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The Peruvian oxygen minimum zone was similar in
extent but weaker during the Last Glacial
Maximum than Late Holocene

Nicolaas Glock® ™ Zeynep Erdem® 2 & Joachim Schénfeld?

Quantifying past oxygen concentrations in oceans is crucial to improving understanding of
current global ocean deoxygenation. Here, we use a record of pore density of the epibenthic
foraminifer Planulina limbata from the Peruvian Oxygen Minimum Zone to reconstruct oxygen
concentrations in bottom waters from the Last Glacial Maximum to the Late Holocene at
17.5°S about 500 meters below the sea surface. We found that oxygen levels were 40%
lower during the Last Glacial Maximum than during the Late Holocene (about 6.7 versus
11.1 umol/kg, respectively). A comparison with other reconstructions of oxygen concentra-
tions in the region reveals a shallow Oxygen Minimum Zone during the Last Glacial Max-
imum that was similar in water depth and extent but weaker than during the Late Holocene.
Increased glacial oxygen concentrations are probably related to lower temperatures Chigher
oxygen solubility), decreased nutrient and increased oxygen supply by source waters, and a
decrease in coastal upwelling.
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tropical oxygen minimum zones (OMZs) due to a

combination of climate warming and anthropogenic
fertilization became a challenging task for contemporary earth
sciencel>2. The Peruvian OMZ in the Eastern Tropical South
Pacific is one of the most distinctive regions of oxygen (O,)
depletion in the oceans and biogeochemical cycling within this
region influences global biogeochemistry. In particular, OMZs
are major regions of reactive nitrogen (N) loss by denitrifica-
tion or anammox> and have a strong impact on global carbon
cycling, since photosynthetic organisms bind atmospheric CO,
near the water surface and fixed carbon is transported into the
deep via downward flux of organic matter®. Vice versa dis-
solved CO, from deeper water masses is released to the
atmosphere via upwelling®. The cold, upwelled deeper water
masses warm up when they are transported to the water sur-
face, which reduces the CO,-solubility. Bioproductivity in these
regions therefore has substantial influence on the atmospheric
CO, concentrations. The hydrography at the Peruvian margin
is dominated by the O, rich, equatorward Peru-Chile Current
(flowing in depths between 0-100m) and the O, deficient,
nutrient-rich, poleward Peru-Chile undercurrent (flowing
between ~100-350 m)>~10, The Chile-Peru Deep Coastal Cur-
rent prevails at ~500m water depth near the coast and
transports fresh and cold Antarctic Intermediate Water
northwards!!. Depending on the latitude this current competes
with the Peru-Chile undercurrent that is dominant ~500m
between 16°S and 17°S!l. At greater depths, the Antarctic
Intermediate Water competes with North Pacific Intermediate
Water, which results in different mixing flavors around Eastern
Equatorial North and South Pacific!?2. Coastal upwelling off
Peru is perennial and wind-driven®13,

A quantitative assessment of pre-anthropogenic Peruvian
OMZ extension and OMZ fluctuations between cold (glacial)
and warm (interglacial) periods is still missing. There are only
a few approaches of quantitative deglacial O, reconstructions
at the Peruvian OMZ so far, which are based on the variation
of benthic foraminifera assemblages and redox sensitive ele-
ments in the sediments!4!>. These studies indicated a decrease
in bottom water O, concentrations ([O,]gw) of ~30 umol/kg in
intermediate depths (~1000-1250 m) of the northern OMZ
boundary!4 and a loss of 5-10 umol/kg O, at 240m in the
OMZ center at 11°S!> between the Last Glacial Maximum
(LGM) and the Late Holocene (LH). This is equal to a loss of
about 50% O, in intermediate water depths. The results are
supported by other semi-quantitative redox proxies, such as
the ratio of redox sensitive elements in the sediments (i.e., Mo/
Re) and the variability of stable N-isotopes in sedimentary
organic matter (8'°N,,,), both indicating O, depletion over the
last deglaciation!®.

The porosity of epibenthic Cibicides spp. is an emerging
foraminifera based quantitative O, proxy that has recently
been calibrated!”. Some deep dwelling planktic foraminifera
also adapt their porosity to O, variability!®. Pore size and
shape are conservative morphological features in evolution and
species-specific!®-21. In addition, the factors that influence the
porosity of benthic foraminifera also appear to vary between
different species. Epifaunal Cibicides spp. seem to require O,
for aerobic respiration, since they increase their porosity under
O, depletion to optimize the uptake of O,!7. Some denitrifying
foraminifera such as Bolivina spissa adapt their pore density
(PD = pores/surface-area) to the availability of nitrate (NO3™)
instead of O, and can be used as quantitative proxy for bottom
water NO;~ concentration ([NO;~]gw)?223. Several species of
benthic foraminifera are able to denitrify when O, is to
depleted for respiration?4-28. B. spissa belongs to a group of

Ongoing ocean deoxygenation and the expansion of

denitrifying species that prefer NO;~ over O, as an electron
acceptor??. It is possible that some Cibicides spp. can switch to
denitrification under O, depletion, since they cluster next to
the known denitrifying species within the phylogenetic tree30.
It has been assumed for a while that Cibicidoides wuellerstoerfi
cannot survive longer O, depletion!. However, Rathburn
et al.l” observed living Cibicidoides spp. in environments of
<2 umol/kg [O,]. In addition, fossil specimens have been found
in paleorecords during periods of severe O, depletion32.
Though, Cibicidoides spp. usually seem to prefer O, respira-
tion, since living specimens can be found in [O,] of up to
275 umol/kg!” even if some might be able to denitrify during
periods of O, depletion.

In this study we test if the PD of the epibenthic foraminifer
Planulina limbata from the Peruvian OMZ might also be used as
a quantitative O, proxy by comparing four different methods for
PD determination. We show, that the PD of P. limbata from core
tops of five short sediment cores from the Peruvian OMZ is
significantly correlated to [O,]pw. Finally, we use our new local
and species-specific calibration to quantify the [O,]pw change
between the LGM and the LH using sediment cores from the
southern boundary of the Peruvian OMZ (17.5°S) and compile
our record with other quantitative records from this region to
assess the change in OMZ extension and strength between the
LGM and the LH.

Results

Core stratigraphy. The age models of cores M77/1 416-GC4
and M77/1 406-MUC6 (locations see Fig. 1 and Table 1) are
mainly based on radiocarbon dating. In addition, the §'80
record has been used to exclude some samples from M77/1 406-
MUCES that were obviously located below a hiatus. None of the
samples contained a sufficient number of planktic foraminifera
for radiocarbon dating. Thus, the age model for core M77/1
416-GC4 is completely based on radiocarbon ages of epibenthic
P. limbata (Table 2). There is an offset in radiocarbon ages
between benthic and planktic foraminifera, based on the ven-
tilation age of the bottom water and the marine reservoir age
(MRA) of the surface water, in which planktic foraminifera are
dwelling (see review by Skinner and Bard33). To minimize this
age uncertainty, we used the benthic-planktic radiocarbon age
offset of the closest sediment core in literature that provided
this data for our time slice of interest, which is CDH 26
(03°59.1608S, 81°18.520W, 1023m)!2. Since the location of CDH
26 is ~500 m deeper than M77/1 416-GC4, we assume that the
ventilation age was likely a bit higher at CDH 26 resulting in a
slight overestimation of our benthic-planktic offset. After the
benthic-planktic radiocarbon age offset correction we did an
additional MRA correction, using the MRA values for 18.75°S
75°W for the different time slices from the model output by
Butzin et al.>%3> (Supplementary Fig. 1). The radiocarbon ages
of core M77/1 406-MUCS6 that were measured on sedimentary
organic matter were only MRA corrected using the model
output by Butzin et al.343° (Supplementary Fig. 1). The cor-
rected radiocarbon dates were calibrated using Intcal203°. Age-
depth models (Fig. 2) and sedimentation rates (Supplementary
Fig. 2) for both cores were calculated, using the Bchron software
package3”. One outlier in core M77/1 416-GC4 that showed an
age reversal at 290 cm depth was excluded for construction of
the age depth model. The calibrated ages and all the correction
steps are summarized in Table 2.

Both cores showed a distinct hiatus. The longer core M77/1
416-GC4 only covered the LGM from 17.5 to 24.1 cal. kyr BP.
The Deglaciation and Holocene are missing. Benthic §!80 were
relatively uniform along M77/1 416-GC4 and showed an offset of
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Fig. 1 Map of sampling locations. Map with sampling locations together with dissolved oxygen concentration at 300 mbss in the Southeastern Pacific
Ocean (inset map). Data are obtained from World Ocean Atlas 20185°. Black crosses indicate the locations of MUC samples used for the core top
calibration of PD vs. [O,]gw. Red diamond shows the location of sediment cores M77/1-406/MUC-6 and M77/1-416/GC-4) used for the
paleoreconstruction of [O-]gw. Prepared using Ocean Data View®5. The black star in the inlet map shows the location of CDH 26 that has been used for
the benthic planktic offset correction of our radiocarbon data (taken from Bova et al.'2).

Table 1 Station list.

Station Latitude (°W) Longitude (°S) Water depth (m) [02]1gw (umol/kg)
M77/1-553/MUC-54 78°54.70' 10°26.38' 521 3.002
M77/1-487/MUC-39 78°23.17" 11°00.00" 579 3.70b
M77/2-723/MUC-47-3 80°31.36" 07°52.01 626 8.102
M77/1-565/MUC-60 78°21.40' 11°08.00' 640 8.17°
M77/1-459/MUC-25 78°25.60' 11°00.02' 698 12.55P
M77/1-406/MUC-6 71°52.40' 17°28.00' 492 ¢

M77/1-416/GC-4 71°52.62" 17°28.14" 505 ¢

reconstruction. The other stations were used for the modern PD calibrations.
3[0,]gw taken from Glock et al.®®.
5[0,]gw taken from Glock et al.22,

Stations for the calibration and stations that have been used for the paleo O, reconstructions are divided by a line. Station names in italic letters indicate that these stations were used for the paleo O,

The [O,] gradient at the lower OMZ boundary was very steep at this location which results in a highly variable modern [O,]gw. Different data sources list values between 1 and 25 umol/kg>7-€0,

around ~1%o compared to the top centimeters of M77/1 406-
MUC6. One %o is a common offset between LGM and LH (see
Supplementary Fig. 3). In core M77/1 406-MUCG6 benthic §'80
shows an abrupt step to glacial values below 10 cm sediment
depth in addition to a jump in the radiocarbon age in this part of
the core (Table 2). Since these depths were obviously located
below a hiatus, we ignored the PD data from this part of the core,
since these foraminifera were not from the LH. We also excluded
the elevated radiocarbon age of sedimentary organic matter at
~14 cm depth for the construction of our age-depth model. Only
the first 10 cm of M77/1 406-MUC6 were used for our paleo

reconstructions, since they were from the LH. The sedimentation
rates were much lower during the LH in comparison to the LGM
(Supplementary Fig. 2). Both the hiatus and the low sedimenta-
tion rates during the LH are a typical phenomenon for this region
in similar water depths. A widespread hiatus evolved in this
region over the last deglaciation, likely due to erosion through
high energetic non-linear internal waves’®. Under modern
conditions low sedimentation rates are common in water depths
~500 m at the Peruvian Margin because the internal waves hit the
seafloor in these depths within a critical angle, which facilitates

erosion®.
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Fig. 2 Age-depth models for sediment cores M77/1 406-MUC6 and M77/1 416-GC4. Age-depth models for cores M77/1 406-MUC6 (A) and M77/1
416-GC4 (B). These models are based on 14C dating and have been modeled using the Bchron software package3”. Error bands show 95% confidence
intervals. The probability distributions and highest density regions are shown for the 14C age of each analyzed sample. Note that sample 416_10 has been

excluded from the age model as an outlier (age reversal).

Comparison of four different methods to determine for-
aminiferal pore density

A: Description of the tested methods. Four different methods were
applied and tested to determine the PD of P. limbata in order to
compare the data with the global porosity calibration on Cibicides
spp. from Rathburn et al.!” and to achieve the best possible local
calibration of PD vs. [O,]pw (see also Fig. 3).

#1.: According to Rathburn et al.!” and Petersen et al.4® PDs
from the core top samples were determined in the middle of the
chamber within a rectangular window with a size of ~5000 pm2.
This method has the advantage that a very smooth and flat

surface can be chosen and artifacts by the curvature of the sample
are avoided. Rathburn et all”7 analyzed the ultimate and
penultimate chambers. We always chose the best preserved
chamber without cracks or overgrowths that was closest to the
ultimate chamber. This was in most cases either the ultimate or
penultimate chamber (Fig. 3A).

#2.: PDs were determined on the umbilical side of the whole
specimen. Pores were counted manual and the PD is the average
of the whole specimen?! (Fig. 3B).

#3.: Same as method #2 but the spiral side was used instead of
the umbilical side*! (Fig. 3C).
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Fig. 3 Visual descriptions of pore density (PD) determination methods. Visual description of the four methods that have been compared to determine
the PD of Planulina limbata. For a detailed description of these methods see text. A Method #1; B Method #2; C Method #3; D Method #4.

#4.: Same as method #3 but the samples were size normalized
to minimize ontogenetic effects*!. Specimens that had a smaller
surface area than 400,000 um? were excluded from the dataset
and for specimens larger than 700,000 um? the last number of
chambers were excluded until the total analyzed area was
<700,000 um?2 (Fig. 3D).

B: Statistical comparison of the tested methods. For comparison,
the four methods have been applied to determine the PD of P.
limbata in the core top samples (locations see Fig. 1 and Table 1;
results see Table 3 for averages and Supplementary Data 1 for all
individual PDs). The core top PDs of P. limbata that have been
determined with method #1 were compared with the epifaunal
PDs by Rathburn et al.!7 (Fig. 4A). Our new data complemented
the dataset by Rathburn et al.l” since it mainly added datapoints
within the lower [O,]gw range. Logarithmic regression through
the compiled datasets showed a highly significant relationship
between the PD of epibenthic foraminifera with [O,]pw
(R? =0.80; F=572; p < 0.0001) over a wide range from saturated
O, to nearly anoxic conditions ([O,] <2 pmol/kg). The PD is
higher at locations with lower [O,] (visual example at Fig. 4B).
All of the four tested PD determination methods showed a
significant relationship between the mean core top PD of P.
limbata and [O,]gw at the five locations that were used for our
local calibration (Fig. 4C-F). Method #1 showed the worst
correlation (R? = 0.92; F = 33; p = 0.01) while the correlation was
best using method #4 (R2=10.97; F=86; p=10.0026). We
therefor decided to use method #4 for our downcore [O,]gw
reconstruction in M77/1 416-GC4 and M77/1 406-MUC6. Only
for one downcore datapoint we used method #3, since the
specimens were too small for the size normalization (see Table 4).

Downcore [O,]gw reconstruction using the pore density epi-
faunal P. limbata. The [O,]gw for two time slices (LGM
~20-17 kyr BP and LH ~1-0kyr BP) were reconstructed at the
southern boundary of the Peruvian OMZ (~17.5°S; ~500 mbss)

using the PD of epifaunal P. limbata (Fig. 5 and Table 4 and
Supplementary Data 2 for all individual PDs). The short core
M77/1-406/MUC-6 was used for the LH slice, while the longer
M77/1-416/GC-4 was used for the LGM slice. As mentioned
above, only the data above 10 cm depth was used for core M77/1-
406/MUC-6 due to the hiatus below 10 cm depth. The specimens
at a depth of 3.5 cm were very small and out of the range for the
size normalization in method #4. For 3.5 cm depth we used the
calibration of method #3 to calculate [O,]gw. Due to the low
number of specimens in the depths 5.5cm, 7 cm and 9 cm, we
decided to pool the specimens to one datapoint in Fig. 5. The
average depth (7.6cm) was used to calculate the age of this
datapoint.

The PD was significantly higher for the LH in comparison to
the LGM (p < 0.001; N = 114; Welch’s ¢-test), indicating distinct
deoxygenation at the southern boundary of the Peruvian OMZ
after the LGM. The mean [O,]pw was 11.1 umol/kg during the
LGM and 6.7 umol/kg during the LH indicating a loss of ~40% O,
at this location between these two time slices. The [O,]gw was
relatively constant during the LGM and, with one exception,
always higher than during the LH. Only at ~18.7 kyr BP, a sudden
drop of [O,]gw was recognized.

Discussion

Modern pore density calibration for epibenthic foraminifera
and methodological recommendations. Our new data for the
correlation of the PD of the epibenthic species P. limbata to [O,]pw
very well match the dataset for Cibicides spp. of Rathburn et al.l”
(Fig. 4A). Both datasets shown in Fig. 4A used method #1 for the
PD determination. Rathburn et al.1” suggested to use the porosity
instead of the PD for [O,] reconstruction, since they found a better
correlation for the porosity. This is a good option for high reso-
lution scanning electron micrographs but our study is based on
light micrographs that do not have a resolution allowing to accu-
rately determine the pore area. Thus, we focused on the PD instead.
This has the advantage that paleoreconstructions can solely be
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Fig. 4 Comparison of results and calibrations for different pore density (PD) determination methods. A Comparison of epifaunal PD vs. bottom water
0, concentrations ([O,]gw) correlation between our study (Planulina limbata; red dots) and Rathburn et al."” (Mixed species; black dots). PDs of each
individual foraminiferal specimen are plotted. All PDs in this plot were determined after method #1. The dashed line is a logarithmic regression through all
datapoints (Equation and statistics are shown in figure). B Scanning electron micrographs of two epifaunal P. limbata specimens (umbilical side) with

different porosity features. Left specimen (higher porosity) is from M77/1-487/MUC-39 ([O,]gw = 3.70 pmol/kg); Right specimen (Lower porosity) is
from M77/1-565/MUC-60 ([O,]gw = 8.17 umol/kg). C-F Comparison of the four methods that have been tested to determine the correlation between
[O51gw and the mean the PD of P. limbata in each sample. For a detailed description of these methods see text. € Method #1; D Method #2; E Method #3;
F Method #4. Solid lines are linear regressions (Equation and statistics are shown in figure). Error bars are the standard error of the mean (1 SEM).

based on optical images that only need a stereo microscope or a
macro objective with a good magnification coupled to a digital
(optical) camera, which is less expensive and time consuming than
electron microscopy.

Our data for P. limbata from the Peruvian OMZ is in good
agreement with the data for Cibicides wuellerstorfi, Cibicides
lobatulus and Planulina sp. from the global dataset by Rathburn
et al.l”. This indicates that all these species adapt their PD in a
similar way to O, availability and it is likely that the correlation
can be adapted to other epibenthic species from a wide range of
habitats as well. It has to be emphasized that this is different for
denitrifying foraminifera such as B. spissa, which adapts its PD to
[NO5~|gw???3. We cannot exclude, though, that P. limbata as
well as some other Planulina and Cibicides spp. might be able to
switch to denitrification under severe O, depletion. Several
Cibicides spp. cluster in the phylogenetic tree close to the known
foraminiferal denitrifiers30

In literature there are different methods suggested for the
determination of pore characteristics of benthic foraminifera. The
most common method is to focus on a small window within a
smooth surface in the middle of the ultimate or penultimate
chamber!7:19:20:404243 (Method #1 in this study). This has several
advantages. This type of analysis is relatively fast, it minimizes

artifacts related to the curvature of the specimens, normalizes
regarding the ontogenetic stage of the specimen and negates
problems with overgrown pores. Nevertheless, the dataset for
each individual foraminifer is limited, due to the small window
size that is usually used for this method and there might be
another factor that influences the pore characteristics in the
ultimate and penultimate chambers: the stability of the test.
Porosity and PD usually increases from the oldest to the
youngest chamber related to the decreasing surface to volume
ratio with increasing size of the specimen®?. Our results also
showed that the PD determined after method #1 was generally
higher in comparison to the other methods (Fig. 4C-F). Other
recent studies described that the stability of the foraminiferal
test is decreasing with increasing porosity*3. Richirt et al.#? also
found that different Ammonia phylotypes increase their
porosity by building less but larger pores in their ultimate or
penultimate chamber since the walls have more stability this
way instead of simply building more pores. This might not be
the case in older, less porous parts of the test where the porosity
is not high enough to restrict the stability of the test walls.
Finally, Method #1 ignores the pore free area between and on
the outside corners of the test walls. These areas increase with
increasing [O,]pw (Fig. 4B).
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Table 4 Mean pore densities (PD) of P. limbata, calibrated ages (Cal. age) from the age model and reconstructed bottom water
0, concentrations ([O,]gw) for the downcore reconstructions in cores M77/1 406-MUC6 and M77/1 416-GC4.
Core name Depth (cm) Cal. age (year BP) SD PD (P/um2) SD SEM [O21sw SEM
(umol/kg)
M77/1 406-MUC6 0.5 86 42 0.0027 0.00024 0.000M 5.7 13
M77/1 406-MUC6 1.5 252 90 0.0027 0.00013 0.00005 6.0 1.0
M77/1 406-MUC6 2.5 361 100 0.0024 0.00038 0.00019 7.5 1.6
M77/1 406-MUC6 3.5 461 102 0.0029 0.00024 0.00014 4.8 1.8
M77/1 406-MUC6 4.5 559 96 0.0026 * * 6.3 2.4(SD)
M77/1 406-MUC6 4.5 559 96 0.0023 * * 83 2.2(SD)
M77/1 406-MUC6 7.6 1010 291 0.0022 0.00019 0.00010 8.5 1.2
M77/1 416-GC4 20.0 17,432 203 0.0017 0.00022 0.00009 1n.5 1.0
M77/1 416-GC4 30.0 17,721 209 0.0016 0.00024 0.000M 121 11
M77/1 416-GC4 40.0 17,943 196 0.0016 0.000M 0.00005 12.6 0.8
M77/1 416-GC4 50.0 18,165 179 0.0017 0.00018 0.00008 1.8 1.0
M77/1 416-GC4 55.0 18,288 161 0.0019 0.00034 0.00015 10.3 13
M77/1 416-GC4 65.0 18,524 124 0.0017 0.00026 0.00012 n.7 11
M77/1 416-GC4 70.0 18,582 120 0.0016 0.00012 0.00006 12.2 1.0
M77/1 416-GC4 75.0 18,636 16 0.0015 0.00020 0.00010 13.0 11
M77/1 416-GC4 85.0 18,737 108 0.0024 0.00029 0.00013 7.6 13
M77/1 416-GC4 90.0 18,792 103 0.0017 0.00030 0.00014 15 1.2
M77/1 416-GC4 100.0 18,922 85 0.0016 0.00016 0.00007 12.1 1.0
M77/1 416-GC4 110.0 19,105 104 0.0018 0.00012 0.00005 1.3 1.0
M77/1 416-GC4 120.0 19,191 107 0.0019 0.00025 0.00012 10.5 13
M77/1 416-GC4 135.0 19,286 n4 0.0019 0.00014 0.00006 10.7 1.0
M77/1 416-GC4 140.0 19,318 17 0.0020 0.00021 0.00009 10.1 11
M77/1 416-GC4 150.0 19,383 123 0.0020 0.00031 0.00014 10.2 1.2
M77/1 416-GC4 160.0 19,467 132 0.0019 0.00027 0.00012 10.8 1.2
M77/1 416-GC4 180.0 19,625 129 0.0020 0.00043 0.00019 10.2 1.5
All PDs were determined after method #4, except in the one sample in italic letters. In this sample specimens were too small for size normalization and PD and [O,]gw were determined using method
#3. Only two specimens were found in 4.5 cm depth. PDs and reconstructed [O,1gyy are listed here for each individual instead as mean values for the whole sample.
SD standard deviation, SEM standard error of the mean.
An asterisk symbol “*" indicates that this is the PD from a single specimen and no SD or SEM could be calculated for this sample.
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Fig. 5 Paleorecord of bottom water O, concentrations ([0O,]gw) at the Southern Peruvian OMZ. Quantitative palaeorecord of mean [O5]gw in cores
M77/1 406-MUC6 and M77/1 416-GC4 using the PD of Planulina limbata. The X-axis is broken at 3 kyr BP. Note that the slice during the Late Holocene
(LH) is from M77/1 406-MUC6 and the slice from the Last Glacial Maximum (LGM) from core M77/1 416-GC4. All PDs were determined after method
#4, except in the one sample plotted as a gray triangle. In this sample specimens were too small for size normalization and PD and [O,]gw wWere
determined using method #3. Since only two specimens were found in one sample each individual reconstructed [O,]gy instead of mean values were
plotted as gray crosses. (4.5 cm depth) Horizontal errors are the standard deviation (1SD) Vertical error bars are standard error of the mean (1 SEM)
except for the gray crosses (1SD). Mean modern [O,]g in this region is highly variable in this region (range from 1-25 umol/kg>7-€0). The red dot
represents the mean modern [O,]gw (red dashed line = 1SD). Note that all the reconstructed [O,]g\w are within the range of short time modern variability.
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Another method, that has been used for PD determination, is
to focus on a larger size normalized part of the older chambers of
the foraminifer?223 (Method #4 in this study). This method has
the advantages that the ontogenetic effects are also minimized by
size normalization and the larger area provides a larger dataset for
each individual and the stability of the test walls is less restricting,
since the older parts of the test are usually less porous. The main
disadvantages of this method is the higher effort that is necessary
to acquire the data, the problem that pores in older chambers
might be overgrown and artifacts by the curvature of the tests.

An additional method that recently came up is the automated
image analysis to determine the porosity on shards of benthic
foraminifera after crushing using optical microscopy*. From all
the methods so far this appears to be the least time consuming
and it is possible to generate huge datasets with relatively low
effort. Though, this method is destructive and it is not possible to
archive the specimens. Also the use of the specimens for other
analyses might be limited. Finally, a method has been suggested
for automated morphometric analysis on benthic foraminifera
using atomic force microscopy®. This approach most likely
generates the most metadata, since it is even possible to measure
the depth and 3D shape of the pores but it is also the most
effortful of the methods discussed above.

Our methodological comparison also tested if it is better to use
the umbilical (Method #2) or the spiral side (Method #3 and 4) of
the foraminifer for the PD analysis (Fig. 4D-F). The correlation
between the PD of P. limbata and [O,]gw was better using the
spiral side. The average umbilical PD is much higher than the
average spiral PD. The closely related Planulina ariminensis was
found on stalked substrates well above the sediment surface in
that spiral and umbilical sides were exposed in the same way to
the bottom-near water®. Therefore, the worse correlation on the
umbilical side might be related to stability restrictions of the test
wall due to the elevated porosity*3. In addition, due to the higher
PD, the determination on the umbilical side is usually more
effortful. We thus suggest to focus on the spiral side of the
specimens for the application of PD or porosity as a paleo proxy.
Since we found the best correlation between PD and [Os]gw
using method #4 for our local calibration, we also used this
method for our paleo [O,]gw reconstructions in this region. This
does not mean that this is the best approach for other regions and
foraminiferal species. The dataset using method #1 is now
relatively large including the global data by Rathburn et al.!” and
our new data for P. limbata for the Peruvian OMZ. For [O,]
reconstructions in regions of larger [O,] variability where no local
calibration is available, we would therefor recommend to use
method #1 and the correlation shown in Fig. 4A. Though, our
dataset includes only specimens from O, depleted locations. If
[O,] should be reconstructed at locations with higher O, levels it
might be good to focus on the calibration by Rathburn et al.!” and
porosity instead of the PD might be used if high resolution
electron micrographs are available.

Deoxygenation off Peru between the Last Glacial Maximum
and the Late Holocene. Our [O,]pw paleo reconstruction at
17.5°S off Peru (~500 mbss) indicates a deoxygenation from ~11.1
to 6.7 umol/kg, which is equal to an O, loss of ~40% (~5 umol/
kg). This is in good agreement with other quantitative [O,]
reconstructions in this region. Scholz et al.!> found an [O,] drop
of 5-10 umol/kg at 11°S (240 mbss) and Erdem et al.!* an [O,]pw
decrease of ~50% in intermediate water depths (~1000-1250
mbss) below the Peruvian OMZ between the LGM and the LH.
The modern O, in the Peruvian OMZ is located in water depths
between 300 and 400 mbss'®, With ~500 m water depth sites
M77/1 406-MUC6 and M77/1-416/GC-4 are located at the lower

OMZ boundary. During the LGM, the sea level was ~120 m
lower?”. Thus, sites M77/1 406-MUC6 and M77/1-416/GC-4
would be shifted into water depths of today’s core OMZ. This
indicates that [O]pw during the LGM was higher even within the
core OMZ than compared to the lower OMZ boundary during
the LH.

The elevated [O,]pw during the LGM is in good agreement
with trends in several data compilations for the Pacific
Ocean*®%9. The simultaneous increase of [O,] during the LGM
in all parts of the Peruvian OMZ is likely caused by interactions
between decreased temperatures, higher [O,] to the subsurface
water masses, the supply of preformed nutrients to the subtropics
and decreased coastal upwelling off Peru. The low sea surface
temperatures during the LGM resulted in an increase of O,
solubility and a generally higher [O,] in and increased formation
of intermediate water masses, that supply O, to subsurface water
masses off Perul>1650, In addition, there was likely increased Fe
supply to higher latitudes during the LGM, related to the lower
sea level, due to the decrease in shelf sediments and increased
erosion®2. This Fe fertilization at high latitudes stimulated
primary productivity at the Southern Ocean which resulted in
increased burial of preformed nutrients to the deep Southern
Ocean?32, This reduced the concentration preformed nutrients
in Subantarctic Mode Water, which supplied nutrients to the
subtropics, and affected limitation of primary productivity at
lower latitudes?>2, Less O, was consumed by remineralization
below the photic zone due to this decrease in primary
productivity. This is supported by a quantitative NO;~ record
at the Northern part of the Peruvian OMZ?3. Finally, the
intertropical convergence zone experienced a southward shift
during the LGM at the Eastern Tropical Pacific, implying a
general decrease in coastal upwelling in this region!®>3. A study
on the change in nutrient utilization at the Peruvian OMZ during
the last deglaciation based on stable Si isotope fractionation also
infers a decrease in upwelling during the LGM at 15°S close to our
study site>*. Though, due to the distinct hiatus at our location
there is only a slight overlap in this record and our data at the end
of the LGM.

The common observation that [O,] at the Peruvian OMZ was
higher during the LGM in shallow depths ~240 m!, intermediate
depths ~500m (this study) and “deep”-intermediate depths
~1000-1250 m!* indicates that the LGM conditions at the
Eastern Tropical South Pacific were decoupled from the Eastern
Equatorial Pacific3>%°. Actually, the OMZ at the Eastern Tropical
Pacific was expanded downwards during the LGM, likely due to a
decrease in ventilation and an increase in the respired deep
carbon storage in intermediate to deep water depths during the
LGM?32, In addition, a recent study showed that there was no
shallow OMZ at the Eastern Equatorial Pacific during the LGM
but a massive suboxycline connecting the old O, depleted deep to
intermediate water masses®>. The shallow OMZ at the Eastern
Equatorial Pacific only established during the Holocene®>. Our
results from the regionally adjacent Peruvian margin indicate that
there was a shallow OMZ at the Eastern Tropical South Pacific
which was similar but less O, depleted than during the LH
(Fig. 6). We found no evidence for a severe vertical shift of the
Peruvian OMZ over the last deglaciation which might have
connected intermediate to deep reservoirs of old carbon to the
atmosphere as it has been observed for the Eastern Equatorial
Pacific>®. Nevertheless, a comparison of the available quantitative
[O,] paleo data with modern conditions indicates that the
oxycline below the OMZ is steeper today than during the LGM or
the LH. This might indicate that the intermediate to deep water
masses at the Peruvian Margin have been ventilated very recently.
The [O,]gw below 800 mbss are based on foraminiferal
assemblages!4. In the original study it is discussed that the
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Fig. 6 Comparison of the Peruvian OMZ during the LGM, the LH and modern conditions. Bottom water O, concentrations ([O,]g\) reconstructed with
different approaches for different depths at the Peruvian OMZ during the LGM (red) and the LH (Black). Data at 1000-1250 m are from Erdem et al.’4, at
~500 m from this study and ~240 m from Scholz et al.!>. Modern data are from 11°S M77/1-438/CTD-RO-16°7. Note that water depths during the LGM
have all been corrected by the lower sea level of ~120 m#’. Datapoints for our data and Erdem et al.' are the weighted mean for each time slice and error
bars are the standard error for the weighted mean. Scholz et al.'® indicated a range of 5-10 umol/kg for the LGM (shown here as 7.5 + 2.5 umol/kg). The
data for the LH from Scholz et al.’> were calculated after their Fig. 1b and indicated always anoxic conditions (here shown as 1umol/kg without error bar).

reconstructed [O,]pw might be biased to lower values, because
the majority of reference surface samples used for the calibration
were from shallower locations (e.g., lower [O,]pw than the
stations, used for the paleoreconstructions). Thus, we cannot
exclude that the flattened lower oxycline during the LH might be
an artifact, related to results of multiple [O,] paleo proxies being
compiled in Fig. 6.

During the LGM time slice there are no obvious trends in
[Oz]pw at site M77/1-416/GC-4 indicating that the conditions
were relatively stable during this time interval. The LH time slice
at site M77/1 406-MUC6 starts ~1 kyr BP. Within this time
interval there is a distinct trend in decreasing [O,]gw over time. A
record of sea surface temperatures ~17°S, close to our location
documented a strong cooling trend during this time interval®®
and another record at 14°S showed an increase in sedimentary
fish scales and the redox sensitive Mo/Re ratiol®. Thus, the
decreasing bottom water [O,]pw over the past 1 kyr are likely
related to an increase in upwelling and primary productivity in
this region. Mean modern [O,]py close to our study site is highly
variable (range from ~1-25 umol/kg>’-60). All the [O,]pw in our
palaeorecord are within this range of modern [O,]gw variability
(see Fig. 5). Though, there seem to be [O,] pulses ~17.5°S at
~500 m that exceed our averaged values from the palaeorecord.
This might be related to seasonality in the life cycle of P. limbata.
If the reproduction of P. limbata is coupled to the main upwelling
season, the PD likely records the lower [O,]pw during that
season. It also might be possible that foraminifera adapt their
pore density to the lowest seasonal [O,] they experience. The
higher O, pulses would not matter in that case, since the
foraminifera are already adapted to withstand even lower [O,].
The lowest modern [O,]gw, documented close to the coring sites
(M77/1-416/GC-4 and M77/1 406-MUC6) was ~1 umol/kg,
which is below the range of reconstructed [O,]pw using the PD
proxy. This might indicate that the seasonally lowest [O,]pw
continued to decrease during the LH. A recent study offered an

alternative hypothesis: Belanger®! found that the adult morphol-
ogy of benthic foraminifera might already be predetermined by
the environmental conditions that the individual experiences
during the embryonic state®l. If this applies to the foraminiferal
PD as well, it would corroborate that P. limbata’s life cycle is
coupled to the main upwelling season and that the PD is
consequently adapted to lower [O;]pw than the annual mean.
Another explanation for the fact that the highly variable modern
[O2]pw sometimes exceeds the range of our paleorecord could be
an observation that bottom waters at the Peruvian shelf became
more oxygenated over the last ~100 years®2.

The observation that the Peruvian OMZ was more oxygenated
during the LGM in comparison to the Holocene and modern
conditions (Fig. 6) is in line with recent observations of on-going
ocean deoxygenation and OMZ expansion related to global
warming!2. The Peruvian OMZ is at present in a highly
productive state and the abundance of anchovies actually
increased over the past ~1kyr, following the trend for other
proxies for subsurface ocean deoxygenation!® and our own data
(Fig. 5). The optimum in anchovy production off Peru during the
modern warm period is related to the enhanced nutrient supply
that increases primary productivity and the related preferential
development of large plankton!®. Although the current warm
period seems to be favorable for the Peruvian anchovy population
and the related commercial fishery, some periods during the LH
that are characterized by a very intense OMZ are disadvantageous
for anchovy populations!®. Indeed, there is evidence that smaller
goby like fish species dominated the Peruvian upwelling region in
a very warm and severely O, depleted phase during the Eemian®3.
Ocean deoxygenation will likely continue under the current trend
of global warming and indeed anchovy biomass steadily
decreased again during the past decades?©3. Thus, there is a
high risk that the ecosystem at the Peruvian upwelling region
reaches a tipping point for the fish community. This might
potentially result in jellyfish outbreaks leading to a trophic dead
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end, as observed in other ecosystems where fisheries have
collapsed, such as the Benguela Upwelling®%. Our results indicate
deoxygenation at the Peruvian OMZ from the cold LGM to the
warm LH, and the current warm period and thus provide further
evidence for concerns related to the foreseeable future ocean
deoxygenation.

In conclusion, our quantitative [O,]pw is in good agreement
with other paleorecords from the Peruvian OMZ and the
combined datasets of these studies indicate a similar but weaker
OMZ during the LGM. We found a deoxygenation of ~40% in
intermediate water at 17.5°S off Peru between the LGM and the
LH which is likely related to higher temperatures (lower O,
solubility), increased nutrient and decreased O, supply by source
waters and an increase in coastal upwelling. This is a contrasting
situation to the adjacent Eastern Equatorial Pacific, which had an
expansion of O, depleted waters to deeper depth but better
ventilated shallow waters during the LGM?32->,

Methods

Sampling procedure. Six short sediment cores from the Peruvian OMZ were
extracted during R.V. Meteor cruise M77/1 in October 2008 using a video guided
multicorer (Fig. 1 and Table 1). Within a couple of minutes after the multicorer
came on deck, one tube was chosen from the array, and brought to a laboratory
with a constant room temperature of 4 °C. Supernatant water of the core was
carefully removed. Then the core was gently pushed out of the multicorer tube and
cut into 12 slices (10-mm-thick) for benthic foraminiferal analysis. The samples
were transferred to Whirl-Pak™ plastic bags and transported at a temperature of
4°C. One additional long sediment core (3.88 m) was extracted using a gravity
corer (M77/1 416-GC4; Table 1). This core was immediately cut into one meter
sections and each section was sliced into two halves (work and archive half). These
were stored and transported back at a temperature of 4 °C. The samples of these
seven cores were used to collect the specimens for the PD analyses, radiocarbon
dating and benthic foraminiferal §'80 measurements.

Foraminiferal studies. The sediment samples were washed over a 63-um mesh sieve
and dried at 50 °C. They were further subdivided into the grain-size fractions of
63-125, 125-250, 250-315, 315-355, 355-400, and >400 um. Specimens of the epi-
faunal species P. limbata were picked from the >400 um fraction. Specimens of
Uvigerina striata and Uvigerina peregrina were picked from the 355-400 pm fraction.

Images of P. limbata were taken using a MiniPixie MPX2051UC CCD camera
(AOS Technologies™), mounted on a macro objective (1-6233 and 1-6010 by
Navitar™). The programs AxioVision, Zen and Image] were used for the image
analyses. In total 185 specimens were used for the image analyses. We used
10-12 specimens for the core top PD vs. [O,]py calibrations except in core M77/1-
459/MUC-25, where only two well preserved specimens of P. limbata were available.
For the downcore PD record we used an average of five P. limbata specimens.

Two additional specimens from M77/1-487/MUC-39 ([O,]gw = 3.70 umol/kg;
see Table 1) and M77/1-565/MUC-60 ([O,]pw = 8.17 umol/kg; see Table 1) were
imaged with scanning electron microscopy for visual documentation of the
influence of [O,]gw on the porosity of P. limbata (see Fig. 4B). These two
specimens were mounted on aluminum stubs, sputter-coated with gold, and
imaged using a CamScan-CS-44 scanning electron microscope at the Christian-
Albrecht-University in Kiel.

Additional specimens of P. limbata from 12 sediment depths were used for the
radiocarbon dating on core M77/1 416-GC4. The radiocarbon dating for three
sediment depths on core M77/1 406-MUC6 has been done on sedimentary organic
matter. All radiocarbon analyses were performed at Beta Analytic, Inc., Florida, USA.

Three to six individuals of U. peregrina and U. striata were used for the stable
isotope measurements (8!80 and §!3C). The tests of the foraminiferal specimens
were gently crushed between two glass slides and the fragments were mixed. The
measurements were performed at GEOMAR, Kiel, using a Thermo Scientific
MAT253 mass spectrometer equipped with an automated CARBO Kiel IV
carbonate preparation device. The isotope values were reported in permil (%o)
relative to the Vienna Pee Dee Belemnite (VPDB) scale and calibrated vs. NBS 19
(National Bureau of Standards) as well as to an in-house standard (Solnhofen
limestone). Long-term analytical accuracy (1-sigma) for 8180 and §!3C was
<0.06%o and <0.03%o, respectively.

Calculation of [0,]gw for the paleoreconstructions and error estimation. Four
different methods have been tested in this study to use the PD of P. limbata to
reconstruct past [O,]gw. A detailed description of these methods is given in the
results section. Since method #4 showed the best correlation between PD and
[O,]gw, we mainly used this method for the downcore reconstructions. Only for
one downcore datapoint we used method #3, since the specimens were too small
for the size normalization (see Table 4). [O,]gw was therefore calculated according

to Eq. (1):
[O,]py = —6027(+652) - PD + 22.0(+1.7) 1)

A progression of uncertainty was used to calculate the errors for the
reconstructed [O,]gw. Both the uncertainty of the mean PD within each sample
and the uncertainties of the calibration function were included. The propagation of
uncertainty has been applied to Eq. (1), resulting in:

2 2 2
o[ () ()

where o, is the uncertainty (1sd) of the corresponding parameter x (in this case
[Oz]sw» a, b and PD), a is the slope in Eq. (1) (in this case —6027) and b is the X-
axis intercept (in this case 22.0). Application of Eq. (2) on Eq. (1) results in Eq. (3)

for the calculation of T0,],
ol = \/ (652 - PDY + (—6027 - app, ) + (1.7)? ©)
The standard error of the mean (SEM) was then calculated according to Eq. (4):
U[OZ]BW
SEMpo,,, =~/ @

where # is the no. of specimens analyzed in each sample.

Data availability
All data generated or analyzed during this study are included in the tables of this
published article (and its Supplementary Information files).
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