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Abstract :

Climate change is expected to result in smaller fish size, but the influence of fishing has made it difficult
to substantiate the theorized link between size and ocean warming and deoxygenation. We reconstructed
the fish community and oceanographic conditions of the most recent global warm period (last interglacial;
130 to 116 thousand years before present) by using sediments from the northern Humboldt Current
system off the coast of Peru, a hotspot of small pelagic fish productivity. In contrast to the present-day
anchovy-dominated state, the last interglacial was characterized by considerably smaller (mesopelagic
and goby-like) fishes and very low anchovy abundance. These small fish species are more difficult to
harvest and are less palatable than anchovies, indicating that our rapidly warming world poses a threat
to the global fish supply.
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Reduced body size has been postulated as a universal ecological response to warming in
aquatic systems (1, 2). Shrinking body size among marine ectotherms has been hypothetically
linked to temperature as predicted by Bergmanns’s rule, with smaller body sizes associated
with warmer temperatures (3) and reduced oxygen availability (4). The energetic demand of
fish — and thus their oxygen consumption — increases with water temperature, yet oxygen
solubility is reduced in warmer waters (5). Smaller fish maintain high activity in warm,
oxygen-poor waters (6), and are therefore expected to increase in relative abundance with
future climate change (7). However, the degree to which an increase in temperature and
decrease in oxygen will increase the proportion of small sized species (i.e. species shift
hypothesis) relative to a decrease in mean body size at the population scale (i.e. population

body size hypothesis) remains unclear (2).

We tested the relationships between water temperature, subsurface oxygen, fish species
abundance and size using paleoceanographic records from the Humboldt Current System. In
this upwelling system, an extremely high biomass of anchovy (Engraulis ringens) has yielded
up to 15% of the global annual fish catch (8). Model projections suggest that by the end of the
21st century, the Humboldt Current will be warmer and less oxygenated (9) compared to
modern times. Concerningly, pre-fishery data have revealed biological tipping points that led
to repeated multifarious regime shifts in the Humboldt Current over past centuries (10, 11),
but are not reproduced by ecological modelling experiments (12). Studies of sediment cores
have the potential to reveal the state and dynamics of past climates and ecosystems on
multiple timescales (13). In particular, fishery-independent data from sediment records offer

the opportunity to better understand the response of the fish community to a warmer world.
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We focus on the last interglacial or MIS5e, a globally warmer-than-present period, and
combine multiple sedimentary paleo-proxies including alkenone unsaturation index (UX37)
and tetraether index of tetraethers consisting of 86 carbon atoms (TEX"gs) derived
temperatures, 8'°N, total organic carbon, biogenic silica measurements and diatom
assemblages as well as fish vertebrae and bones, to characterize the Humboldt Current at that

time in comparison to the Holocene (Figs. S1-S4).

Our paleo-reconstruction shows that environmental changes during the last interglacial (Fig. 1
e-h) were similar to the RCP8.5 projections to 2100 (Fig. 1 a-d; Fig. S5), including a similar
magnitude of warming, intensified subsurface oxygen depletion, strengthened vertical density
gradients, and comparable primary production. During the last interglacial, water
temperatures adjacent to central Peru were on average ~2 °C warmer than during the
Holocene (Fig. 1a, e; Fig. S1), plausibly caused by a persistent El Nifio-like state (14).
Elevated 5!°N is consistent with intensified water column denitrification during the last
interglacial, as would be expected with a more intense oxygen minimum zone (Fig. 1f, Fig.
S2), which is also supported by higher concentrations of redox sensitive metals (14). Also,
more intense stratification and deeper thermocline occurred compared to the Holocene (Fig.
19), as indicated by the difference between the alkenone (temperatures at and above the
thermocline) and the TEX"gs (temperatures below the thermocline). Finally, productivity
indicators are remarkably similar between the two interglacials (Fig. 1h, Fig. S2), suggesting

similar rates of nutrient supply through upwelling activity.
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Figure 1. Comparison of model projections for the RCP 8.5 scenario, based on the
Geophysical Fluid Dynamic Laboratory (GFDL) - Earth system model (2086-2100
average minus 2006-2020), with paleoceanographic data for the Holocene and the last
interglacial (M77/2-24). a, R-GFDL SST, the colored circles indicate the SST difference
between the last interglacial and Holocene alkenone-derived SST in cores ODP-1229 (14),
S0147-106 (15) and M77/2-24. b, Oxygen concentration (umol L) between 50-100 meters
depth. c, depth of the 20°C isotherm as a proxy for thermocline depth. d, R-GFDL Primary
productivity (mmolC m2 day™) in the upper 500 meters of the water column. The white
circles in b, ¢ and d indicate the position of M77/2-24 and G10-B14. e, Alkenone-derived SST
average during the last interglacial and Holocene (M77/2-24). f, §*°N average during the last

interglacial and Holocene as a proxy for water column denitrification (M77/2-24). g,
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Difference between alkenone and TEXges derived temperatures, where higher values indicate a
deeper thermocline (M77/2-24). h, Average values (x2 standard error) of total organic carbon
(TOC) and biogenic silica during the last interglacial and Holocene (M77/2-24), average

biogenic silica for the Holocene from (16).

The fish community inhabiting the Humboldt Current during the last interglacial differed
dramatically from the communities found during the Holocene (Fig. 2; Fig. S3, S4) and the
observational period. Whereas anchovy have clearly dominated the fish community
throughout the Holocene, they only occurred in minor proportions during the last interglacial.
By contrast, goby-like species accounted for almost 60 % of the fish vertebrae assemblage
during the last interglacial (Fig. 2). Gobies are small fishes specially adapted to survive in
hypoxic or even sulfidic environments, conditions that are avoided by most organisms (17).
Our inference of goby-like fishes dominating the Humboldt Current during the last
interglacial is consistent with genetic analysis suggesting that a population expansion of the

goby Elacatinus puncticulatus began at 170-130 Kyr in the Tropical Eastern Pacific (18).
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Figure 2. No-analog fish community in a warmer world. Fish vertebrae abundances during
the last interglacial and the Holocene. Goby-like and mesopelagic fishes (i.e. Vinciguerria
lucetia and blue lanternfish (Tarletonbeania crenularis)) were abundant during the last
interglacial. The “other species” category includes vertebrae from unidentified juvenile fish,

from mesopelagic and unidentified fishes.

Similar to the goby-like fishes, mesopelagic fishes were highly abundant at our coastal site
during the last interglacial (Fig. 2). The vertebrae assemblage during the last interglacial
included vertebrae from Vinciguerria lucetia, blue lanternfish and many other small vertebrae,
likely belonging to other mesopelagic species (Fig. 2). This high coastal abundance is in
marked contrast with modern observations showing that mesopelagic fishes are located
offshore associated with upwelling fronts (19). Mesopelagic fishes have evolved
physiological and morphological adaptations to live in oxygen-deficient waters, perform diel
vertical migration into the oxygen minimum zone, and can tolerate episodes of severe hypoxia
(19), leading us to speculate that their incursion to coastal waters was linked to the
intensification of mid-depth oxygen depletion. Although degradation of fish debris does occur
in the sedimentary column (20), small and thin vertebrae are more susceptible to degradation,
which would actually lead to an underestimation of small fish during the last interglacial,
opposite to what is observed. Furthermore, the index of preservation of vertebrae was higher

during the last interglacial suggesting good vertebrae preservation (Fig. S6).

Our reconstruction reveals a major shift in species in response to warming, but does not
support a decrease in population body size, given that we did not find any significant
reduction in vertebrae widths of a given species during the last interglacial (Fig. 3a; Table

S2). A generalized additive model shows a significant (p<0.001) non-linear effect of the
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interaction of oxygen and temperature on the inferred average fish body size (Figure 3b). The
smallest vertebrae (mostly goby-like fishes) are associated with the highest reconstructed
water temperatures and lowest inferred oxygen concentration (i.e. last interglacial conditions).
By contrast, the largest vertebrae (mostly anchovy) are associated with the lowest
temperatures and lowest oxygen concentrations (i.e. some periods during the Holocene
including the last century) when strong upwelling led to low temperatures, promoting
increased productivity and related deoxygenation (10, 11). Thus, smaller fish species, rather
than smaller fishes from the same species, flourished in the Humboldt Current, suggesting the
possibility of an environmentally triggered tipping point beyond which anchovy ceases to be a

dominant part of the ecosystem.

The overall shift to smaller body size is consistent with aspects of the Gill Oxygen Limitation
theory (GOLT), which occurred through a shift to smaller species rather than a shrinking of
the same species. The GOLT argues that the geometrical constraints of gills reduce the rate at
which ectotherms can extract oxygen from water, relative to their body size, as they become
larger (6). During the last interglacial, the heightened oxygen demand caused by warmer
water may have required anchovy, which reproduce in waters colder than 25°C (21), to shift
poleward to satisfy oxygen demand. In contrast, smaller goby-like fishes have larger gills

surfaces in relation to their body volume and can therefore withstand low oxygen waters.
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Figure 3. Small fish in a warm ocean. a, Average values (+ 2 standard error) of fish vertebrae
widths as an indicator of fish size for the Holocene and the last interglacial, values in
parentheses indicate the number of vertebrae measured. In some cases, the error bars overlap
with the symbol. Note that the goby-like fishes may include multiple species. Pictures of the
most abundant fish vertebrae for the Holocene and the last interglacial found in M77/2-024 are
also shown (bar represents 1 mm). b, Generalized additive model (GAM) describing the
significant relationship between vertebrae width and an interaction between temperature and
oxygen. A linear negative correlation between vertebrae size and temperatures reiterates the

relationship (Fig. S7).

Our results are concerning, as recent studies indicate that the environmental conditions and
fish communities in the Humboldt Current are progressing toward those we reconstructed
during the last interglacial. In the last decades, midwater oxygen concentrations have
decreased off Peru, the abundance of several warm-water mesopelagic species like V. lucetia
has increased (22), and anchovy biomass and landings have steadily decreased despite a
flexible and adaptive fishery management strategy (23). Conditions may therefore be
approaching the tipping-point in fish community suggested by our analysis. Fishery managers,

global markets and other stakeholders will need to develop adaptive strategies to cope with
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this threat to the Humboldt Current food source, while raising vigilance regarding similar

climate-driven shifts in fish communities elsewhere.
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Materials and Methods

Regional Ocean modelling

The ROMS-PISCES regional model is used to dynamically downscale the coarse-resolution
Earth System models (ESM) under the RCP8.5 climate scenario. The model’s spatial resolution
(~12 km) and numerical schemes allow to represent the Peru upwelling system typical
mesoscale features (eddies, filaments, coastline and topographical dynamical effects). ROMS
is the Regional Ocean Modelling System (24, 25). It resolves the primitive equations and
provides daily three-dimensional temperature, salinity, sea level and velocity fields over the
2006-2100 time period. The model domain covers the coastal region between 5°N and 22°S
along Ecuador and Peru, and extends offshore until 95°W. It has 32 levels in the vertical. ROMS
is coupled to the Pelagic Interaction Scheme for Carbon and Ecosystem Studies (PISCES)
biogeochemical model (26). PISCES simulates plankton dynamics with two size classes of
phytoplankton and two size classes of zooplankton, as well as the cycle of carbon, of several
nutrients (N,P,Si,Fe) and of dissolved oxygen. ROMS-PISCES is forced by boundary
conditions and surface atmospheric variables from three Earth System Models (GFDL-
ESM2M, IPSL-CM5-LR, CNRM-CMD5). To correct ESM systematic bias, boundary conditions
are composed of the sum of observed climatological boundary conditions (from the World
Ocean Atlas 2009) and of the ESM anomalies, computed as the difference between RCP8.5
conditions and historical conditions (2000-2010 average). For the same purpose, the
atmospheric forcing is composed of the sum of the SCOW climatological satellite surface wind
(25 km resolution (26)) and ESM anomalies with respect to the 2000-2010 average. R-GFDL,
R-IPSL, R-CNRM stand for the downscaled solution using ROMS-PISCES of GFDL, IPSL
and CNRM, respectively. For more details on the methodology, the reader is referred to (9).
The SST, oxygen, depth of the 20°C isotherm (a proxy for thermocline depth) and primary
production anomalies are computed as differences between two 15-year periods (2086-2100

average minus 2006-2020) in order to filter the ENSO variability that may aliase the fields.
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Age model for core M77/2-24

The oceanographic conditions and fish community during the last interglacial off Peru were
reconstructed using sediment core M77/2-024-5 (11°05.01°S, 78°00.91°W, water depth 210 m)
retrieved off central Peru during Meteor expedition M77/2-2 in 2008 and then stored in
GEOMAR core repository. The total length of the core is 1481 cm (Fig. S8). The age model of
core M77/2-24 was modified from (27) to improve the chronology. The age model for the
Holocene period was based on C dates while the pre-Holocene age model was done by
correlating the grain size and organic carbon records of M77/2-24 with the global benthic 520
record (Fig. S9). To better constrain the age model for the last interglacial in core M77/2-24,
49 samples from 1093 to 1388 cm depth were selected and at least 10 specimens of the benthic
foraminifera Bolivina seminuda, that did not show signs of degradation or alteration, were
carefully picked for the §*0 record. A complete §*®0 record for the entire core could not be
obtained due to the absence or poor preservation of benthic foraminifera in other parts of the
core. This observation is consistent with similar attempts to date the last interglacial in a core
located at 12°S (15). Oxygen isotope measurements were performed at the Leibniz Labor,
Christian-Albrechts-University, Kiel. The stacked benthic 530 from (28) was then compared
with the 380 record of core M77/2-24 to establish the chronology (Fig. S9). Four tie-points
were paired between the stacked 580 and the benthic §*80 record of core M77/2-24 (Fig. S9).
Finally, a linear regression between the core depth and the estimated age (y = 0.107x-7.4277,
r’=0.99) was done to date core M77/2-24. Differences with the previously published
chronology are in the order of ~2 to 3 kyr. Paleoceanographic reconstructions off Peru are
challenging due to multiple discontinuities and slumping that complicate the development of a
robust chronology and the estimation of fluxes (29). For this reason, we use concentrations

instead of fluxes, but both calculations are shown in Figs. S2 to S4 to support our findings.
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Inferred sedimentation rates (SR) in core M77/2-24 range from 9.3 cm x kyr* during MIS5
to 71.4 cm x kyr* during the Late Holocene (30). Sedimentation rates in M77/2-24 are twice
as high as compared with core ODP 680B (31) located close to the M77/2-24 site, allowing
paleo reconstructions in higher resolution from core M77/2-24. During MIS5 and especially
during the last interglacial, sedimentations rates are the lowest during the last 250 kyr (31).
Lower sedimentation rates during the last interglacial could be due to sediment discontinuities
as observed during the Holocene in other sediment cores along the Peruvian coast. The
similarity of the 50 records in core M77/2-24 and the global benthic stacked record, along
with the gradual changes in 8*°N, precludes a major impact of sediment discontinuities driving
low SR. However, based on the multiple lines of evidence indicating widespread discontinuities
in sediments from the Peruvian margin, a cautionary approach is suggested when inferring

paleoceanographic conditions based on fluxes of sedimentary components.

Proxy records

Water column denitrification was inferred through 8°N measurements of sedimentary
organic matter. The measurements were done in homogenized and freeze-dried bulk sediment,
using a Carlo-Erba CN analyzer 2500 interfaced directly to a Micromass-lsoprime mass
spectrometer at the University of Bordeaux. The precision of the isotopic analyses was +0.25%o.
Core M77/2-24 was subsampled every 5 cm, from 1093 to 1478 cm, for 6*°N analysis. Data
from the rest of the core was taken from (27). Data for the Holocene period from (32, 33) is

also shown in Fig. S2.
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Core M77/2-24 was subsampled every 5 cm for alkenone measurements (total of 294
samples). Alkenones were measured at the Institute of Geosciences in Kiel, Germany. Samples
were freeze-dried, homogenized, and extracted using accelerated solvent extraction (Dionex
ASE-2000) from 1 g of sediment. The extraction was done using a mixture of dichloromethane
(DCM) and methanol (MeOH; 9:1, v:v) as solvents at a pressure of 100 mbar and a temperature
of 100 °C. The extracts were purified and analyzed by a double column multidimensional gas
chromatograph (Agilent 6890 N) system with two flame ionization detectors using hydrogen as
a carrier gas (34). Alkenone concentrations were calculated by normalization to two internal
standards (35). The UX 37 was calculated as Cs7:2 / (Ca7:2 + Ca7:3), Where Caz:2 (Ca7:3) represents
the amount of the di-unsaturated (tri-unsaturated) alkenones, respectively. Finally, temperatures
were reconstructed using the core top calibration of (36). The error in temperature estimates
based on alkenones is ~1 °C (37), while the analytical error in our record is on average less than

+0.1 °C.

Seventy-one extracts were also analyzed to reconstruct ocean water temperatures using the
TEXMgs. For this, aliquots of the extracts were separated into apolar and polar fractions using
aluminum oxide (Al2Oz) as stationary phase and hexane:DCM (9:1, v:v) and DCM:MeOH (1:1,
Vv:V) as respective eluents. The polar fractions, containing glycerol dialkyl glycerol tetraether
(GDGTs), were dried under a gentle stream of nitrogen, re-dissolved in n-hexane:2-propanol
(99:1, v:v) and filtered through a PTFE filter prior to analysis. GDGTs were analyzed using a
Waters HPLC 2695 system coupled to a Micromass ZQ single quadrupole mass spectrometer
following the analytical protocol of (38) and using the gradient program specified in (39). The
TEX"gs is specifically designed for marine settings with average water temperatures >15 °C,
and the core top calibration of (40) were used to calculate ocean water temperatures. The TEXss
and its derivatives (e.g. TEX"gs), which are based on GDGTs produced by Marine Group 1

Crenarchaeota, were originally considered to reflect the temperature of the sea surface water
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(41). More recent evidence, however, suggests that the TEXse is more likely associated with
the temperature at the depth of the chemo-/thermocline (42). The temperature difference
between the U¥37 and the TEXgs may hence be attributed to changes in water column

stratification, with higher offsets interpreted to indicate a deeper thermocline.

Biogenic silica content was reconstructed by calibrating the silica to titanium (Si/Ti) ratios
from the XRF measurements and the biogenic silica percentages obtained by applying an
automated leaching method. XRF measurements were done every 1 cm using an Avaatech XRF
core scanner, with a generator setting of 10kV. The XRF data of Ti was taken from (27), the Si
data was not previously published. The automated leaching method was done using sodium
hydroxide at a precision of 1-2% (43). For this procedure, 37 samples were selected along the
core in intervals presenting high, medium, and low contents of biogenic silica. A good
correlation between the biogenic silica percentage and the log (Si/Ti) ratios was obtained
(y=0.0106x+0.712, r>=0.52). This transfer function was applied to the last interglacial section
to estimate silica concentrations (Fig. S2c). Biogenic silica from core M77/2-003 was taken

from (16) .

Sediment processing and diatom slide preparation followed the method described in (44).
Briefly, the organic matter was digested with H2O2 while carbonates were dissolved with HCI,
both steps at 65°C until bubbling stops. For each step, the solution was rinsed three times with
distilled water under centrifugation during 7 min at 1200 rpm. The aliquot was transferred into
a beaker and homogenized into 100 ml of distilled water. Two drops of 150 pl were transferred
into a petri dish containing a coverslip and half-filled of distilled water. The petri dish was
subsequently filled with distilled water. After 30 min, a wool thread was added to suck the water

out of the petri dish overnight. The coverslip was then glued to a slide using optical adhesive
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NOA®G61 that hardens under UV light. Three coverslips were made per sample. Diatom
assemblages were determined in 60 samples along core M77/2-24 from 1093 to 1388 cm depth
corresponding to 110.7 to 137.8 kyr BP. Samples were taken every 5 cm. At least 300 near
complete valves were counted in each sample (> 100 valves per slide from the same sample)
on a Nikon 80i phase contrast microscope at a magnification of 1000 X. Counting rules
followed the ones described in (45). Diatoms were generally identified to the species or species
group level. The relative abundance of each species was determined as the fraction of diatom
species against total diatom abundance in the sample. Diatoms were classified into six groups
of different ecology or living in different systems following (16) and references cited therein.
First, benthic diatoms living attached to a substratum at the coast. Second, planktonic diatoms
thriving in brackish water. Third, planktonic diatoms blooming quickly during the early phase
of the upwelling when nutrients are very abundant. Fourth, planktonic diatoms developing
during the late phase of the upwelling when nutrient stocks are fading. Fifth, planktonic diatoms
living in coastal, nutrient-rich waters out of upwelling systems. And sixth, planktonic diatoms
living in oligotrophic waters were nutrient stocks are low. A list of the species or species groups

included in each group is given in Table S3.

Sampling for fish debris was done in the same intervals as in the case of the diatom assemblage
data. Samples consisted of an average of 41 g of wet material, which yields 16.3 g of dry
sediment. Following the sediment subsampling, the samples were heated with a solution of
hydrogen peroxide and sodium pyrophosphate for 10 min to disaggregate the organic matter
and thereafter were gently washed through a 355 um sieve (20). The remains retained were then

stored in an ethanol solution.

The fish debris were quantified and identified with the help of scale and vertebrae collections
obtained from recently caught fishes (11). Based on pelagic trawls in several transects off Peru,

the mesopelagic community of Peru is dominated by the fish families Phosichthyidae (V.
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lucetia), Myctophidae (especially Diogenichthys laternatus and Lampanyctus idostigma) and
Bathylagidae (especially Leuroglossus urotranus) accounting for 60.4, 12.8 and 3.7% of the
total abundance, respectively (19). The abundance of these species is remarkably high off Peru.
For example, the biomass of V. lucetia has varied from 2 to 11 million metric tons, an amount
similar to that of anchovy. Given the high abundance of mesopelagic fishes it is apparent that a
high amount of fish debris from mesopelagic fish must be deposited and preserved in the
sediments. Unfortunately, the identification of fish vertebrae from mesopelagic fishes is not an
easy task given that lack of vertebrae collections. Some fish vertebrae obtained from fresh fishes
and recovered from the sediment samples are shown in Fig. S10. The abundance vertebrae types
1, 2 and 3 is highly correlated (Table S1), suggesting that they belong to the same species. These
three types were grouped as goby-like vertebrae (an unidentified species from the Gobiiformes
order) based on their small size, the long, narrow-waisted, featureless centra and the lack of
prezygapophyses (46-48). In addition, the well-defined vertebrae waist, the presence of neural
spines and the ossification of these vertebrae suggest that they belong to adults rather than
juveniles. The vertebrae of the myctophid Triphoturus oculeus, show the distinctive ridges
along the vertebrae that characterize the myctophid vertebrae. However, vertebrae from other
species from the family of Bathylagidae (i.e. Smooth tongue, Leuroglossus stilbius) also show
similar ridges along the vertebrae (49), making difficult the identification of mesopelagic fish
vertebrae. Vertebrae types 4 and 6 lack a defined waist, are less ossified compared to the other
vertebrae and thus, they might correspond to juveniles. Type 6 vertebrae are more elongated
than type 4 and resemble some characteristics as anchovy vertebrae. Type 5 belong to V. lucetia.
Type 7 correspond to a hake vertebra. Type 8 correspond to blue lanternfish (Tarletonbeania
crenularis) according to the findings of (49). Type 9 are small and very elongated and perhaps

correspond to an eel-shaped fish (e.g. Nemichthys fronto).
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The widths of the complete vertebrae per sample were measured and the average per sample is
presented in Fig. S3. In order to quantify the effect of degradation, we estimated the
“biodegradation over fish vertebrae” index, which estimate the surface of the vertebrae that is
not affected by bio-erosion (20). This index was calculated per each vertebra, and ranges from
1 to 4. Vertebrae with traces of bio-erosion (e.g. channels) covering between two-thirds and the
entire surface were rated as 1, those vertebrae with traces of bio-erosion covering between one-
third and two-thirds were rated as 2, those vertebrae with traces of bio-erosion covering up to
one-third of the surface were rated as 3, and finally those vertebrae with no sign of bio-erosion
were rated as 4. An average per sample interval was done to calculate the biodegradation index

where higher values indicate better preservation of the fish vertebrae remains.

Statistical analyses

Differences in fish vertebrae sizes between the last interglacial and Holocene was tested using
a non-parametric Mann-Whitney U-test. We used a Generalized Additive Models (GAM (50))
to describe the relationship between vertebrae width, and temperature (alkenone-derived SST)
and water column denitrification (*°N, as a proxy for water column deoxygenation). GAM was
fitted using the mgcv package (51) from the statistic software R (R Development Core Team).
The selected model, that considered the interaction between SST and 6°N (te(SST, 5!°N)), was

highly significant (p-value<0.000).
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Model projections (2086-2100 average minus 2006-2020 average) of sea surface
temperature, oxygen concentration, depth of the 20°C and primary productivity (0-500
meters) for the RCP 8.5 scenario in three Earth system models. a-d, Regional simulations
using the IPSL Earth System model. e-h, Regional simulations using the CNRM Earth
System model. i-l, Regional simulations using the GFDL Earth System model. The colour

scale is similar for a given projection among the different Earth System models, except in f.
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Comparison of water column denitrification and fish vertebrae preservation during last
interglacial (M77/2-24) and the Holocene (B14-G10). a, Record of water column
denitrification (this study). b, Bio-degradation index on all fish vertebrae for the last
interglacial (this study). ¢, Record of water column denitrification in the composite record
B14-G10. d, Bio-degradation index on all fish vertebrae in core G10 (11). During the last
interglacial the inferred average preservation (3.7£0.4, n=928) was higher than during the
Holocene (3£0.4, n= 2689). In sediment samples covering the las 25 kyr BP there is a strong
correlation between the bio-erosion index and §*°N that suggests that a more oxygenated
water column may allow bio-eroders to colonize scales in the water column or shortly after
arrival to the sediments (11). Higher 6°N values and thus stronger water column
denitrification during the last interglacial might have promoted a good preservation of fish

vertebrae.
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Fig. S7.

Small fishes in a warm ocean. Average (+2 standard error) of fish vertebrae widths per
sample vs alkenone derived SST for the Holocene (M77/2-003 taken at 15°S (30)) and the
period between 138 to 110 kyr BP (this study). During the Holocene, the SST ranged between
19.5-22.5 °C and no trend was found between vertebrae size and temperature, whereas only
exceedingly small vertebrae were found at temperatures around ~26 °C during the last

interglacial.
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Fig. S8.

Photographic images of the sections corresponding to the Holocene and MIS5 of core
M77/2-24. The first 3 meters of core M77/2-24 are characterized by dark olive gray clay
interbedded with olive to yellow silty clay laminations. From 3 to 10 meters depth the
sediments are darker and characterized by sections with massive to bioturbated sediments,
some olive to pale yellow silty clay laminations are visible in this interval (sections not
shown). From ~10 to 14.5 m the sediments are paler compared to the first 3 meters, contain

laminations, specially from 11.6 to 13.5 meters depth.
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Fig. S9.

Age model of core M77/2-24 based on 820, *C and correlation of grain sizes with the
global benthic 8180 record. a, Global stacked benthic §*80 record (28). b, §'80 values of the
benthic foraminifera Bolivina seminuda; red triangles indicate **C ages. ¢, Sedimentary log
Zr/RDb ratio. d, Total organic carbon (TOC) percentages. e, Sedimentation rates (SR, cm x kyr-
1). Blue lines indicate correlations based on the log Zr/Rb ratio and the stacked 520 record,
while red lines indicate the tie points between the stacked 5'80 and the benthic 80 record of

core M77/2-24. Data in ¢ and d taken from (27).
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Fig. S10.

Comparison of vertebrae obtained from fresh fish and vertebrae found in the sediment
record. a, Photograph of the myctophid Triphoturus oculeus, (4 cm total length) and a
vertebra (0.5 mm, vertebrae width) taken from the same fish. b, Multiple vertebrae from
Vinciguerria lucetia retrieved from a living specimen collected off Callao (12°S). ¢, Most
abundant vertebrae found in cores G-10 and M77/2-24 (modified from (11)). The scale bar in

¢, represents 1 mm.
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Type Type Type Type Type Type Type Type Type non- scale fish spine mandibles/

Anchowy/g 1/g 2/g 3/g 4lg 5/g 6/g 7lg 8/g 9/g identified/g fragments/g bones/g spines/g fragments/g g
Anchowy/g 1.00
Type 1/g (goby-like 013 1.00
fish)
Type 2/g (goby-like 012 078 1.00
fish)
Type 3/g (goby-like 019 075 078 1.00
fish)
Type 4/g (juveniles) -0.12 019 035 026 1.00
Type. 5/g (Vinciguerria 0.02 035 042 031 023 100
lucetia)
Type 6/g (juveniles) 0.06 017 023 023 031 036 100
Type 7/g (hake) -0.16 -0.18 -0.23 -020 0.10 -0.11 -0.07 1.00
Tvpe 8/g (Blue 018 032 028 034 -:026 013 -027 -013 100
lanternfish)
fZE)e 9/g (eelshaped .2 57 035 036 010 012 -0.02 -007 041 1.00
non-identified/g 004 059 064 042 028 048 017 -003 011 0.08 1.00
scale fragments/g 0.31 0.00 -0.02 -0.10 0.17 021 0.12 -0.06 0.01 -0.01 0.19 1.00
fish bones/g 0.44 020 020 017 018 027 -0.06 0.11 011 0.13 0.40 0.31 1.00
spines/g 0.45 -0.01 0.02 -0.01 -003 025 016 003 -0.15 0.02 0.16 0.43 0.48 1.00
spine fragments/g 0.43 -0.37 -0.33 -0.30 -0.06 -0.07 -0.21 0.01 -0.02 -0.08 -0.15 0.21 0.37 0.20 1.00
mandibles/g -0.07 028 037 037 027 013 033 -0.04 -0.03 0.21 0.31 0.01 0.19 0.05 -0.11 1.00

Table S1.

Correlation between fish vertebrae concentrations in core M77/2-24. Correlation values
(rs) between the different types of fish vertebrae concentrations and fish bones (No. of fish
debris x g1) from 137.8 to 110.7 kyr BP in core M77/2-24. Statistically significant values

(p<0.05) are underlined.
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MIS5e Holocene
Vertebrae U p-value
average (mm) n average (mm) n
All species 0.58 643 1.09 2488 | 259218 <0.0001
Anchovy 1.37 29 1.43 1306 | 17513  0.49
Goby-like fishes 0.50 352 0.91 3 35 0.01
Vinciguerria lucetia 0.60 29 0.61 51 691 0.63
Blue lanternfish 0.35 12 0.50 6 16 0.06
Other species 0.62 221 0.72 1121 | 94543  <0.0001
Table S2.

Results of the Mann-Whitney U test of the vertebrae widths between the last interglacial

(MIS5e) and Holocene periods. Bold and underlined values indicate significance (p=<0.05).
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Benthic diatom group

Brackish water diatom group Early Upwelling diatom group Late Upwelling diatom group

ic eutrophic

8 P

Amphora spp
Biddulphia spp
B. alternans
Cocconeis spp
C. california

C. costata

C. dirupta

C. distans

C. placentula
C. scutellum
Delphineis karstenii
Diploneis spp
Eucampia spp
Navicula spp
Odontella spp
Paralia sulcata
Pinnularia spp

Plagiogrammopsis vanheurckii

Pleurosigma spp
Trachyneis spp
Triceratium spp
Raphid pennate spp

Cyclotella spp
C. striata
C. stylorum-litoralis

Chaetoceros vegetative spp
C. cinctus vegetative celles
C. didymus vegetative cells
Chaetoceros RS form 1
CRS form 2

CRS form 4

CRS coronatus

CRS dehbilis

Minidiscus chilensis
Skeletonema spp

RS =resting spores

Chaetoceros RS form 3
CRS form 5

CRS affinis

CRS diadema

CRS lorenzianus
Thalassionema bacillare

T. nitzschioides var capitulata
T. nitzschioides var claviformis

T. nitzschioides var inflata
T. nitzschioide var lanceolata

T. nitzschioides var nitzschioides

Actinocyclus spp

A. curvatulus

A. exigus

A. octonarius
Actinoptychus argus
A. campanulifer

A. minutus

A. parvus

A. senarius

A. vulgaris
Asteromphalus spp
A. arachne

A. flabellatus
Coscinodiscus spp
C. asteromphalus

C. centralis

C. concinnus

C. decrescens

C. gigas

C. radiatus
Fragilariopsis doliolus
Hemiaulus spp
Hemidiscus cuneiformis
Pseudo-Nitzschia pungens
Thalassiosira exigua
T. oceanica

T. pacifica

Alveus marinus

Azpeitia africana

A. nodulifera

A. tabularis

Ditylum brightwellii
Nitzschia spp

N. bicapitata

N. capuluspalae

N. interrupestriata

N. ovalis

N. sicula

Planktonellia sol
Proboscia alata
Pseudosolenia calcaravis
Rhizosolenia spp

R. acicularis

R. acuminata

R. bergonii

R. castracanei

R. clevei

R. decipiens

R. hyalina

R. imbricata

R. setigera

Roperia tessalata
Stellarima stellaris
Stephanopyxis spp
Thalassionema frauenfeldii
T. javanicum

T. nitzschioides var parva
Thalassiosira spp

T. eccentrica gp

T. leptopus gp

T. oestrupii gp

T. simonsenii
Thalassiothrix longissima

Table S3.

List of the species or species groups used to classify the diatom assemblages in core

M772-24
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