sensitive authigenic metals (excess 
Mo and excess U relative to crustal abundance) and selected benthic 
foraminiferal indicator taxa (Barron et al., 2009; Davies et al., 2011; 
Addison et al., 2012; Praetorius et al., 2015). The higher resolution 
redox metal data presented here add detail related to the transition and 
extends to deeper water depths. 

Increasing U/Al, indicative of reduced oxygen penetration into sea-
floor sediments (Tribovillard et al., 2006; McManus et al., 2006), in-
creases in our GoA records beginning at ~16.5 ka suggesting suboxic 
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conditions developed and persisted until 10.5 ka (Fig. 2). At the 
intermediate-depth site, U/Al is also elevated between ~6.2 ka and ~9 
ka suggesting a return to suboxic conditions during the early Holocene, 
however these U/Al values are lower than during the deglacial interval. 
At the abyssal site, U/Al is generally elevated between 16.5 and 10.5 ka 
relative to glacial values. Thus, this new data indicates contempora-
neous reduction of oxygen at both sites from ~16.5 to 10.5 ka, albeit 
with higher U/Al values in discrete events at the intermediate-depth site. 
These low oxygen conditions during the deglacial interval are apparent 
despite increases in abyssal circulation rate (Du et al., 2018) and 
reduced benthic-planktic age differences during the low oxygen events 
(Davies-Walczak et al., 2014). 

Although Mo can accumulate as both oxides and sulfides, high en-
richments of Mo are generally indicative of sulfidic environments in 
which oxygen is absent in porewaters (McManus et al., 2006; Scott and 
Lyons, 2012). In GoA, Mo/Al is low during glacial and interglacial in-
tervals at both abyssal and intermediate depth sites (Fig. 2). During the 
deglacial interval, Mo/Al values are high during the two known dysoxic 
(<0.5 ml/L O2) intervals at the intermediate-depth site (approximately 
aligned with the Bølling-Allerød warm event, ~15–13 ka, and the early 
Holocene, 11.5–10.5 ka; Praetorius et al., 2015), but remain low at the 
abyssal site, indicating that deglacial deoxygenation was more extreme 
at shallower depths. 

Planktonic foraminiferal stable isotope records (δ13C and δ18O) from 

Fig. 2. Environmental proxy and ecological data 
for the last 22,000 years in the Gulf of Alaska. 
Red squares = intermediate depth site. Blue tri-
angles = abyssal site. A. RDA Axis 1 scores. B. 
Proportional abundances of opportunistic 
benthic foraminifera. C. δ13C and D. δ18O were 
measured on the planktonic foraminifer Neo-
globoquadrina pachyderma (sinistral). E. RDA Axis 
2 scores. F. Proportional abundance of benthic 
foraminifera tolerant of dissolved oxygen con-
centrations<0.1 ml/L; see Supplemental Table 2 
for list of species). G. Mo/Al (ppm/wt%) and H. 
U/Al (ppm/wt%) measured on sediments. I. The 
first unconstrained axis from the RDA analysis. 
Shaded bar indicates the deglacial low-oxygen 
interval. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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N. pachyderma are similar at both GoA sites and reflect the transition 
from glacial to interglacial conditions (Fig. 2). Low planktonic δ13C with 
respect to the atmosphere during glacial time may reflect limited gas 
exchange associated with sea-ice cover and limited nutrient utilization 
resulting in low carbon export across the subpolar North Pacific based 
on Pa/Th data (Costa et al., 2018). While the oxygen isotope values of 
N. pachyderma are influenced by multiple factors, including changes in 
global ice volume, temperature, and regional salinity changes, we use 
these data here to distinguish the deglacial transition and the differences 
between glacial and interglacial conditions. 

3.2. Responses of benthic faunal composition to environmental change 

Across intermediate and abyssal depth study sites, we identified 66 
species and 11 taxonomic groups comprised of rare species from the 
same genus in the >63 μm size fraction. The median sample size is 277 
(Interquartile Range (IQR) = 147–417 individuals) at the intermediate- 
depth site and 272 (IQR = 125–334 individuals) at the abyssal site. The 
abyssal site generally had fewer foraminifera per gram of sediment than 
the intermediate-depth site and abyssal faunal densities at ages younger 
than ~7.4 ka were too low to obtain >50 individuals for analysis (Ap-
pendix A). 

RDA Axis 1 explains 17.9% of the faunal variation and is strongly 
constrained by planktonic foraminiferal δ13C and δ18O (Fig. 3). Thus, 
Axis 1 represents faunal patterns associated with glacial-interglacial 
change at both intermediate and abyssal depths. Axis 1 values trend 
toward more negative values from the glacial interval to the Holocene 
such that samples with more positive (glacial and/or colder) δ18O values 
have more positive Axis 1 scores and samples with more positive δ13C 
values have more negative Axis 1 scores (Fig. 2). Species with the most 
positive Axis 1 scores include Cassidulina reniforme and Epistominella 
pacifica, which are associated with glacial conditions elsewhere in the 
North Pacific (Ohkushi et al., 2003; see Table S1 for all species scores). 
C. reniforme is also common in modern glacial-proximal settings (Korsun 
and Hald, 2000) further supporting that samples with high Axis 1 scores 
were from glacially-influenced environments. 

Species with the most negative RDA Axis 1 scores are Alabaminella 
wedellensis and Epistominella exigua, both of which are small (typically 
63–125 μm), opportunistic taxa associated with fresh phytodetritus and 
highly seasonal and/or pulsed productivity characteristic of blooms 
(Smart et al., 1994; Sun et al., 2006, Fig. 2). Other species with 
moderately negative Axis 1 scores include Trifarina angulosa, which is 
associated with high overall productivity (Hayward et al., 2004), and 
small (63–125 μm) bolivinids such as Bolivina decussata and Loxostomum 
minuta. Based on these faunal associations, we interpret Axis 1 scores as 
indicating lower export productivity during the glacial maximum in-
terval, transitioning to higher (and pulsed) organic rain to the seafloor in 
the Holocene, with a relatively smooth transition (i.e., lacking abrupt 
oscillations during the prominent dysoxic events revealed by the 
redox-sensitive metals). Axis 1 scores are nearly identical at the 
intermediate-depth and abyssal sites, which indicates similarity in 
faunal responses to this climate transition and, thus, suggests that the 
change from a lower carbon flux glacial system to a higher carbon flux 
interglacial system occurred at all depths. 

Our inference of generally low export productivity during glacial 
time agrees with findings from Pa/Th data of lower scavenging particle 
fluxes across the subpolar North Pacific during glacial time (Costa et al., 
2018) and nitrogen isotope evidence from the Bering Sea and North 
Pacific (Worne et al., 2019), but conflicts with interpretations of organic 
matter and opal content as indications of export productivity (Carta-
panis et al., 2016; Ohkushi et al., 2018). The covariance between RDA 
Axis 1 and δ13C, where high Axis 1 scores correspond to δ13C values 
lower than expected from atmospheric equilibrium (Praetorius et al., 
2015), further suggests relatively low glacial export productivity and 
that upper ocean stratification or sea ice cover inhibited gas exchange. 
Similarly, sedimentary δ15N from our study site (Addison et al., 2012) 

supports lower glacial nutrient utilization relative to deglacial or 
interglacial conditions. These combined analyses of benthic forami-
nifera faunas from both intermediate and abyssal water depths may 
more closely capture changes in carbon export to the deep sea floor in 
the subpolar North Pacific than do organic carbon and opal burial fluxes 
because they reflect the contemporaneous availability of organic matter 
at the seafloor rather than what remains after consumption and 
diagenesis. 

RDA Axis 2 explains 9.9% of the faunal variation and is strongly 
associated with authigenic redox sensitive metals such that samples with 
more negative Axis 2 scores have higher concentrations of U and Mo 
(Fig. 3). Thus, we interpret this axis as reflecting faunal differences 
related to benthic oxygenation that are distinct from faunal changes 
associated with the glacial-interglacial transition. Consistent with this 
interpretation, species with the most negative Axis 2 scores tolerate 
severely dysoxic conditions (as low as <0.1 ml/L O2) including Bulimi-
nella tenuata, Bolivina seminuda, Suggrunda eckisi, and Takayanagia deli-
cata (Ohkushi et al., 2013; Erdem and Schonfeld, 2017; Tetard et al., 
2017, Figs. 2 and 3). In addition to these dysoxic indicators, species with 
more moderate negative Axis 2 scores include Bolivina argentea, Bolivina 
spissa, and Bolivina pseudobeyrichi, which each live in modern suboxic 
environments and tolerate oxygen levels as low as 0.1–0.5 ml/L 
(Ohkushi et al., 2013; Tetard et al., 2017). Some of these taxa, including 
B. tenuata (with symbionts), B. seminuda, B. argentea, and B. spissa, 
respire nitrate instead of oxygen in oxygen minimum zones (Pina-Ochoa 
et al., 2010; Bernhard et al., 2012; Glock et al., 2019), further supporting 
that these species are relatively abundant due to extremely low-oxygen 
conditions. 

At the intermediate site, RDA Axis 2 scores become abruptly negative 
from 14.8 to 14 ka, return to values near zero in the interval 13–12 ka, 
and are again negative from 11.5 to 10 ka. (Fig. 2). At the abyssal site, 
variations in Axis 2 are more subdued and species associated with <0.1 
ml/L O2 are rare (Fig. 2). Abyssal Axis 2 scores are more positive than at 
the intermediate-depth site during the glacial maximum and only 
become slightly negative during the deglacial transition starting at 
~16.5 ka, consistent with the increase in U/Al concentrations. Thus, we 
infer that the abyssal site was mildly hypoxic, but not sulfidic, during the 
deglacial transition, consistent with the Mo/Al differences between the 
sites. We find no evidence for the discrete hypoxic intervals at the 
abyssal site that were prominent at the intermediate-depth site. While 
we obtained four constrained axes, the third and fourth constrained axis 
combined explain less than 4% of the faunal variation and are not 
discussed. 

After accounting for variation associated with the selected environ-
mental constraints, the RDA summarizes the remaining faunal variation 
on additional ordination axes that are unconstrained by the environ-
mental variables. The first unconstrained RDA axis summarizes 19.1% of 
the variation and emphasizes the remaining faunal differences between 
the abyssal and intermediate-depth sites (Fig. 3). On this axis, the sites 
are most dissimilar during glacial time (the intermediate-depth site is 
more positive and the abyssal site is more negative during the glacial 
maximum), but converge in terms of their species compositions during 
the Holocene (Fig. 2). Species with strong negative scores on the first 
unconstrained RDA axis include E. pacifica, Uvigerina peregrina, Islan-
diella norcorssi, Elphidium clavatum and E. exigua, all of which are more 
common at the intermediate site than at the abyssal site, especially 
during the glacial interval. Species with the strongest positive scores 
include C. reniforme, Nonionella globosa and Elphidium batialis, which all 
have higher relative abundances at the abyssal site than at the inter-
mediate site. This environmental convergence of the two sites after the 
glacial maximum interval, irrespective of organic carbon flux or 
oxygenation, suggests a relaxation of deep stratification across the 
deglacial transition, consistent with a change between deep haline 
stratification of the abyssal Pacific during the Last Glacial Maximum, 
and somewhat more mixed deep Pacific during interglacial time 
(Adkins, 2013). Additional unconstrained axes (not shown) summarize 
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Fig. 3. A. Triplot from distance-based redun-
dancy analysis (RDA) showing position of sam-
ples, species, and constraining environmental 
variables on constrained RDA axis 1 and 2. Ar-
rows denote the direction and relative magnitude 
of the influence of the constraining variables 
(δ13C, δ18O, Mo/Al and U/Al) on RDA 1 and 2 
rescaled from − 1 to 1. Species with the highest 
and lowest scores on each axis are labeled. B. 
Biplot of site and species scores for the first 
constrained and the first unconstrained RDA 
axes. Species with the highest and lowest scores 
on the unconstrained axis are labeled. Red 
squares = intermediate depth site. Blue triangles 
= abyssal site. Closed black symbols are species 
coded by known ecological preferences: squares 
= opportunists, circles = tolerant of dysoxia 
(<0.1 ml/L O2), triangles = tolerant of suboxia 
(0.1–0.5 ml/L O2). Open black circles are other 
species. (For interpretation of the references to 
colour in this figure legend, the reader is referred 
to the Web version of this article.)   
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less than 9% of the variation each and are not discussed. 

3.3. Ecological metrics indicate changes in ecosystem function 

Glacial maximum benthic foraminiferal assemblages have, on 
average, lower richness (after sample-size standardization to 50 in-
dividuals) and evenness than those during the deglacial low-oxygen 
interval at both the intermediate and abyssal sites (Fig. 4), consistent 
with a transition from a glacial food-limited ecosystem to a less food- 
stressed benthic community receiving higher organic matter export 
(McCallum et al., 2015; Sweetman et al., 2017). After this transition to a 
benthic community that is not severely food-stressed, richness and 
evenness remain high despite the lower-oxygen conditions except at the 
intermediate-depth site during the most extreme low-oxygen conditions 
at ~14.8–14.2 ka when dysoxic indicator species are dominant. 

The overall increased richness and evenness of benthic foraminifera 
during the deglacial low-oxygen events implies a high-functioning, 
ecologically healthy benthic foraminiferal community. Previous 
studies comparing metazoan and foraminiferal responses to environ-
mental change show increases in foraminiferal diversity, evenness, or 
density while metazoans decline in those metrics (Gooday et al., 2000; 
Belanger and Villa Rosa Garcia, 2014; Moffitt et al., 2015). Most meta-
zoans are less active or encounter lethal conditions at oxygen levels 
where foraminifera tolerant of <0.5 ml/L O2 are abundant (Levin et al., 
2000; Vaquer-Sunyer and Duarte, 2008). During the most extreme 
low-oxygen conditions at the intermediate depth site when benthic 
foraminiferal diversity declines, metazoans would be restricted from the 
benthic environment; the presence of laminated sediments at this time 
(Davies et al., 2011; Penkrot et al., 2018) supports that metazoan ac-
tivity was indeed reduced during intervals of dysoxia. 

4. Conclusions 

In this subpolar North Pacific setting, benthic foraminiferal faunal 
changes demonstrate that glacial retreat is associated with increased 
organic carbon flux to intermediate and abyssal depths sufficient to 
affect deep-sea ecosystems. Combined analyses of benthic foraminiferal 
faunas and of geochemical proxies for redox conditions and glacial- 
interglacial conditions allow us to separate the confounding signals of 
organic carbon flux and oxygenation. Unlike other proxies of carbon 
export that focus on either surface productivity, scavenging particle 
fluxes, or organic matter burial, benthic foraminiferal faunas are sensi-
tive to organic carbon rain at the seafloor and here illuminate a shift to 
pulsed organic matter export across the glacial-interglacial transition, an 
export mode that is most effective at reaching the deep sea. Consistent 
with respiration-driven dysoxia during the deglacial transition, dysoxic 
events are prominent in discrete intervals at intermediate depths, but 
only broad suboxic conditions develop at the abyssal site. Export of 
organic matter to the sea floor was also great enough at depths up to 
3667 m to release benthic foraminiferal communities from glacial food 
stresses. These results support inferences of increased carbon fluxes 
during warm intervals of the past, resolving previous disagreement, and 
demonstrate that the character of organic matter fluxes to deep-sea 
environments also change with climate. They further support forecasts 
of future increase in abyssal carbon fluxes following warming and 
reduction of sea-ice cover. Changes in the character of future produc-
tivity may be expected to alter abyssal ecosystems via changes in food 
availability and respiration at depth. 
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