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Ocean deoxygenation linked to ancient
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Mesopelagic fish are integral to ocean food webs and play an important role in carbon transport
through their vertical migration behavior. Ocean deoxygenation caused by anthropogenic warming is
expected to pose severe threats to mesopelagic fauna by enhancing physical stress and changing
predator-prey relationships. In agreement with this expectation, our fish otolith record in a
Mediterranean sediment core shows near absence of mesopelagic species during Sapropel
deposition between ~7 and ~10 thousand years ago, concurrent with high surface productivity and low
oxygenation of mid-depth waters. Instead, the otolith record is dominated by fish species adapted to
epipelagic habitats, including European anchovy (Engraulis encrasicolus) and silvery lightfish
(Maurolicus muelleri). Subsequent reoxygenation starting ~7 thousand years ago is accompanied by a
three-fold increase in total otolith abundance. The large majority of these are mesopelagic lanternfish
(Myctophidae) that dominate the otolith assemblage from the middle-Holocene to the present. Our
findings corroborate expectations that future expansion of midwater deoxygenation could severely
deplete mesopelagic fish communities over the coming centuries, with major impacts on marine
fisheries, marine conservation, ocean food web structure, carbon storage and other marine

ecosystem services.

Ocean deoxygenation through the intensification, expansion, and
shoaling of Oxygen Minimum Zones (OMZs) is thought to pose a serious
threat to mesopelagic fish communities’. OMZs tend to occur at mid-
depth, where oxygen concentration is at its lowest, limiting macrofaunal
life*. Global expansion, intensification, and shoaling of OMZs have been
documented over the last several decades related to anthropogenic cli-
mate change’™, and ocean models project further decline of oxygen levels
during this century”™"". The vertically expanded OMZ of the future is
expected to compress the vertical nighttime habitat of mesopelagic fish
species, 75% of which are lanternfish'?, and to shift their daytime habitat
into the lower edge of the euphotic zone (Fig. 1a, b) where they are
exposed to visual predators"*'>",

A potential decline of mesopelagic fish under expanded ocean hypoxia
would have major implications for ocean productivity. Global mesopelagic
fish biomass estimates range from 2 to 20 Gt"*'°, which is one to two orders

of magnitude higher than world fisheries and aquaculture production in
2020". Due to their large biomass and vertical migrating behavior, they are
important contributors to the marine carbon cycle'*". However, the effects
of OMZ expansion on mesopelagic communities are still under debate, as
their biological response to the combined effects of deoxygenation and other
environmental stressors appears to be complicated”*”'. Apart from oxygen
saturation, other parameters like ocean temperature”™* and primary
productivity'>" also play an important role in mesopelagic fish dynamics,
and how species and communities adapt to long-term environmental
variability™.

The Eastern Mediterranean Sea is an ideal study area to investigate fish
community response to changing ocean oxygen levels, as oceanographic
conditions have alternated between a well-oxygenated and a hypoxic water
column throughout the last 13.5 million years™. Cyclic hypoxia has peri-
odically amplified organic matter preservation in sediments on millennial
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Fig. 1 | Ecological response of fish to changing oceanographic conditions

during the Holocene in the central western Aegean Sea, adapted from previous
studies**”. A High mesopelagic fish production in a well-ventilated water column
during the Late Holocene. B Enhanced/low epipelagic/mesopelagic fish production
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under expanded ocean hypoxia during Sapropel deposition. C Ocean data view
bathymetry map” of study area and core locations of M144 KC5-6 (this study) and
SK1**7.

timescales and caused the formation of dark, organic-rich sedimentary
deposits, called sapropels, which are commonly interpreted as past analogs
for future ocean deoxygenation under climate change” (Supplementary
Note S2). Here we show that changes in ocean oxygen levels are associated
with Holocene mesopelagic fish dynamics in the most recent of the
sapropels (S1) by reconstructing fossil fish communities using ear bones
(otoliths) in a sediment core from the central western Aegean Sea (see
Methods; Supplementary Note S2). Total fish production is estimated by
otolith accumulation rates (OAR). To evaluate fish community changes, we
identified >84% of all otoliths at least to the family level.

Results and discussion

Eastern Mediterranean Holocene fish dynamics

We used otoliths to reconstruct fish dynamics throughout the last ~11.4 kyr
in the central western Aegean (Figs. 1c, 2a, b; Supplementary Fig. S1; Sup-
plementary Table S1). Prior to S1 deposition, species composition is
dominated by the mesopelagic lanternfish family (Myctophidae; 32%) and
silvery lightfish (Maurolicus muelleri; 40%). Epipelagic fish like the Eur-
opean anchovy (Engraulis encrasicolus) account for 9% of otolith flux.
During sapropel deposition in the early Holocene between 9.9 and 7.0 kyr
BP (Supplementary Table S2), the silvery lightfish (42%) still dominates the
record, but the abundance of mesopelagic lanternfish declines by over half to
14%. Abundances of the European anchovy doubled to 18%. Otoliths from
the Gadidae (5%) and Gonostomatidae (3%) families, both of which can be
found living in meso- to bathypelagic depths, form minor parts of the
sapropel fauna. Following sapropel S1, from ~7kyr BP to present, lan-
ternfish constitute 77% of the otolith assemblage, ranging between 71% and
91%. We identified a total of 12 lanternfish species (Supplementary
Figs.S4 and S5) without substantial composition changes throughout the
Middle to Late Holocene.

Ocean deoxygenation in the ancient Eastern Mediterranean Sea
The decline of lanternfish during the sapropel is in accord with hypotheses
that mesopelagic species should do poorly as oxygen minima expand.

Lanternfish habitat between 250 m and 600 m water depth® apparently
became uninhabitable as the OMZ expanded. By comparison, the shallow
habitats of the silvery lightfish (habitat depth: 80-225 m) and the European
anchovy (habitat depth: 0-180 m) may have allowed both species to avoid
the expansion of anoxic midwater conditions™™.

Numerical models and palaeoceanographic data on the distribution
and intensity of the sapropel conditions have previously shown that hypoxic
waters shoaled and oxygen depletion intensified in the early Holocene.
During S1 formation, large parts of the Eastern Mediterranean Sea devel-
oped anoxic mid- to bottom waters”>"”, including the central western
Aegean Sea™*. Hypoxia is thought to have developed due to enhanced
freshwater runoff and reduced evaporation in the eastern Mediterranean
region”. The resulting intensified vertical stratification in surface waters
impaired deep water formation and led to oxygen-depleted mid- to bottom
waters”. Sapropel layers are rare in sediment cores recovered from water
depths less than ~80 to ~125 m but are common below this depth®** sug-
gesting that the water column was severely anoxic below the wind-mixed
surface ocean. The sporadic presence of otoliths (Supplementary Fig. S1) of
the deep-water families Gonostomatidae and Gadidae suggests that the
midwater environment, while hypoxic, never became fully euxinic (anoxic
and charged with hydrogen sulfide (H,S)), a condition lethal to most
metazoans, including marine fish”. This is in line with previous studies
reporting euxinic bottom water conditions only at considerably deeper sites
compared to our study region'**.

The shallow OMZ and elevated riverine nutrient runoff are thought to
have stimulated surface ocean productivity’” in agreement with our
finding that epipelagic European anchovy increased in abundance during
the sapropel. There is comprehensive microfossil and geochemical proxy
evidence from the Eastern Mediterranean Sea for large downward fluxes of
organic matter to the seabed during S1 formation**’. Planktic foraminiferal
accumulation rates (Fig. 2f) also provide evidence for enhanced surface
production at our study site during S1, as planktic foraminiferal standing
stocks are positively related to primary production®. Furthermore, planktic
foraminiferal species indicate highly productive surface conditions during
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Fig. 2 | Paleo fish composition changes in the central western Aegean Sea
throughout the last 11.4 kyr retrieved from a fossil otolith record (core: M144
KC5-6). A Sketches of most common fish species: European anchovy (Engraulis
encrasicolus; dark blue), Silvery lightfish (Maurolicus miilleri; light blue); and the
most common family: Lanternfish (Myctophidae; red) with habitat depth range
indicated*" (Supplementary Note S3). B Relative abundances of the three most
common species/family as a cumulative stacked area plot of 10 cm bins. The white

trend line shows total otolith accumulation rates (OAR,,). C Stack of Sea Surface
Temperature (SST) anomaly [°C] changes in the Mediterranean throughout the
Holocene”. D SST [°C] variability and E productivity changes in the central west
Aegean Sea (green line) shown by productivity proxies (upwelling and eutrophi-
cation; PCA3) from core SK-1 close to our study site”’. F Planktic foraminiferal test
accumulation rates (PFAR) and G sediment surface color scanning of core M144
KC5-6. Light brownish bands represent Sapropel Sla and S1b.
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S1 close to our core location™. Hence, the decline in abundance of meso-
pelagic species during Sapropel S1 occurred against a background of gen-
erally higher organic matter production and increased surface ocean
biological production.

Low mesopelagic fish production beneath a highly productive
surface ocean

We attribute the near disappearance of lanternfish in the sapropel to their
sensitivity to mid-depth oxygen concentrations linked to their vertical
migration behavior (Figs. la, b, 2b; Supplementary Fig. Sle). While lan-
ternfish have many vertical migration patterns, most species of lanternfish
feed at epipelagic depths during the night and hide in dark, often oxygen-
deprived mesopelagic waters during the day™, as morphological and
physical adaptations allow mesopelagic fish to inhabit low oxygen
environments’ . Consistent with this tolerance of low oxygen con-
centrations, warm water lanternfish species have been found increasing in
abundance regardless of declining oxygen concentrations™, and fish scale
records from Peru show that mesopelagic fish can be abundant during
periods associated with a well-developed, strong and shallow OMZ***.

Yet even though mesopelagic fish can thrive in moderately hypoxic
conditions, physiological adaptations of lanternfish to low oxygen condi-
tions seem to be species specific”', and depend on their development stage™.
Studies in the OMZs of the Arabian Sea have shown avoidance of anoxic
waters by several lanternfish species”. In the Eastern Tropical North
Pacific, most lanternfish avoid the lowest oxygen concentrations (<1.8 uM
02) within the OMZ core, preferentially residing during daytime at slightly
elevated oxygen levels in the Upper Oxycline (<10 uM O2)™. As oxygen falls
to extremely low concentrations (no or very little dissolved oxygen) at mid-
depth, lanternfish may have to transit through uninhabitable (anoxic)
environments to reach their daytime depth horizons, with negative phy-
siological impacts*”. In the California Current, declining oxygen con-
centrations and OMZ expansion have been associated with a decrease in
lanternfish abundance, with vertically migrating fish being particularly
vulnerable to nighttime habitat compression'. In severely oxygen depleted
ocean environments like the Black Sea, where highly anoxic mid- to bottom
waters sit below a thin oxygenated surface layer, the mesopelagic fish
community is apparently entirely absent®*'. Quantifying oxygen con-
centrations during sapropel formation in the Eastern Mediterranean is
challenging as no direct nor proxy measurements from that period are
provided. However, we hypothesize that during sapropel deposition oxygen
conditions in the Aegean Sea were comparable to those in the modern Black
Sea®”. Accordingly, the OMZ was particularly strong (<1 uM O,), extending
from the seabed to about several tens of meters below the sea surface.
Therefore, mesopelagic fish were unable to avoid oxygen stress by sheltering
below the OMZ.

Mesopelagic fish migrate vertically by hundreds of meters within the
water column'?, but the nature of this migration varies between different
marine regions™ . In our Aegean site, the extensive distribution of hypoxia
likely forced mesopelagic fish into shallower habitat depths during daytime.
A more surface-oriented lifestyle would have caused several ecological
challenges related to competition and niche occupancy, such as increased
predation risk due to enhanced visibility, reduced resource availability, and
exposure to greater temperature variability and UV radiation, potentially
exceeding their physiological limits”*** and leading to higher mortality rates
(see Supplementary Note S4). Although to a lesser extent, mesopelagic fish
may have shown some horizontal diel migration and potentially taken
refuge in deeper areas of the wider central and north Aegean area”. How-
ever, we consider this unlikely, not only due to the given widespread
occurrence of anoxic conditions across much of the Eastern Mediterranean
Sea™, but also because the distances involved would likely exceed the spatial
scale of typical diel horizontal migrations, implying a more permanent
habitat shift rather than a feasible daily movement. To conclude, either a
shift towards shallower daytime habitat depths or permanent displacement,
both triggered by an intensification and expansion of the OMZ, are in
agreement with our finding that lanternfish are rare in the sapropel.

The surface ocean continued to be well oxygenated during sapropel
deposition, as reflected by the fish community. For example, silvery lightfish
dominate the fish assemblage during S1 deposition (Fig. 2b and Supple-
mentary Fig. S1d), which we attribute to their ability to exploit highly
productive near-surface habitats above the OMZ. In the Atlantic, silvery
lightfish are associated with high chlorophyll-a values at the ocean surface”,
and in the Gulf of Corinth (Eastern Mediterranean), the species inhabits
epipelagic daytime habitats at approximately 200 to 150 m water depth*. To
better cope with enhanced predator pressure, the species is known for
changing from diel vertical migration to schooling behavior at the surface, as
reported at northern high latitudes when exposed to illuminated summer
nights”. High epipelagic fish production during the sapropel is also indi-
cated by the increase in abundance of European anchovy (Fig. 2b and
Supplementary Fig. S1c). These fish thrive in oceanic systems characterized
by strong, shallow OMZs and high surface productivity, as reported from
the modern Black Sea’ and from paleorecords and fishery datasets off the
coast of Peru’>”. Furthermore, the northern Aegean Sea provides one of
three major European anchovy stocks in the Mediterranean”. Cooler,
fresher, and zooplankton-rich surface waters during Sapropel formation
likely provided superior spawning conditions for adults, promoting larger
anchovy stocks in the Aegean Sea®’*. However, these advantages would
have been offset if higher mortality rates occurred due to inter- or intras-
pecific competition, cannibalism, or increased predation by other zoo-
planktivores. Increasing sea surface temperatures (SST) throughout
sapropel formation might explain lower anchovy OAR in S1b compared to
Sla (Fig. 2b-d), as ocean warming above their optimum temperature can
have led to adverse effects on their growth and abundance”. In our record,
enhanced abundances of European anchovy and silvery lightfish are con-
sistent with increased surface ocean primary productivity, indicated by
elevated planktic foraminifera production (Fig. 2f). Whatever the process,
both species were apparently less susceptible to an intensification and
shoaling of the OMZ during S1 deposition than lanternfish, while still
benefiting from enhanced productivity at the surface.

Mid-to-Late Holocene recovery of the mesopelagic fish
assemblage

Total mean Otolith Accumulation Rates (OAR,,) describe great varia-
tions of total fish abundance throughout the last ~11.4 kyr, likely driven
by shifting environmental conditions in the Eastern Mediterranean
basin®***’*”". In the early Holocene, OAR,, is low (2.7 otoliths m > yr ")
and only increases slightly to 4.3 otoliths m™?yr™ in the sapropel. Fol-
lowing the sapropel, after 7 kyr BP, the OAR,,, increases by ~3x over
sapropel otolith production to 14.1 otoliths m ?yr™!, mainly driven
through changes in lanternfish abundance as indicated by a 20-fold
increase by myctophid Otolith Accumulation Rates (OAR,). In the late
Holocene, OAR,,, reaches a peak of 32.4 otoliths m > yr" at 3.7 kyr BP
before falling to an average of 10.1 otolithsmyr ' during the
last 2.5 kyr.

We attribute these trends in OAR,, to a combination of variables that
reflect the major drivers of fish abundance in the mesopelagic environment.
Lanternfish population dynamics are known to respond to variations in
oxygenation, habitat temperature, and productivity'>'**>***>**%_ The high
relative abundances of lanternfish prior to Sla can be attributed to the low
OAR of all species, >10 kyr ago, which is consistent with both low pro-
ductivity and cold temperatures in the early Holocene. De-oxygenation
between 7-10 kyr suppressed overall fish productivity, as indicated by the
OAR values, but epipelagic species did comparatively better than meso-
pelagic fish, as noted above. When the Mediterranean became reoxygenated
again about 7 kyr ago, mesopelagic production boomed, perhaps because
high growth rates in the warm ocean offset the drop in surface ocean
productivity. Sea surface temperatures fell in the Aegean in the past 3.5 kyr
BP, and this drop in temperature may account for the overall decline in
OARy. Our findings are consistent with former studies that found
enhanced mesopelagic fish production under warmer conditions™* over
the interval in which there were no dramatic changes in oxygenation.
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However, variations within the overall composition of the mesopelagic fish
community during the mid- to late Holocene could not be clearly attributed
to changes in SST, which contrasts previous findings that report higher
relative abundances of lanternfish during warm interglacial periods com-
pared to colder glacial intervals’. Given that the relationship between lan-
ternfish abundance and SST is complex and still insufficiently understood,
combined with the limited availability of high-resolution environmental
data for the late Holocene in our study area, we can only hypothesize that
temperature might be important for lanternfish population dynamics in our
record. In general, our finding that lanternfish are abundant outside the
sapropel interval agrees well with the typical dominance of lanternfish in
modern assemblages. For example, the otoliths of lanternfish dominate over
other fish groups in surface sediments from the Western Atlantic”’, the
Eastern Atlantic®, the Eastern Pacific”’, the Red Sea® ,and the Mediterra-
nean Sea**". Fish catch data and acoustic backscatter analysis'>* also cor-
roborate the dominance of lanternfish in the modern ocean in terms of
biomass and species diversity'’. Furthermore, the lanternfish species com-
position in our record is similar to recent fossil assemblages® and modern
fish catches™" from the Mediterranean Sea, in agreement with our findings.

Informing the mesopelagic fish response to future ocean deox-

ygenation through the fossil otolith record

In the future, models suggest that OMZs will intensify and expand, shifting
the upper hypoxic boundary layer closer towards the sea surface™'*'.
Deoxygenation is expected to affect the vertical habitat depth range for
mesopelagic species since this is strongly influenced by oxygen
concentrations'*"****. Shoaling of daytime habitat and vertical compression
of nighttime habitat have been hypothesized to alter predator-prey rela-
tionships with negative impacts on the mesopelagic fish community"**’.
Our paleo data are broadly in agreement with these expectations, showing
low total otolith abundances and near absence of mesopelagic fish during
sapropel formation driven by low abundance rather than preservation
effects (Text S4). The positive relation between lanternfish abundance and
SST in the younger Holocene record is consistent with enhanced mesope-
lagic fish productivity in warmer waters under some conditions™***.
Nonetheless, despite ocean warming and high surface productivity during
S1 formation, the near absence of lanternfish indicates habitat compression
during S1 and highlights the potentially dramatic importance of very low
oxygen levels for the mesopelagic fish community, overriding the effects of
ocean warming and productivity changes.

Downcore otolith studies that reconstruct fish dynamics are extremely
rare yet critically important for understanding how ecological key groups,
such as lanternfish, are affected by climate change and ocean deoxygenation.
Despite their inherent limitations in temporal and spatial resolution, the
strength of paleoecological studies lies in their ability to capture ecological
responses over long timescales, ranging from hundreds to thousands of
years. Therefore, extending the collection and analysis of otolith records is
essential to capture broader regional patterns and account for spatial
variability in fish communities. Future research could explore stable isotope
and trace element analyses, as well as morphometric studies throughout
high-resolution otolith records, to infer environmental changes and life
stage transitions across periods of extreme climatic variability. Such efforts
would provide valuable insights into the responses of these important fish
groups to past climate events, offering crucial perspectives on their resilience
and adaptability in the face of future climate change.

Materials and methods

Material

The study is based on Core M144 KC 5-6, collected with a Kasten Corer
system (appendix in ref. 87.) at 559.2 m water depth in the central western
Aegean Sea (38°55.545'N; 23°38.684’E) during cruise M 144 from December
2017 to January 2018 on board R/V Meteor™. Sapropel phases are identified
as dark shaded bands (Supplementary Note S5; Supplementary Fig. S2,
Supplementary Table S2), and their boundaries are well defined based on Br
content”. The 345 cm long, 30 x30 cm Kasten Core was subsampled into

cores A and B, each core representing the top 272 cm and a surface area of
14.5 x 14.5 cm, sliced every 1 cm. The 0.5 cm thick walls of the Plexiglas
boxes used for subsampling result in three missing samples at depths
100.5 cm, 101.5 cm, and 202 cm. We obtain bulk sediment mass after drying
each 1 cm slice at 50-60 °C for approximately three weeks until samples
reach constant dry weight. Dry samples are washed over a 125 pm screen,
before drying them at 50-60 °C for about 24 h. Dry bulk density for each
sample is calculated by dividing dry bulk sediment mass by sample volume.

Age model

Eleven radiocarbon dates (**C) are obtained from different depths (Sup-
plementary Table S3) spanning the entire core length, measured in planktic
foraminifera (Globigerinoides ruber white) tests, isolated from the 250 to
315 pum fraction. Analysis is performed by using accelerator mass spectro-
metry (AMS) at the NOSAMS facility at Woods Hole Oceanographic
Institution®. By using a globally averaged mixed-layer reservoir age of
approximately 400yr., the age depth model was constructed through
Bayesian statistics, employing the R-code package rbacon (version 3.1.1)
and the calibration curve Marine20 to convert ““C dates to calendar ages***".
Ages are reported with minimum and maximum 95% confidence ranges
(Supplementary Fig. S3), and results are discussed in supplementary
material (Supplementary Note S6).

Otoliths

After dry sieving over a > 250 pum screen, which is an appropriate mesh size
to process otoliths™***"**, we isolate all otoliths and otolith fragments from
the coarse size fraction and archive them on micropaleontological slides.
Otolith count and identification are performed on both cores A and B, with
lower resolution between 0.5cm and 151.5cm, and highest resolution
between 152.5 cm and 272.5 cm. A binocular stereo microscope (magnifi-
cation 10x-20x) and a bifurcated illuminator are used to undertake counting
and taxonomic analysis.

Otolith accumulation rates (OAR, otoliths m ™ yr™") are estimated by
dividing raw otolith counts by dry bulk sediment mass (g~'), then multi-
plying by the sediment accumulation rate (cmyr '), dry bulk density
(g cm™) of each sample, and multiplying by ten.

Identification of otoliths to the lowest taxonomic level is based on an
automatic taxon identification software’’, web database™, and otolith cat-
alogs from the Mediterranean region®*”. We classified a total number of
3272 otoliths into one of six groups: the families Myctophidae (68.0%),
Sternoptychidae (9.6%), Engraulidae (3.6%), Gadidae (1.8%), and Gonos-
tomatidae (1.5%), representing the most common taxa of the otolith record,
and Other (15.5%). Within the five families, the following species are
identified: Myctophidae: Benthosema glaciale, Ceratoscopelus maderensis,
Diaphus holti, Electrona risso, Hygophum benoiti, Hygophum hygomii,
Lampanyctus crocodilus, Lampanyctus pusillus, Lobianchia dofleini, Myc-
tophum punctatum, Notoscopelus elongatus, Symbolophorus veranyi; Ster-
noptychidae: Argyropelecus hemigymnus, Maurolicus muelleri; Engraulidae:
Engraulis encrasicolus; Gadidae: Gadiculus argenteus, Micromesistius pou-
tassou. Most of the counted myctophids are small juveniles, which is in line
with other paleo studies (e.g. planktic foraminifers) and reflects the living
myctophid assemblage, as the majority caught by trawling are larvae and/or
juveniles'’. Owing to the selected size fraction (>250 um), we do not find any
otoliths belonging to larval stages in the assemblage. Even though larval
specimens are present in the 125-250 um fraction, we have excluded this
dataset from the study due to the taxonomic identification uncertainties
associated with otoliths of this size range. Overall, otolith preservation is
good throughout the entire core, and since otoliths are deposited in the same
sediment, undergoing the same potential taphonomic processes’, we do not
expect any preservation control on otolith numbers in the sediments before,
during, and after sapropel formation (Supplementary Note S4). Otoliths we
cannot identify due to deficient preservation and/or a missing modern
analog, we classify as unidentified. Unidentified and identified otoliths not
belonging to one of the target families are grouped into Other (Supple-
mentary Fig. S1). The 15.5% of specimens categorized as ‘Other’ are
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consistent with proportions reported in previous studies”” and are not

expected to significantly influence our findings. Furthermore, the pre-
dominance of the target families—Myctophidae, Engraulidae, and Ster-
noptychidae—comprising over 81% of the fossil assemblage, provides a
robust dataset for analyzing their population dynamics. Color images for
each target species are taken with reflected light and a black background
using a Canon EOS 650 D camera device attached to a Leica Z16 APO at
UARB laboratory facilities, to produce a reference catalog (Supplementary
Figs. S4-6) and to perform automated taxon identification through the
AFORO software”'.

Relative abundance and OAR records for the six groups are smoothed
by calculating the mean values for 10 cm bins (Supplementary Fig. S1).
Mean values regarding sapropel phases are calculated for otolith relative
abundance and otolith accumulation rate (OAR) for each target family
(Supplementary Table S2).

Planktic foraminifera

For the calculation of planktic foraminiferal accumulation rates (PFAR), a
total of 108 samples were taken from Core M144 KC5-6 in a sample reso-
lution of 2-4 cm. All sediment samples were first dried and weighed, then
disaggregated in distilled water and sieved through a 63 pm mesh. Planktic
foraminiferal counts are based on the >125 um size fraction. If the sample
counted more than 250-300 specimens, representative splits of the sample
material were counted. Planktic foraminiferal counts (PFAR) are then
recalculated for the entire sample. PFAR were calculated following the
equation (Eq. 1) from ref. 95:

PFAR = F*LSR * DBS [n cm kyr '] M

where F represents the abundance of planktic foraminifera (n g™'), LSR
denotes the linear sedimentation rate (cm kyr ), and DBS refers to the dry
bulk sediment (g cm™) (g = grams of dry sediment).

Color scanning

A MINOLTA CM-700d hand-held spectrophotometer was used, combined
with a CM-A178 target mask (@ 8 mm, with plate) to color scan M144 KC5-
6 each cm downcore on board. The sediment surface was cleaned and
covered air-bubble-free with a polyethylene foil before scanning. Color data
were reported in the CIELAB space using the L*a*b* system. To calibrate
the spectrophotometer, a Konica Minolta White Calibration Cap CM-A177
and a Zero Calibration Box CM-A182 were used. Spectral reflectance was
measured over a wavelength spectrum from 400 to 700 nm. The L* and a*
values were used to define sapropel phases (Fig. 2g).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this pub-
lished article (and its supplementary information files). All data is also
publicly available online for download at PANGAEA Data Publisher
(https://doi.pangaea.de/10.1594/PANGAEA.974530).
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