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Abstract :

Upwelling of cold, nutrient-rich water from the oxygen minimum zone (OMZ) off Peru sustains the world’s
highest production of forage fish, mostly composed of anchovy (Engraulis ringens). However, the potential
impacts of climate change on upwelling dynamics and thus fish productivity in the near future are
uncertain. Here, we reconstruct past changes in fish populations during the last 25,000 years to unravel
their response to changes in OMZ intensity and productivity. We quantified and identified fish scales and
bones deposited in laminated sediments from Pisco (Peru) with an average sampling resolution of 20.4
years (x7.1). The records span the Last Glacial Maximum to the recent Holocene and thus encompass a
variety of combinations of productivity, oxygen, and global temperature. Our results reveal that
productivity appears to be the main factor controlling small pelagic fish abundance, while sub-surface
oxygenation affects mainly anchovy and likely sardine populations. Lower productivity and higher oxygen
concentrations during the glacial resulted in lower total fish productivity, whereas higher productivity and
a stronger OMZ in some time intervals during the Holocene resulted in higher fish abundances. A variety
of different conditions between these two oceanographic end members indicate preferred environmental
conditions for a variety of small pelagic fishes. There is no evidence in our record for an out of phase
relationship between anchovy and sardine at the timescales examined in the present study. Anchovy have
been the predominant small pelagic fish throughout the record, at least over centennial to millennial
timescales. Its abundance reached a maximum during the Current Warm Period, an era characterized by
high productivity and intense OMZ conditions. Thus, industrial fisheries developed during a period of
exceptional productivity in relation to that of the last 25 kyr. The records reveal that dramatic decreases
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in pelagic fish abundances have occurred in response to past large-scale climate changes than those
observed in the instrumental period, which suggests that future climate change may result in substantial
changes in ecosystem structure.

Highlights

» Anchovy and other fishes fluctuated from multidecadal to millennial timescales. » Productivity appears
as the main factor controlling small pelagic fish abundance. » Sub-surface oxygenation seems to play a
role in a species-dependent way. » The industrial fishery developed during a period of exceptional fish
productivity.



1. Introduction

In Eastern Boundary Upwelling systems (EBUS), coastal upwelling results from
alongshore winds generating an offshore Ekman drift, which produces a pumping of cool and
nutrient-rich waters fueling high productivity (Chavez and Messi¢, 2009). The Humboldt Current
System (HCS) is notable for its outstanding anchovy (Engraulis ringens) production (Chavez et
al., 2008). The northern HCS off Peru presently produces more fish per unit area than any other
region in the oceans; it represents 0.1% of the world ocean but can produce up to 10% of the
world fish catch (Chavez et al., 2008). However, small pelagic fishes are characterized by
marked fluctuations in their stock size on interannual to multidecadal timescales due to
environmentally-driven changes in recruitment (Bertrand et al., 2004; Barange et al., 2009).
Analyses of fish scales from sediment cores have consistently shown that large variability in
population sizes occurs on decadal to multidecadal timescales that may be caused by changes in
regional and/or large-scale ocean/atmosphere coupling of the last several hundred or last several
thousand years (Baumgartner et al. 1992; Gutiérrez et al., 2009; Kuwae et al., 2017; Salvatteci et
al., 2018). Still, the response of pelagic fish populations to climate changes on millennial and

longer timescales, when glacial/interglacial changes result in major reorganizations in



productivity, oxygen, and temperature across the ocean, are poorly known (De Vries and Pearcy,
1982; Sibert et al., 2014; Sibert and Norris, 2015). However, analysing changes in fish
populations across such events would likely indicate some of the more important driving

mechanics of change.

Several unique circumstances are necessary to have laminated sediments that preserve
fish scales, thus yielding long-term records of population variability before the start of the
industrial fishery that provide unique insights to understand the relationships between climate
change and fish abundance (Soutar and Isaacs, 1974; Baumgartner et al., 1992; Field et al., 2009;
Finney et al., 2010; Salvatteci et al., 2018). Over time, fish scales and other types of fish debris
fall to the ocean floor, bury and accumulate. Variation in fish scale deposition with fish
population size is attributable to natural scale shedding (Field et al., 2009). Low bottom-water
oxygenation and high sedimentation rates, characteristics typical of the Pacific’s EBUS, are
required to preserve records that provide a history of the pelagic fish populations that inhabited
the area. Fish debris records from several sites around the world revealed the response of fish
populations to past climate changes (Soutar and Isaacs, 1974; De Vries and Percy 1982;
Baumgartner et al., 1992; O’Connell and Tunnicliffe, 2001; Diaz-Ochoa et al., 2008; Valdés et
al., 2008; Gutierrez et al., 2009; Guinez et al., 2014; Sibert and Norris, 2015; Skrivanek and
Hendy, 2015; Cartes et al., 2017; Salvatteci et al., 2018). In particular, the modes and timescales
of variability observed in the fish scale records demonstrate that the range of variations observed
in the second half of'the 20th century represent only part of the multiple responses of the EBUS
to climatic and oceanographic changes (Field et al., 2009; Salvatteci et al., 2018)

While DeVries et al. (1982) developed fish scale records for several periods within the
Holocene, the response of fish population to climate changes in the HCS during the last ~25 kyr,
a time-period that encompassed major climate changes around the globe, are unknown.
However, the response of regional conditions to global climate that occurred during the last 25
kyr offer a good mean to test the fish community response to changes in water column
deoxygenation and productivity. In the HCS, the OMZ intensity and productivity showed large

variations at multidecadal to millennial timescales associated with major global climate shifts



(Rein et al., 2005; Chazen et al., 2009; Doering et al., 2016; Scholz et al., 2014; Salvatteci et al.
2014b; 2016).

The last 25 kyr comprises the Last Glacial Maximum (LGM, 23-19 kyr BP), the
Termination 1 (19-11.4 kyr BP) that includes the Heinrich 1 Stadial (H1S, 18-15 kyr BP) and the
Antarctic cold reversal (ACR, 14.7 to 12.5 kyr BP), and the Holocene (11.5 kyr BP to the
present). During the LGM, time period of the most recent maximum in globally integrated ice
volume (Mix et al., 2001), the Eastern Tropical Pacific was cold (Koutavas et al., 2002), the
OMZ in the tropical Pacific was weak, and the productivity off Peru was relatively low
compared with the Holocene (Salvatteci et al., 2016). During the Termination 1, a warm time
period between the LGM and the Holocene, a rapid increase in water column denitrification
occurred in the ocean (Jaccard and Galbraith 2012; Jaccard et al., 2014; Salvatteci et al., 2016).
An important climate episode during the Termination 1 was the ACR, a cooling episode that
interrupted the warming trend that occurred during the Termination 1 period (Pedro et al., 2015).
The Holocene is considered a relatively stable period compared with the large changes observed
during the LGM and Termination 1, however several works suggest that the Holocene was also
marked by strong climatic and oceanographic changes (Mayewski et al., 2004; Carré et al.,

2014).

Understanding fish response to these past changes in climate is important since the future
of EBUS under climate change is uncertain given that the global increase in temperatures could
increase either stratification or upwelling in these regions (Sydeman et al., 2014; Wang et al.,
2015). Bakun (1990) proposed that increasing greenhouse gas concentrations would force an
intensification of upwelling-favorable winds in the EBUS. Indeed, contrary to most other marine
systems, the HCS experienced a cooling associated with an increase in productivity from the
start of the 20th century to recent years (Gutierrez et al., 2011; Salvatteci et al., 2018). Most
recent studies converge towards an expected increase in the intensity and duration of upwelling-
favorable winds in the southern HCS off Chile, and a moderate decrease off Peru (e.g.
Belmadani et al., 2014; Wang et al., 2015). Finally, coupled physical-biogeochemical models
predict a future reduction in phytoplankton and zooplankton abundances as a result of large-scale

nutrient depletion in subsurface water (Brochier et al., 2013). The uncertainty about physical and



biogeochemical processes is even more critical for the future of small pelagic fish population that

depend on the complex interactions with climate dynamics (Bertrand et al., 2018).

Another poorly understood issue facing some marine species is how an expansion of
oxygen depleted waters will affect populations by reducing inhabitable waters (Prince and
Goodyear, 2006; Stramma et al., 2012). Oxygen Minimum zones (OMZ) are places in the ocean
where oxygen concentration is very low due to a combination of weak ocean ventilation, which
supplies oxygen, and enhanced respiration, which consumes oxygen (Karstensen et al., 2008).
Off Peru, the OMZ occurs between 50 and 600 m depth, and minimum oxygen values (<0.1 ml.I°
1) are reached at 300400 m depth (Fig. 1A). Time series from the past decades reveal a vertical
expansion of the OMZ that may have dramatic consequences for ecosystems and coastal
economies (Stramma et al., 2008; Schmidtko et al., 2017; Levin 2018; Breitburg et al., 2018). In
the HCS, changes in sub-surface oxygenation and oxycline depth are associated with fluctuations
in the abundance and distribution of anchovy and sardine (Sardinops sagax) at temporal and
spatial scales (Bertrand et al., 2011). During the 1960s-early 1970s and the 1990s-2000s, when
oxygen concentration was low and the oxycline shallow, anchovy was abundant but sardine did
not proliferate, while the opposite occurred during the late 1970s and 1980s when sardine
flourished (Bertrand et al., 2011). Nevertheless, the current OMZ intensity and size is not
unprecedented and has strongly varied in the geological past (Scholz et al., 2014; Salvatteci et
al., 2016), probably affecting fish populations.

Considering this global context and the uncertain future, here we use proxies for
environmental change, which include export production and sub-surface oxygenation, and fish
debris preserved in laminated sediments to address the effects of the changes in OMZ intensity

and marine productivity on fish populations in the HCS over the last 25 kyr.

2. Environmental Setting
2.1 Study site

The cores used in the present study were retrieved on the upper continental margin off
Pisco (~14 °S), central-southern Peru (Fig. 1). The Pisco area has the most intense alongshore

winds in the Peruvian coast (Goubanova et al., 2011). The upwelling off Pisco is active



throughout the year but is stronger during winter and spring, while primary productivity is higher
during spring and summer, when surface waters are more stratified (Echevin et al., 2008;
Gutierrez et al., 2011). The site lies south of the present nucleus of the northern fishing stock of
anchovy, and that of sardine during the 1980s when sardine fully dominated the HCS (Gutiérrez
etal., 2012).

2.2 Distribution and habitat of the main fishes leaving remains in sediments off Peru
2.2.1 Anchovy (Engraulis ringens)

The Peruvian anchovy is ecologically and economically the most important pelagic fish
in the HCS (e.g., Chavez et al., 2008). It is widely distributed along the western coast of South
America between 04°30 and 42°30S (Checkley et al., 2009). Historically, two fishing stocks have
been recognized off Peru: the north-central stock from northern Peru to ~15°S and the southern
stock, from 15°S to the southern limit of Peru (Pauly and Tsukayama, 1987; Checkley et al.,
2009). The anchovy is considered an r-type species because of its fast growth, time to maturity (1
year) and short life span (~4 years; Froese and Pauly, 2018). It inhabits water above the oxycline
(Bertrand et al., 2010, 2011) in recently upwelled cold coastal water (CCW) and other associated
cold and productive water masses (Swartzman et al., 2008). The anchovy forages on both
phytoplankton (mainly diatoms) and zooplankton, but the euphausiids and copepods are by far
the most important component of its diet (Espinoza and Bertrand, 2008). Anchovy is the main
prey for several marine mammals, seabirds, fish and fishers (Bertrand et al., 2012; Joo et al.,
2014; Barbraud et al:, 2018). Anchovy has high plasticity to cope with the high environmental
variability in the HCS (Bertrand et al., 2008; Espinoza and Bertrand 2008) and can be bottom-up
controlled at multiple timescales (Bertrand et al., 2008; Salvatteci et al., 2018).

2.2.2. Sardine (Sardinops sagax)

Sardine is widely distributed along the western coast of South America from Galapagos
Islands up to 42°S (Checkley et al., 2009). Off Peru, an increase in sardine population occurred
when the decline of anchovy took place at the beginning of the 1970s, partially supporting the
fishery after the anchovy crash. Sardine, like anchovy, is a small pelagic (but larger than
anchovy) that inhabits the upper meters of the water column, but, in contrast to anchovy, do not

tolerate low oxygen conditions (Bertrand et al., 2011). Sardine tolerates a large range of



temperatures (~9 — 25°) and presents a rather ubiquitous distribution according to water masses
(Swartzman et al., 2008). Off Peru, sardine are distributed further offshore than the anchovy, at
the border of the intense upwelling zone (Swartzman et al., 2008). As in the case of anchovy, the
diet of sardine is based on zooplankton but of smaller size (mainly smaller copepods and fewer

euphausiids) and in lesser degree dinoflagellates (Espinoza et al., 2009).

2.2.3 Jack mackerel, chub mackerel and saury

Jack mackerel (Trachurus murphyi) is a transboundary species that constitutes one of the
most important fishery resource of Peru and Chile. The jack mackerel is a pelagic species that
has a long lifespan (16 years) and reaches maturity at a length of 20-30 cm (2-4 years of age;
Froese and Pauly, 2018). It has a wide area of distribution, extending across the whole sub-
tropical area of the South Pacific Ocean from South America to New Zealand (Gerlotto et al.,
2012). The diet of jack mackerel varies with the fish size, the largest jack mackerel (>40 cm)
feed on anchovy and other small pelagics, the mid-sized jack mackerels (between 20 and 40 cm)
feed on zooplankton (mainly euphausiids), while the smallest feed on copepods (Alegre et al.,
2015). Like sardine, jack mackerel distribution and abundance are associated with sub-surface
oxygen concentrations over a wide variety of scales; they avoid areas where the oxygenated

surface layer over a low oxygen water column is too thin (Bertrand et al., 2016).

Chub mackerel (Scomber japonicus) is a cosmopolitan coastal-pelagic species targeted by
artisanal and industrial fisheries off Peru. This species inhabits warm and temperate waters of
Atlantic, Indian and Pacific Oceans (Castro and Santana, 2000). It has a relatively long lifespan
(12 years) and reaches maturity at ~20-30 cm at the age of 3 years (Castro and Santana, 2000).
The chub mackerel off Peru consumes more fish than jack mackerel, despite having a smaller
maximum size (Alegre et al., 2015). In contrast to jack mackerel, chub mackerel do not present a
clear ontogenetic trend of consuming larger prey with increasing size; paradoxically, chub
mackerel from all sizes foraged on small zooplankton (copepod) while small chub mackerel
consume more fish than large chub mackerel (Alegre et al., 2015). Both jack mackerel and chub
mackerel are considered opportunistic foragers, adapting their trophic behavior to prey

accessibility (Alegre et al., 2015).



Saury or needlefish (Scomberesox saurus scombroides) is a pelagic fish that was
abundant off Peru during the 1970s, when sardine dominated the HCS, reaching an estimated
biomass of 1 million tonnes in 1978 (Jordan et al., 1978). In general, sauries spend most of their
life in warm homogeneous surface layers of the open sea, far from shallow continental waters
(Collette, 2004). In 1978 this species was mainly located between 30 to 60 miles off Peru (Jordan
et al., 1978). When available, this species was also consumed by guano birds, although in low

numbers (Jahncke and Goya, 1998).

2.2.4 Hake

Hake (Merluccius gayi peruanus) is a demersal species as an-adult with semi pelagic
behavior that is the target species of the main bottom trawl fishery of Peru (Guevara-Carrasco
and Lleonart, 2008). Its area of distribution extends from 1°N to 14°S however most of the stock
is located between 3°S and 10°S, and during El Nifio the southern range extends to 18°S
(Chirichigno and Cornejo, 2001; Guevara-Carrasco and Lleonart, 2008). In recent years, juvenile
hake were distributed mainly south of 5°S while adults were mainly distributed north of 5°S
(Guevara-Carrasco and Lleonart, 2008). The main concentration of hake is between 100 to 200
meters depth but can be found from near the surface to 800 m (Guevara-Carrasco and Lleonart,
2008). Hake can tolerate hypoxic environments and thus it may be found at oxygen
concentrations between 0.13 and 2.77ml.I'!, however hake concentrations are not normally
encountered below 0.25 ml.I"! (Espino et al., 1995). Hake is an opportunistic predator that feed
on several species; small hake (<25 cm) feeds on euphausiids whereas large hake (>25 cm) feeds

on anchovy, euphausiids, pelagic shrimps, cephalopods and on other hakes (Tam et al., 2006).

2.2.5 Mesopelagic fishes

Mesopelagic fishes are small fishes from different families (e.g., Myctophidae and
Photichthyidae), that live in the twilight zone of the ocean and perform diel vertical migration.
During the day, they live at depth (200-1000 m) and have a reduced activity, while during the
night they come to the upper 200 m or even to the surface to feed (Gjosaeter and Kawaguchi,
1980; Kaartvedt et al., 2009). Myctophiids mainly predate on copepods, ostracods and
euphausiids (Hopkins and Baird, 1985). Mesopelagic fishes likely dominate the world total

fishes biomass (Irigoien et al., 2014), and Cyclothone sp. could be the most abundant vertebrate



on Earth (Nelson, 2006). Off Peru the mesopelagic community is dominated by the families
Phosichthyidae (Vinciguerria lucetia), Myctophidae (Diogenichthys laternatus and Lampanyctus
idostigma) and Bathylagidae (Leuroglossus urotranus; Cornejo and Koppelmann, 2006). The
biomass of Vinciguerria lucetia during 2003 was estimated in 14 million tonnes (Castillo et al.,
2009). Several species like V. lucetia, D. laternatus and Lampanyctus sp., among many others,
have evolved physiological and morphological adaptations to live in oxygen-deficient waters,
and perform diel vertical migration into the OMZ (Herring, 2001; Cornejo and Koppelmann,

2006), suggesting they may tolerate time periods of greater hypoxia.

2.3 Sedimentology of the Peruvian Margin

Sediment cores from the Peruvian margin show multiple discontinuities which makes
efforts to reconstruct histories more difficult than sites like the Santa Barbara Basin or Saanich
Inlet. Multiple sediment cores collected along the Peruvian margin, especially from 7 to 15°S,
show large hiatus of several thousands of years from the LGM to the Late Holocene (Skilbeck
and Fink, 2006; Erdem et al., 2016). The discontinuities are more evident for the Holocene
period, in particular for the Mid and Early Holocene (Erdem et al., 2016). The sediment structure
of the sediment records is characterized by laminated sequences of several centimeters
intercalated with homogeneous and slumped deposits (Brodie and Kemp, 1994; Salvatteci et al.,
2014a). The homogeneous deposits may be produced by bioturbation or the addition of
previously deposited material from upslope (Salvatteci et al., 2014a). Previous works have
shown that marine sediments collected at ~14 and 15°S show the most complete sediment
sequence compared with sediment cores from the northern part of Peru (Doering et al., 2016;
Erdem et al;, 2016; Salvatteci et al., 2016). However, the records from the present study contain
more laminated sequences compared with other cores taken from the same area (compare and
contrast the sedimentological description provided for G-10 and G-14 in Salvatteci et al. (2016)

and other sediment records in Erdem et al. (2016).

3. Material and Methods
3.1 Composite record and sub-sampling
The fish scale record presented in this work is based on a composite record from ~14 °S,

obtained from 1 box core (B05-14) that has high resolution records of the last several hundred



years and two long gravity cores, G-10 and G-14, covering the Holocene and the LGM-
deglaciation respectively (Fig. 2). Dating of the box-core was done by “C on sedimentary
organic matter and by 2!°Pb means, while the two long gravity cores were dated by '“C. The
chronology models are fully described elsewhere (Salvatteci et al., 2014a; 2014b; 2016; 2018).
B05-14 (93.6 cm length) recovered surface sediments and covers the time period from 1518 to
2004 AD (Salvatteci et al., 2014b). The gravity cores G-10 (5.22 m length) and G-14 (5.25 m
length) do not recovered surface sediments and range from 0.45 to 10.3 kyr BP and 13.4 to 25.2
kyr BP respectively (Salvatteci et al., 2016). The description of the sedimentology and
subsampling of core B05-14 is described in Salvatteci et al. (2014a, 2014b; 2018). The
sedimentological description of G-10 and G-14 is available in Salvatteci et al. (2016) but is
briefly described here. Core G-10 is characterized by sediment sequences containing finely
laminated sediments interspersed with homogeneous sections and slumps (Fig. 2B). Core G-14
also shows the same type of structures as in G-10 but the thickness of the massive/slumped

sequences is much lower (Fig. 2C).

Cores were subsampled after careful examination of the X-ray images of the sediment
core to distinguish the laminated and homogeneous/slumped sections (Fig. 2). The laminated and
banded sections of the core were subsampled and the slumped or homogenous sections were
avoided. This methodology assures that the sediments used for our analyses were deposited from
the water column and not from sediment re-deposition (Salvatteci et al., 2014a). Proxies
developed from reworked sediment sequences could be misinterpreted as abrupt climate changes
or anomalous climate events (Salvatteci et al., 2014a). Core B05-14 was subsampled following
the stratigraphy resulting in sample thickness ranging from 0.15 to 0.84 cm; the average
thickness was 0.45cm (Salvatteci et al., 2012). The fish scale record from core B05-14 was taken
from Salvatteci et al. (2012, 2018). Cores G-10 and G-14 were subsampled every 1 cm for fish
scales analyses. Fish scales analyses were mainly performed continuously in the laminated and
banded sections, in some sections of G-10 only one out of two samples were analyzed (Fig. 2B).
In core G-14 one sample out of five were analyzed (Fig. 2 C). The total number of samples
analyzed in B05-14, G-10 and G-14 was 187, 202 and 91 respectively. Given the higher

sedimentation rates and higher subsampling resolution of B05-14 compared with G10 and G-14,



in B05-14 contiguous samples were lumped to match the temporal resolution of G-10 (17.8

years) and G-14 (22.4 years) yielding a sample average of 19.6 years in B05-14.

The amount of sediment used is an important criterion that must be taken into account to
obtain sufficient fish debris for reliable time series. In core B-14, where a fish scale preservation
study was realized (Salvatteci et al., 2012), an average of 23.6 g of wet sediment was sieved
which equals ~4.8 g of dry sediment. The quantity of fish debris in each of these samples was too
low to perform statistical tests in some time intervals, some of which were characterized by
strong fish scale degradation, and consequently five contiguous intervals were grouped to solve
this issue (Salvatteci et al., 2012). Consequently, sampling intervals in core G-10 were larger,
such that the average sample was 49.3 g of wet material, which yields ~17.2 dry sediment. In
core G-14 sampling intervals consisted of an average of 39.2 g of wet material, which yields 18.8
g of dry sediment. Following the sediment subsampling, the samples were heated with a solution
of hydrogen peroxide and sodium pyrophosphate for 10 minutes to disaggregate the organic
matter and then were gently washed through a 355 um sieve (Salvatteci et al., 2012). The

remains retained were then stored in an alcohol solution.

3.2 Identification and quantification of fish debris

The fish debris retained in the 355 pm mesh size were quantified and identified with the
help of a scale and vertebrae collection obtained from recently caught fishes (Fig. 3) and from
the CICESE fish scale collection (Fig. 4). Fish scales were identified to species level for the
following species: anchovy, sardine, jack mackerel, chub mackerel, hake, and saury. Fish scales
from mesopelagic fishes (Fig. 4) were not identified to species level and were quantified as a
whole group. The rest of the fish scales were quantified as unidentified. Vertebrae were
identified to species only for anchovy and the rest of vertebrae were quantified as unidentified.
Some vertebrae from Vincinguerria lucetia can be readily identified in the sediment record
(bottom right in Fig. 3H) but other vertebra types (e.g. left vertebrae in Fig. 3H) cannot be easily
distinguished of some vertebrae from other mesopelagic fishes. The most abundant vertebrae that
were not identified were catalogued as types 1 to 13 but some types might belong to the same
species (e.g. types 1 and 2). Pictures of vertebrae from several representative fishes of the HCS

(e.g. sardine and jack mackerel) are available in Ostebase (http://osteobase.mnhn.fr), but very
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few vertebrae in our composite record were conclusively identified as these species. In cores G-
10 and G-14 the bones from the jaw were quantified in a separate category but in core B-14 were
quantified as bones. Fish teeth were also quantified in all the cores as jaws. Spines were
quantified as a whole spine if more than 50% of the original spine was present, the rest of spine
fragments and segments were counted as spine fragments. Finally, the rest of the fish debris, as
for example otoliths that were very rare, were quantified as bones. The quantification of fish
debris (i.e. the distinction into complete, half scales and fragments) is described in Salvatteci et

al. (2012).

The deposition of a part of a single fish can occur and results in-a multitude of different
debris from the same fish within a sampling interval (O’Connell and Tunnicliffe 2001; Field et
al. 2009; Salvatteci et al., 2012). Thus, high fish debris abundance (more than the average + 3
standard deviations) of any fish debris component in our samples was treated as outliers (e.g.
O’Connell and Tunnicliffe, 2001). The outliers were replaced by the mean plus 3 standard
deviation. The occurrence of identified outliers is rare, the outlier replacement in cores G-10 and
G-14 occurred in a maximum of 6 samples out of 293 samples in the case of anchovy scales,
spines and other bones. Given the low abundance of sardine, jack mackerel, chub mackerel, hake
and mesopelagic scales in the cores, the outlier treatment was not applied in these cases even if

some samples exceeded the mean plus 3 standard deviations.

Since the concentration of fish debris (# of fish debrisxg!) can be diluted (increased) by
low (high) mass accumulation rates, concentrations of fish scales and bones were converted to
fluxes (# debrisxcmxy"). The fluxes of each fish debris component were calculated by
multiplying the fish debris abundance (# of fish debrisxg') by the mass accumulation rate (W,
gxem?xyh), in turn W is calculated multiplying the Dry Bulk Density (DBD, gxcm™) by the
sedimentation rate (cmxy!). The mass accumulation rates are taken from Salvatteci et al. (2016).
Since the mass accumulation rate is in turn dependent on the presence of hiatus, or slumps within
the sedimentary column, estimated fluxes are subject to uncertainty and/or variability in
sedimentation rates. The fish scale data is also presented as concentrations (#of fish debris per g-
1) in the supplementary material (Figs. S1 and S2). The major downcore patterns are similar

regardless of units. However the very high fluxes of debris observed for the last 150 years are not



observed in the concentrations (e.g. sedimentation rates are also higher). Finally, given that the
calculated fluxes were relatively small, the values were multiplied by 1000 to be consistent with

other published reports of scale fluxes.

33 Fish debris preservation

In order to quantify the effect of degradation, we estimated three preservation indices,
and an average of all the indices, based on previous studies in the same area (Salvatteci et al.,
2012). The first degradation index, the “integrity index” of fish scales, is an estimate of fish
debris wholeness relative to fragmentation. This index is based on scales from all species to
obtain an index; ideally the index would be species specific (Salvatteciet al., 2012) but there
were insufficient scales counted for a species-specific index. The second index is the “bio-
degradation” over fish vertebrae, which estimate the surface of the vertebrae that is not affected
by bio-erosion. Finally, the last index used is the ratio of all scales to vertebrae, based on the
observation that fish scales are thinner, contain more organic matter than the vertebrae, and
consequently are more susceptible to degradation. Given that these indices have different units,
they were standardized and then the three indices were averaged to create a compound
preservation index. Higher (lower) values of these indices indicate better preservation of the fish
remains. A detailed explanation of the advantages and limits of these and others indices are

explained in Salvatteci et al. (2012).

Electron microscopy images were also taken to gain insight about the process of fish debris
degradation by comparing fish scales and vertebrae extracted from a modern anchovy with
poorly preserved fish debris from the sediment record. SEM observations were performed at
IRD-Bondy (France) on uncoated samples using a Zeiss Evo® LS15 microscope (Carl Zeiss Ltd,
UK) in variable pressure mode (VP) at an accelerating voltage of 15 kV, with a chamber

pressure of 70 Pa and a 100 um VP aperture.

3.4 Proxies for export production and oxygenation
The fish debris records and the preservation indices were compared to proxies of
environmental change to understand the mechanism that control fish scale preservation and fish

population variability off Peru. In order to identify the effects of the oxygenation changes in the



fish scales preservation, the different fish scale preservation indices were compared to proxies of
oxygenation taken from the same composite record (Salvatteci et al., 2016). The proxies used for
this purpose are: 1) Mo/Re ratios which indicate if the sediment-water interface during the time
of deposition was anoxic or sub-oxic (Crusius et al., 1996), and 2) 8!°N values measured on bulk
sedimentary organic matter which indicate the extent of water column denitrification in oxygen-
deficient waters and thus sub-surface oxygenation (Ganeshram et al., 2000). To establish the
relationship between OMZ intensity and fish abundance the 6'°N values were used because this

proxy better reflects changes in water column oxygenation.

In order to establish the relationship between export production and fish abundances, we
used three proxies for export production: Total Organic Carbon (TOC), Nickel Enrichment
Factor (N1 EF) and calcium carbonate. The TOC reflects the amount of organic carbon present in
the sediment and can be used to infer past export production. Ni is delivered to the sediment
mainly in association with organic matter and thus is an indicator of the organic sinking flux
(Boning et al., 2105). In contrast to organic matter that can be remineralized by bacterial activity,
Ni may be retained within the sediments and thus could represent the original presence of
organic matter even if it is lost after deposition (Tribovillard et al., 2006). Calcium carbonate in
marine sediments is basically composed of skeletal remains of calcite secreting organisms (e.g.
foraminifera), but detrital calcium (i.e. gypsum) can also be delivered to the ocean by winds and

rivers.

In G-14 Mo, Re, Ni, CaCOs, TOC and 8'°N were obtained in the same samples as the fish
debris records (91 samples). In G-10 Mo, Re, Ni were obtained in 200 samples but CaCO; was
analyzedin 171 samples. The subsampling for 61N and TOC in G-10 was done every 2 cm
yielding in total 130 samples. In B05-14, Mo, Re, Ni, CaCO;, TOC and 8'°N data were produced
at high resolution (Salvatteci et al., 2014b; 2018) but the data were lumped to match the temporal
resolution of cores G-10 and G-14. Mo, Re, Ni and Ca concentrations were obtained by ICP-MS
(Ultramass Varian) after hot-plate acid digestion in Polytetrafluoroethylene vessels. Mo, Re, and
Ni data was taken from Salvatteci et al. (2016) while the Ca data were not previously published.
The calcium carbonate (CaCOj3) content was estimated by multiplying the Ca concentration (%)

by 2.5 according to the atomic weights of the elements. The TOC values were obtained using



Rock-Eval 6 and the data was taken from Salvatteci et al. (2016). 8' N values were measured in
untreated sediment samples (i.e. no acidification methods were used) on a continuous-flow gas-
ratio mass spectrometer (Finnigan Delta PlusXL) coupled to an elemental analyzer (Costech) and

the data was taken from Salvatteci et al. (2016).

3.5 Statistical analyses

Given that counts of fish remains have a large number of zeros, a non-Gaussian
distribution of the data results, which limits the use of most parametric methods. Thus, Spearman
correlation coefficients (r5) were calculated to establish the relationships between different types
of fish debris as well as between selected fish debris fluxes and proxies of environmental
conditions. The probability level was corrected for multiple comparisons by dividing the
probability level a (p<0.05) by the number of tests performed (Glantz, 2002). In order to test for
differences of fish debris fluxes between the different time-periods, a Kruskal-Wallis test was
applied. In addition, to better explore non-linear relationships, we used Generalized additive
models (GAMs) applying the Tweedie versatile family distribution (Dunn and Smyth, 2005),
which are commonly used to represent distributions that have a non-zero probability for the zero
value. Still the number of zeros was still too high in some cases (e.g. sardine). Thus, we could
only test for the relationships of anchovy vertebrae, anchovy scale, oceanic species scales, hake

scales and mesopelagic fish scales versus Ni EF and 6'°N.

Finally, in order to detect structure in the relationships between variables that might lead
to infer processes, a Principal Component Analysis (PCA) was performed using a sub-set of the
variables. The PCA analysis was performed to: (i) examine if the fluxes of anchovy and other
species vertebrae are more associated with oxygenation or productivity, and (ii) examine if the
degradation indices are more closely associated with changes in oxygenation in the water column

or in the sediment. The statistical analyses were performed using STATISTICA 13 and R.

4. Results
4.1 Fish debris composition
In total nearly 120,000 pieces of fish debris were classified and counted in the composite

record and fish scales were the most abundant type of fish debris (Table 1). Fish scale fragments



were about 5 times more abundant than whole fish scales. Spines and spine fragments were more
abundant than other bones, and each of these were 3 to 4 times more abundant than vertebrae
(Table 1). Fish vertebrae were not as abundant as spines or other bones but were also found
consistently throughout the core. Most vertebrae were very small and thin, and examples are
displayed in Figure 5. The fluxes of each type of vertebrae is available in the supplementary
material (Fig. S3). Jaws containing teeth were also part of the fish debris but in lower abundance
compared with the other fish debris types. Otoliths were rare and were only found in very few

samples, perhaps due to aragonite dissolution in the sediments.

The composition of fish scales by species (Table 2) reveal a clear predominance of
anchovy scales (~90% all scales). Fish scales from mesopelagic fishes (2.9%) and from hake
(2.7%) were the next most common. The oceanic species comprised 2.8% of all the fish scales
counts and were primarily composed of sardine and jack mackerel, with smaller contributions
from chub mackerel and saury. The unidentified scales represented 1.9% of all fish scales, but
since most anchovy scales were readily identifiable, these scales made up 22% of scales other

than anchovy.

4.2 Fish debris record

The relationships between the different types of fish debris reflect the modes of loss,
transport and preservation of the different types of fish debris (Table 3; Fig. 6). The anchovy
scale record has a high significant correlation with fish scale fragments (r;=0.89, n=317,
p<0.001) suggesting that most of the fragments belonged to anchovy, consistent with the
appearance of the fragments as being from anchovy. In contrast, the correlations of the different
types of bones (i.e. other bones, jaws, spines and spine fragments) were only slightly higher with
anchovy vertebrae than with other vertebrae (though significant for each type of vertebrae)
suggesting that the majority of the bones belong to anchovy, but other species also contribute
noticeably (Table 3). The sum of all fish scales (Fig. 6A) was highly correlated with the sum of
all bones (r;=0.62, n= 317, p<0.001; Fig. 6D), while anchovy scales (Fig. 6B) and anchovy
vertebrae (Fig. 6H) were also positively correlated (r;=0.42, n=317, p<0.001). The correlations
calculated with concentrations instead of fluxes (Table S1) also show the same pattern of

association between variables.



The lack of a better correlation between fish scales with bones can be explained by temporal
differences in the abundance of the different types of fish debris along the record. For example,
during the Termination 1 a relative increase of fish scales compared with the fluxes of all bones
was observed for both the sum of all species and anchovy (Fig. 6A, B and D). Moreover, the
correlations among the different types of the fish bones (i.e. jaws, spines, spine fragments and
vertebrae) were all significant and in general higher than the correlations of these skeletal debris
with the fish scale fluxes (Table 3). This observation suggests that fish bones and fish scales
have different modes of loss and transport to the sediment and that fish scales and bones preserve
differently in the sediments. However, the correlation of anchovy scales to spines was higher
than the correlation of anchovy scales with any other fish bone type. This implies that spines,
which are the thinnest bone debris and thus more prone to degradation, and anchovy scales may
have a similar response to the degradation processes and/or that spines more frequently come

from anchovy.

The different fish debris types are shown as time series in Figure 6 as well as averages of
major climate periods in Figure 7 to better illustrate the temporal changes in the fluxes of the
different fish debris types. The concentrations of the different fish debris types expressed as
concentrations are shown in Figures S1 and S2. Considerable variability in fluxes occurred over
the last 25 kyr BP, for example low fluxes of most of the fish debris types during the glacial
period and high fluxes during the Holocene (Figs. 6 and 7). However, some important temporal
differences between scales and bones were observed. For example, higher fluxes of anchovy
scales (Fig. 7B) occurred during the Termination 1 compared with the LGM, while no large
differences in-anchovy vertebrae fluxes (Fig. 7L) were observed between these two periods. A
Kruskal-Wallis test shows that the fluxes of all fish scales, anchovy scales, and scale fragments
were significantly lower during the glacial periods than any other period (Table S2, S3 and S8).
While the fluxes of anchovy vertebrae during the glacial times were also significantly lower
compared with the Holocene, there were no significant differences in the fluxes between the

glacial periods and the Termination 1 (Table S9).



While the Holocene had higher fluxes of various types of fish debris compared with the
glacial and Termination 1 periods, there were important differences between the fluxes of fish
scales and bones (Figs. 6 and 7) between different time periods, which could reflect differences
in preservation. During the Early Holocene, the fluxes of fish scales from all species and of
anchovy were significantly lower (Table S2 and S3) than during the Termination 1 period. In
contrast, anchovy vertebrae fluxes were significantly higher during the Early Holocene compared
with Termination 1 (Table S9). A gradual increase in the fluxes of all scales, anchovy scales and
hake scales is observed from the Early Holocene to the Late Holocene (Figs. 7A, B and D).
However, no clear trend is observed in the fluxes of all bones, spines, spine fragments, other
bones, vertebrae and jaws from the Early to the Late Holocene (Fig. 7H-N). While the fluxes of
anchovy and hake scales were significantly higher during the Late Holocene compared with the
Early Holocene (Table S3 and S5), no differences were observed in any type of fish bone fluxes
between the Early, Mid or Late Holocene periods (Fig. 7; Tables S9-S13). Finally, the fish scale
fluxes from all species, anchovy and mesopelagic fishes were significantly higher, by at least one
order of magnitude, during the Current Warm Period (CWP) compared with any other period
(Tables S2, S3, and S6). The fluxes of the different types of fish bones were not statistically
different during the CWP when compared with any Holocene period (Fig. 7; Tables S9-13),
except for the fluxes of fish vertebrae from other species that were significant higher during the

CWP compared with any of the other time period (Tables S10).

4.3 Fish scale preservation and SEM observations

The preservation indices, the scales and vertebrae fluxes of anchovy and proxies for
environmental variability are all shown in Figure 8 and support the idea that the greater number
of bones than fish scales in periods characterized by enhanced oxygenation could be due to fish
scale degradation. Overall the three preservation indices show similar temporal patterns but were
not highly correlated with one another (Table 3). Given that each of the three preservation
indices can be affected by factors other than degradation, the compound preservation index is
likely the best indicator of fish scale preservation for the record (Fig. 8K; Salvatteci et al. 2012).
The compound index showed low values (indicating poor preservation) from the glacial period to
~18 kyr BP and high values during part of the deglaciation (i.e. Termination 1), but with greater
degradation from ~15 to 13.5 kyr BP. The Early and mid-Holocene were characterized by



relatively low values (poor preservation) like those of the glacial period, while the last 3 kyr
showed higher values compared with the rest of the Holocene but lower values compared with

most of the Termination 1 period.

While the major downcore patterns were shared between each preservation index, only some
of these temporal changes were associated with significant differences in preservation indices
between periods (Figs. 7P-R, and 8H-J). In the case of the integrity index, higher degradation
was only detected during the Early Holocene (Table S14). The index of bio-erosion was higher
(indicating less area covered by bio-erosion and thus good preservation) during the CWP and the
Termination 1, with no statistical difference between these periods (Table S15). During the CWP
and Termination 1 periods, the bio-erosion index indicates better preservation compared with the
Holocene and glacial periods (Table S15). The ratio of scale to vertebrae was high during the
CWP and the Termination 1 period (no statistical difference between these periods) and very low
during the Early Holocene and the glacial period (Table S16). The compound preservation index
was also high during the CWP and the Termination 1 period (not statistical difference between
these periods) and significant lower during the glacial period and during the Early Holocene

compared with both the Termination 1 and the CWP (Table S17).

SEM observations of fish scales reveal some of the processes of degradation of fish scales by
biota producing bio-erosion traces (Fig. 9). The two well-defined portions of the anchovy scale,
the hard upper well-mineralized portion and the multiple layers of fibrous collagen, are readily
identifiable in anchovy scales from a recently caught specimen (Fig. 9A-D). The hard well
mineralized portion is characterized by the growth lines over the fish scale surface and is very
thin in comparison with the middle portion composed of collagen layers (Fig. 9B and C). The
organic-rich collagen layers arranged in a lamellar fashion represent the thickest part of the fish
scale (Fig. 9B). An anchovy scale that has signs of bio-erosion all over the scale (Fig. 9E) by
conventional microscopy showed no apparent signs of visible bio-erosion over the surface under
SEM (Fig. 9F). However, a detailed observation reveals the presence of small holes in the upper-
well mineralized section of the scale (black arrows in Fig. 9G and H). These observations
suggest that bio-eroders penetrated the external layer to access the protein-rich internal layers. A

vertical section of the same scale shows several burrows and channels dug by bio-eroders within



the collagen layers (Fig. 91- K). An anchovy scale that shows parts of the upper hard layer
detached from the scale (Fig. 9L), has multiple needle-type structures. Another type of degraded
fish scale described by Salvatteci et al. (2012) was the thin and rolled-up scales with little
structural support (Fig. 9M). SEM images show evidence of bio-erosion all over this type of
scale and a presumably lack of the collagen layers that caused the reduced thickness in this

poorly preserved fish scale (Fig. 9N- P).

Anchovy vertebrae were also partially consumed by biota that leave bio-erosion traces.
However, the vertebra maintained its rigidity even if multiple bio-erosion traces were present in
the vertebra (Fig. 10). The images of an anchovy vertebra from a recently caught anchovy (Fig.
10A-C) show the cavities in the bone structure (Fig. 10B) where the dorsal spines were attached
(two oval shaped structures in Fig. 10A). A vertical section of the same vertebra (Fig. 10C)
shows lower quantity of cavities in the internal area. The SEM images of a half of an anchovy
vertebra with bio-erosion traces all over (Fig. 10D-F) show multiple burrows and channels inside
the vertebrae (compare and contrast Fig.10C and 10F). This anchovy vertebra was characterized
by extensive evidence of bio-erosion in comparison with the other vertebrae found in the
sediment cores. Holes were observed only in the cracked section of the vertebrae, not in the

external layer of the vertebrae (Fig. 10E-F).

Another type of fish debris alteration can be observed in some vertebrae from the glacial
period (Fig. 10G-I). SEM images of one vertebra from the LGM show the presence of
unidentified mineral phases forming over its surface. Additionally, the surface of this vertebra
presented thin layers over the vertebrae, as observed in the bottom-left section of Fig. 10H,
which could be easily detached with a pincer. The burrows (Fig. 10E-F) and the mineral phases
that were formed over the vertebrae (Fig. 10H-I) did not cause an evident increase in the fragility
of the vertebra even during the LGM which is associated with the lowest fluxes of anchovy
scales, poor preservation and a weak OMZ (Fig. 8). This observation suggests that the fish
vertebrae are much less likely to dissolve and changes in their abundances can be used as a rough

proxy for fish population variability during periods of poor fish scales preservation.



The relationship between the compound preservation index with 3'°N as a proxy for
denitrification and hence water column oxygen was high and significant, while the relationship
between the preservation index and sediment redox conditions (Mo/Re) was not as good but still
significant (Table 3). Both the 6'°N and the Mo/Re records presented a similar pattern during the
glacial periods and the Holocene, with lower values during the glacial period, the mid-Holocene
and parts of the Late Holocene indicating a weaker OMZ and higher values during most of the
Holocene indicating a stronger OMZ (Fig. 8A-B). However, at the start of the Termination 1 the
Mo/Re increased slightly and then decreased, which is in contrast with the sustained high values
of 8N during this period (Fig. 8A-B). The preservation indices also show high values during the
Termination 1, with a similar pattern as the 8'°N record (Fig. 8A, H-K). The individual
preservation indices also have stronger relationships with 8'5N than with Mo/Re (Table 3),
though the relationships are not as strong, which confirms that the compound index is a better

representation of preservation.

4.4 Fish species composition and relationships between species

The assemblage of fish scales during the last 25 kyr BP was largely dominated by anchovy
but other species contributed noticeably in some periods (Fig. 11). During the glacial period, fish
scale fluxes from all species were low, but the scales of oceanic species were very scarce (Fig.
11B-E). The end of the LGM was characterized by the presence of jack mackerel, hake and
mesopelagic fishes (Fig. 11C, E-G), then 2 kyr later, fluxes of anchovy scales increased (Fig.
11A). The rest of the Termination 1 period was marked by high fluxes of anchovy and
mesopelagic fish scales, relatively high fluxes of saury and the absence of sardine and chub

mackerel scales.

During the Holocene high fluxes of anchovy and mesopelagic fishes were observed, as well
as high fluxes of oceanic species compared with the glacial periods and the Termination 1 (Fig.
11). The Early Holocene was characterized by relatively high fluxes of fish scales from oceanic
species, anchovy and mesopelagic fishes, but low abundance of hake. The ratio of scales from
oceanic species to anchovy was highest during the Early Holocene presenting then a slight
decreasing trend towards the CWP (Fig. 70). Within the sediments present of the Mid Holocene,

relatively high fluxes of anchovy and low fluxes of oceanic species, hake, mesopelagic fishes



and unidentified fish scales were observed (Fig. 11). The Late Holocene was characterized by
high anchovy scale fluxes and an increase in hake scale fluxes (Fig. 11A, F). Finally, during the
CWP the flux of anchovy scales were one order of magnitude higher in comparison to the rest of
the record, and also the fluxes of oceanic species, hake, and mesopelagic fish scale fluxes are
relatively high (Fig. 11). The fluxes of fish scales from unidentified species were higher during
the CWP but also during the start of the Termination 1 period (Fig. 11H). Nevertheless, they still

represented a low percentage of the fish scale assemblage.

Relationships between time series of fish scales from different species could help to
understand the temporal changes in the marine ecosystem off Peru (Table 4). Given the poor
preservation of fish scales during some intervals and that fish scales from the different species
may have different responses to degradation due to their differences in size and thickness, we
focus on the well-preserved intervals of our composite record (values higher than 0 in the
composite record, Fig. 111) to gain insight on the relationship between species and between the
proxies of environmental variability. Contrary to the negative relationship that characterize the
anchovy and sardine landings in the HCS during the last 60 years, anchovy and sardine scales
fluxes showed a weak positive but not significant correlation (Table 4; r,=0.20, n=135, p>0.004).
Fluxes of anchovy scales also showed a poor correlation with the other species (Table 4). Among
the oceanic species, jack mackerel and chub mackerel were highly correlated (r;=0.34, n=135,
p<0.004), which was expected since these species share some similarities in habitat, physiology
and behavior. The scale fluxes of mesopelagic fishes was also highly correlated with jack
mackerel (r;=0.38, n=135, p<0.004). The correlation of jack mackerel with mesopelagic fishes
were higher than the correlation of anchovy with mesopelagic fishes which was also expected
given that anchovy inhabits the coastal area while jack mackerel and mesopelagic fishes prefer
the offshore region. These relationships between species were similar when the fish
concentrations (Table S18) were used instead of the fluxes meaning that the relationships

between species is not driven by temporal changes in mass accumulation rates.

Relationships between fish scales and fish vertebrae from different species could give an
indication to which species the unidentified vertebrae might belong. The fluxes of scales of

mesopelagic fishes and other vertebrae showed similar downcore patterns (Fig. 61 and 11G) and



were highly correlated (r;=0.51, n=135, p<0.001), suggesting that a great part of the unidentified
vertebrae shown in Figure 5 belong to these species. Anchovy scales were also highly correlated
with other vertebrae (r;=0.44, n=135, p<0.001) suggesting that some of the unidentified

vertebrae, like the type 4 and 5 vertebrae, could belong to juvenile anchovies.

4.5 Fish debris records and proxies for environmental variability

Relationships between the different types of fish scales and 8!°N, the proxy for water
column denitrification, could indicate the role of sub-surface oxygenation driving changes in fish
populations. To understand the role of oxygenation on fish population variability we only
focused on the well-preserved intervals (n=112; Fig. 111). A strong and positive correlation was
only observed for anchovy scales and 6'°N (r,=0.38, n=112; p<0.001) while the correlations of
the other fish scale fluxes with 8'N were poor (Table 4). Additionally, the GAM results indicate
a positive and strong relationship between anchovy scales and 3!°N (Fig. 12B). In contrast, there
is a positive relationship between anchovy vertebrae and 3'°N only for the low 83N values, at
higher 6'°N values there is no relationship (Fig. 12A). This suggests that a strong OMZ is
favorable for anchovy. The results from the GAMs showed no clear relationship between 85N
and hake the oceanic species or the mesopelagic fishes (Fig. 12C-E) as also observed in the poor

correlation of these fishes with 3N (Table 4).

Considerable variability in productivity, as inferred by Ni EF, TOC, and CaCOs, occurred
over the last 25 kyr BP, for example low productivity during the glacial period and high
productivity during parts of the Holocene (Fig. 8C, D and E). However, some important temporal
differences, specially between the CaCOj; fluxes and the Ni EF record, were observed. The
correlations (Table 3) of the TOC fluxes with Ni EF and CaCO3 are strong and positive (r,=0.40,
n=245, p<0.001; r=0.30, n=215, p<0.001 respectively), while there is no correlation of Ni EF
with CaCOj; (r:=-0.13, n=284, p<0.001). Part of the strong correlation between TOC and CaCO;
fluxes might be due to transformation of the concentrations into fluxes given that there is no
correlation in the concentrations of TOC and CaCOj; (Table S1); in contrast to the correlation of
TOC and Ni EF which is strong in both fluxes and concentrations (Table 3 and Table S1). The
three productivity proxies show low values during the glacial period and both Ni EF and TOC



show a slight increase during the Termination 1 period compared to the glacial period (Fig. 8C-
E). However, the CaCOj; record shows a strong increase during the Termination 1 period
compared to the glacial period (Fig. 8 E). During the Holocene the Ni EF record shows low
values during the Early and mid-Holocene and high values during the Late Holocene though with
strong centennial-scale variability (Fig. 8C). The record of TOC fluxes also shows low values
during the Early Holocene and from 2 to 0.5 kyr BP, with high values from ~5 to 2 kyr BP, and
the highest values during the CWP (Fig. 8D). During the Holocene the CaCOj; record shows low
values with some time intervals characterized by high CaCOj fluxes, as for example at ~9.5 kyr
BP and during the CWP (Fig. 8E). Given that the Ni EF better represent the original presence of
organic matter, is not affected by changes in sedimentation rates (asis the case of the TOC
fluxes) and has a higher temporal resolution (compared with the TOC and CaCOj; data)

henceforth we use the Ni EF as a proxy for export production.

The correlations and the GAM results between the different types of fish debris with
export production reveal the role of marine productivity driving temporal fluctuations in the fish
debris records (Table 4; Fig. 12). To understand the role of export production on fish population
variability we only focused on the well-preserved intervals (n=135, Fig. 111). The export
production record (Ni EF) presented relatively high and significant correlations with the scale
fluxes of anchovy (r;=0.27, n=135, p<0.001), sardine (r;=0.45, n=135, p<0.001) and chub
mackerel (r;=0.31, n=135, p<0.001), while the relationships of hake and mesopelagic fishes with
export production were positive but not significant (Table 4; Figs. 121 and J). Moreover, Ni EF
and anchovy vertebrae also showed a strong and positive correlation (r;=0.36, n=135, p<0.001).
Once more, the correlations of fish scale concentrations with Ni EF are similar as the correlations
of fish scale fluxes with Ni EF (Table S18), suggesting a strong relationship of productivity with
some species. The strong relationship between productivity and anchovy is also evidenced in the
GAMs results (Fig. 12F and G). The GAM for the oceanic species also shows a positive
relationship with productivity (Fig. 12H). However, time intervals with high Ni EF values are
often associated with very high 6'°N values and low oceanic species abundance (Fig. 8A and C,
Fig. 11B-E), thus sub-surface oxygenation might be limiting an increase in oceanic species

abundances when food is available.



Based on 19 selected variables over the length of whole data set (n=317), the PCA results
indicate that most variance of the data set (60.6%) was encompassed by the first three principal
components (Fig. 13). The temporal records of these principal components are shown in Figure
14 alongside five records that best reflect the temporal variability of each PC (see also
supplementary Text 1). PC1 is interpreted as the fish production signal excluding the oceanic
fishes and has a similar pattern as the fluxes of all fish scales excluding the oceanic species (Fig.
14B). PC1 has the highest loadings for all fish scales, scale fragments, anchovy scales,

mesopelagic scales, the bone remains and TOC.

PC2 is interpreted as a signal of preservation. PC2 has the highest positive loadings for
anchovy vertebrae and other bones, and the highest negative loadings for the three degradation
indices, 8N and Mo/Re. This means that when anchovy vertebrae and other bones are
relatively abundant compared with anchovy scales, there is not good preservation of scales due

to higher oxygen concentrations.

PC3 is interpreted as the fish production of oceanic species (Fig. 14F) and its impact on the
fluxes of fish vertebrae to the sediments given that it has the highest negative loading for the
fish scales of oceanic species and the highest positive loading for the ratio of scales to vertebrae.
An increase in predation of the oceanic species on anchovy could produce an increase in the flux
to the sediments of bones and vertebrae relative to fish scales given that fish scales are easier to
be digested than bones (O’Connell and Tunnicliffe, 2001). Alternatively, more oceanic species
could result in more of their vertebrae making it to the sediment. The PCA analysis was also
performed using the concentrations instead of the debris fluxes (Figs. S4 and S5), but the results
are very similar, indicating that the conversion of the fish concentrations to fluxes did not drive

the association among variables.

S. Discussion
A stacked record of fish debris covering the last 25 kyr BP, collected in one of the most
productive marine areas off Peru, was compared with proxies of environmental conditions to test
for effects of temporal changes in the intensity of the OMZ and productivity on fish population

abundance on multidecadal to millennial timescales. The range of glacial to interglacial



conditions provides a wide range of oxygen and productivity combinations that reflect several
end member oceanographic states of this region of the Humboldt Current (but not including the

dramatic interannual El Nifo/ La Nifia changes).

Taken together, the evidence from scales, skeletal debris, preservation indices, and
oxygen indices suggests that fish scales deposited in laminated sediments should only be used to
reconstruct past fish populations during periods associated with low oxygen contents in the water
column and in the sediments. For periods associated with greater oxygenation, and thus poor

preservation of fish scales, vertebrae may be a better indicator of fish abundance.

Our records show that anchovy was the most abundant pelagic fish in the NHCS during
the last 25 kyr, which is consistent with low resolution fish scale records from the Central
Peruvian Margin (De Vries and Pearcy, 1982). During the last 25 kyr, anchovy abundance
reached a maximum during the CWP i.e., when the industrial fisheries arose. Productivity seems
to be a main driving factor of anchovy, sardine and other species fluctuations (Table 4). On the
other hand, while oxygen is important to fish scale preservation in the sediments, the relationship
between changes in oxygen with population variability of most species is less clear. However,
anchovy seem to flourish during periods characterized by a strong (not the strongest) OMZ like
the CWP. It is, however, important to account for the step size of our data when interpreting our
results and the potential mechanisms. Indeed our dataset ranges over 25 kyr but the sample step
size varies between 6 and 50 years with an average of ~20.4 years. These time steps probably
capture the long-term averages but do not resolve sub decadal to decadal scale changes
associated for example with anchovy and sardine fluctuations. In the following sections we
discuss the importance for an accurate fish debris identification, the mechanisms driving fish
scale preservation, and finally the changes in fish population variability during the last 25 kyr

BP.

5.1 The utility of vertebrae and fish scale preservation
Difficulties with vertebrae identification result in the very high number of unidentified
vertebrae that probably belong to mesopelagic species and/or to juveniles from other species.

Vertebrae morphology vary within a species along the vertebrae column (Fig. 3G; Rose, 2013) as



do fish scales (Fig. 3A-C). While the identification of fish scales and vertebrae from the most
commercially important fishes (Fig. 3) could be readily done, the identification of fish scales and
vertebrae from other abundant fishes like the mesopelagic fishes was a challenge. The work by
Patterson et al. (2011) is perhaps the most detailed fish scale Atlas for the North Pacific, and

Osteobase (http://osteobase.mnhn.ft/) contains several vertebra types of multiple fish species.

However, none of these works contain information about fish scales and vertebrae from
mesopelagic fishes or fish of different ages. It is clear that to better understand past changes in
fish communities, other than anchovy, sardine, jack mackerel, chub mackerel and hake, a

comprehensive atlas of fish vertebrae is needed.

While previous studies (De Vries and Pearcy, 1982; O’Connell and Tunnicliffe, 2001;
Salvatteci et al., 2012), have shown strong changes in fish scale preservation in marine sediment
records, changes in oxygenation during fish debris burial and not time after burial, seem to be the
main driver of fish scales degradation in the sediment record. This principle is clearly evident
since poor fish scale preservation occurs during periods associated with a weak OMZ, and
enhanced water column oxygenation, like the LGM and the LIA (Fig. 8K; Salvatteci et al.,
2012). Likewise, fish scales from parts of the Termination 1 period, that encompassed a strong

OMZ, are similarly preserved compared with fish scales from the last 150 years (Fig. 8K).

The present study builds upon a previous study (Salvatteci et al., 2012) in terms of
identifying preservation with multiple indices and using vertebrae as an indicator of population
variability when preservation of scales is poor. For longer sediment records containing periods
associated with strong changes in oxygenation, vertebrae could be used as indicators of relative
changes in fish abundance. However, there are several factors that need to be considered while
using vertebrae data. First, fish scales reach the water-sediment interface primarily from scale
shedding (Shackleton, 1988; Field et al., 2009), while the majority of bones and vertebrae reach
the sediment by passing through the guts of predators (O’Connell and Tunnicliffe, 2001; Field et
al., 2009; Salvatteci et al., 2012). Thus, although the fluxes of fish scales and vertebrae to the
sediments should be somewhat dependent on population size, different modes of loss and
transport of vertebrae could cause deposition patterns to differ from those of scales (Salvatteci et

al., 2012). For example, an increase in the abundance of jack mackerel during the Early
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Holocene in our records might be partly responsible for the relatively high abundance of anchovy
vertebrae compared with the anchovy scales (Fig. 7B and L). Second, the vertebrae are scarcer in
comparison with fish scales and other type of fish debris (Table 1) and thus large quantities of
sediment must be analyzed to obtain a representative sample. Third, the difficulties associated
with fish bones identification makes this procedure a challenging task. In our composite record
the vast majority of the large vertebrae corresponded to anchovy and the small vertebrae to
unidentified species that very likely belong to mesopelagic fishes or juvenile individuals (Fig. 5).
Specifically, the lack of a defined waist in types 4 and 6 (Fig. 5) and the lack of well-developed
neural spines suggest that these vertebrae could belong to juvenile fishes (Rose, 2013). The
presence of vertebrae identified to be from jack mackerel, chub mackerel, hake or sardine was

rarc.

Both the observations of scales and vertebrae and the different relationships between the
preservation indices with !°N and Mo/Re (Table 3), suggest that there are multiple ways in
which scale degradation occurs and that oxygenation in the water column or in the sediments
might also affect the indices in different ways. The strong correlation between the bio-erosion
index with 8' N 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. Additionally, the
correlation of the ratio of scales to vertebrae with water column denitrification was higher than
with sediment redox conditions. One possible interpretation is that periods with a strong OMZ
limits the inshore incursion of predators (Bertrand et al., 2016), reducing predation and thus the
fluxes of fish vertebrae (and other bones) to the sediment floor. Finally, the integrity index is
sensitive to the number of scales counted and thus may not be powerful enough to detect the
poor preservation of fish scales that occur for example during the glacial period that was
observed during the process of fish debris identification. Perhaps an additional preservation
index based on the fish scale coloration and/or texture can be useful given that the few fish scales
from the glacial periods showed noteworthy changes in color and texture. These fish scales were

yellowish and crumbled apart very easy.

Fish scale degradation is driven by the premise that micro-organisms will nourish

themselves on the fibrous and organic-rich collagen layers (Fig. 9). Although the mineralized



external layer is avoided by these organisms, they need to perforate this thick layer in order to
reach the collagen fibers. Very few holes were found in the external layer while the internal
collagen layers were full of burrows and channels in the fish scales characterized by strong
degradation (Fig. 9). The bio-eroders could not be identified and could belong to any of the
following taxa: cyanobacteria, chlorophytes, fungi and other micro-chemotrophs (Wisshak et al.,
2011), and not only fungi as proposed by Salvatteci et al. (2012). One implication of the strong
degradation of fish scales in Peruvian sediments is that isotopic analyses on fish scales (Struck et
al., 2002; Hutchinson and Trueman, 2006) may be affected by the effect of bio-eroders on fish

collagen, and that only pristine scales should be used for this type of analyses.

5.2 Fish population variability

Based on our 25 kyr record, productivity appears asthe main factor controlling small
pelagic fish abundance (Table 4). Then, sub-surface oxygenation seems to play a role regulating
the abundance and distribution of pelagic fishes in the HCS in a species-dependent way. Indeed,
the abundance of most of the species increased with productivity while anchovy seems to
flourish in periods associated with a strong OMZ and high productivity, but the oceanic species
need more oxygen to thrive (Figs. 8 and 14). Taking into consideration fish scales preservation in
the sediments and the sampling volume, the largest resolved changes in inferred fish abundance

in our records occurred over ¢entennial to millennial timescales (Figs. 8, 11 and 14).

5.2.1 Glacial Periods

The low inferred abundance of all fish species during the glacial periods is likely due to
lower productivity (Figs. 11 and 14). Although poorer preservation of scales during the glacial
could affect the reconstruction of total fish abundance, particularly of the rarer species, the lower
number of vertebrae reiterate that abundances of most taxa were lower. The climatic and
oceanographic conditions off Peru during the cold glacial periods were not favorable for primary
productivity and for pelagic fishes in general. While SSTs during the LGM may have been lower
in the ETP (Feldberg and Mix, 2003; Koutavas and Joanides, 2012) and also in the HCS (Rein et
al., 2005; Salvatteci et al., 2019), the cooling could be caused by changes in the strength and/or
temperature of advection off the eastern boundary and not primarily by upwelling of cold waters

(Feldberg and Mix, 2003; Salvatteci et al., 2019). Moreover the ITCZ experienced a southward



shift in its position, implying a decrease in equatorial upwelling (Koutavas and Lynch-Stieglitz,
2004). The few sediment records collected in the Northern-Central part of the HCS containing
LGM sediment sequences, suggest low productivity (Rein et al., 2005; Salvatteci et al., 2016),
which is consistent with the response of the HCS to a weaker Walker circulation. Lastly, the sub-
surface waters in the ETSP were more oxygenated during the LGM as a result of increased
solubility and to enhanced formation of intermediate waters that can increase the physical supply
of oxygen (Meissner et al., 2005). These hydrographic conditions are somewhat similar to El
Niflo-like conditions with regards to productivity and oxygen, except that SSTs were lower
during the LGM and are higher during El Nifio events or periods of El Nifio like conditions
within the Holocene. The results thus confirm that productivity and probably oxygen are more
important than temperature (as frequently referred in the literature), for anchovy and oceanic

species.

5.2.2 Termination 1

The high inferred abundance of anchovy and mesopelagic fishes and the low inferred
abundance of most oceanic species during the Termination 1 could be due to a combination of a
slight increase in productivity compared with the LGM and a strong OMZ. Export production in
our records (Fig. 8C-E) was relatively low compared with the Holocene values, but during the
Termination 1 there was a reduction in the spatial distribution of the main upwelling centers
from its modern locations between ~9°S and ~15°S to ~9°S and ~12°S (Doering et al., 2016).
Higher export production values were found between 9°S and 12°S and perhaps in this area a
higher abundance of anchovy could be found. During the Termination 1 the sea-level was 90 to
120 m below its present level (Fairbanks, 1989), causing changes in the coastline and potential

latitudinal shifts in the upwelling centers.

The response of the pelagic fish community off Peru during the Termination 1 could be
similar to future warm scenarios that predict an increase in the volume of the OMZ and a
decrease in primary production (Brochier et al., 2013; Oerder et al., 2015). The relatively high
abundance of anchovy during the Termination 1 could be related to the very strong OMZ,
promoting a very thin surface oxygenated habitat and thus concentrating the prey in the upper

meters of the water column and limiting the incursion of predators near the coast (Bertrand et al.,



2011). The OMZ among other climatic factors, may be the main reason of relatively high
abundance of anchovy. For sardine, the combination of relatively low productivity and strong
OMZ seems to be the likely conditions that caused the absence of sardine off Peru. Indeed
sardine needs a more oxygenated-deeper habitat to flourish (Bertrand et al., 2011). The lack of
sardine scales indicates that sardine was not present (or at very low abundances) during the
Termination 1 since preservation was higher (Fig. 8K) and sardine scales are more resistant to
degradation. The strong OMZ during the Termination 1 was also unfavorable for jack mackerel
and chub mackerel that also need more oxygen to thrive (Bertrand et al., 2016). The low
abundance of jack mackerel and chub mackerel, and other predators that cannot cope with low
oxygenated waters, can be one of the reason of the increased abundance of mesopelagic fishes.
The mesopelagic fishes, could escape from the few predators by resting in the OMZ during the
day and, during the night, feed on zooplankton concentrated in the upper meters of the water

column.

5.2.3 Holocene

During the Holocene, the high inferred abundance of anchovy, sardine, jack mackerel, chub
mackerel, saury, hake and mesopelagic fishes is best explained by an overall increase in
productivity compared with the glacial and Termination 1 periods. However, export production
and OMZ intensity display strong multi-decadal to centennial-scale changes (Fig. 8A-E),
especially during the Late Holocene, that likely affected fish abundances in the HCS. The
multidecadal to centennial-scale changes in the inferred abundance of anchovy and other species

are also observed inlow temporal resolution records from the central HCS (De Vries and Pearcy,

1982).

The new evidence for a strong relationship of anchovy with export production as well as some
influence of oxygen can be best interpreted with modern observations of anchovy in the HCS.
For anchovy, not only the abundance of food matters but also the type and size of phytoplankton
and zooplankton (Espinoza and Bertrand, 2008; Espinoza et al., 2009). High nutrient supply will
not only enhance primary productivity but also favor the development of large plankton (e.g.
Ayon et al., 2011) that are favorable for particulate feeding anchovy (Espinoza and Bertrand
2008; van der Lingen et al., 2009). The positive relationship of anchovy and the proxy for sub-



surface deoxygenation suggests that a shallow-oxygenated habitat, promoted by a strong OMZ,
concentrates the prey near the surface enhancing anchovy foraging and leading to an advantage
over other pelagic fishes (Bertrand et al., 2011, 2014). However, during some periods in the Late
Holocene characterized by a very strong OMZ, anchovy abundance was not as high as during the
CWP (Fig. 8A, F and G) suggesting that a very strong OMZ may not be favorable for anchovy
populations. The optimal conditions for anchovy being the current warm period with much of the

Holocene also being favorable.

Productivity also seems to be an important factor affecting oceanic species abundance, even if
the results are less robust because of the large amount of zeros in the dataset. These zeros likely
results from low abundances that cannot be resolved with our sampling resolution as favorable
habitat expands and contracts with decadal-scale phenomenon (Bertrand et al., 2004; 2008; 2011,
2016; Gutierrez et al., 2007; Swartzman et al., 2008). However, the higher ratio of oceanic
species to anchovy during the Early Holocene suggests that oceanic warm waters intrusion to the
coast were considerably more frequent at this time. The Early Holocene was associated with a
northward displacement of the ITCZ compared with the Late Holocene and the CWP (Haug et
al., 2001). Moreover, during the Early Holocene the '“C reservoir ages showed higher values but
also highly variable, suggesting stronger upwelling (Ortlieb et al., 2011). Other globally warm

periods were also more favorable while the LGM was unfavorable for these species.

Based on the step-size of our samples, we found no evidence for a negative relationship
between hake abundance and the strength of the OMZ (Figs. 11F and 14E). While this result
seem at first glance to contradict hake ecology, an important ontogenic characteristic of hake
ecology needs to be considered. Juvenile hake present a demersal-pelagic behavior (San Martin
et al., 2011) and should not be as dependent on sub-surface oxygenation as adult. It is difficult to
differentiate juvenile from adults from hake fish scales in sediment records since they tend to
fragment from the sides and thus alter the true widths of the scales. However, Rose (2013) found
that most hake scales in Santa Barbara Basin come from juveniles of one to two years of age. We
interpret our hake scale record as southward increases in the range of distribution of juvenile
hake probably due to an increase in overall productivity during some periods of the Mid and Late

Holocene that promoted anchovy development and thus hake given that adult hake prey on



anchovy (Tam et al., 2006). Nonetheless, the more pelagic behavior of juveniles (San Martin et
al., 2011), would explain the lack of a relationship between hake scales and oxygen proxies. The
abundance of hake is higher in the northern HCS and this is reflected in the higher percentage of
hake scales (~16%) in sediment cores collected at ~12°S (De Vries and Pearcy, 1982) than off
Pisco (2.7%, Table 2). Thus, a reconstruction of hake from cores taken further north could reveal

changes within the population center of distribution of hake.

A final implication of the record is that the industrial fishery in Peru occurred during the
most productive period during the last 25 kyr. Although older parts of the record could have had
poorer preservation, the high inferred fish abundance during the last 150 years stems from high
fish productivity (PC1, Fig. 14A), and both high fluxes (Fig. 11A) and concentrations (Fig. S1)
of anchovy scales. Furthermore, the last 150 years is characterized by records of much higher
marine productivity compared with prior periods (Gutierrez et al., 2011; Salvatteci et al., 2014b,
2018) likely due to the combination of a strong and nutrient-rich OMZ (Salvatteci et al., 2014b),
strong summer-spring water column stratification promoting diatom blooms (Gutierrez et al.,
2011; Salvatteci et al., 2018) and also strong upwelling-favorable winds (Bricefio-Zuluaga et al.,

2016).

5.3 Implications

The present study provides important insight in the context of climate change. Current
models predict a decrease of the productivity in the HCS (Oerder et al., 2015), which would be
detrimental for all fish species, and in particular for anchovy. Moreover, a global increase of the
OMZ is expected as a consequence of global warming due to lower oxygen dissolution in
warmer waters and higher stratification limiting the vertical exchanges (e.g. Schmidtko et al.,
2017). Thus the 215 century could thus face conditions alike to those encountered during the
Termination 1 period that was characterized by relatively low productivity and an intense OMZ,
which might be associated with less anchovy, sardine, and oceanic species in this region (based
on Termination 1 period). It is not possible to make any robust prediction at this stage, but our

study provide possible scenarios to consider and to test in modelling approaches.

6. Conclusions



Our composite record of fish debris that spans a wide range of climatic and
oceanographic conditions reveals the response of fish populations to a unique set of
oceanographic end-member conditions and the mechanism driving the temporal changes in fish
abundance. Changes in fish scale preservation are not a function of age of sediments, but rather,
can be clearly linked to changes in water column oxygenation, and less so to sediment redox
conditions. Time-periods characterized by a weak OMZ (i.e. greater oxygenation) like the glacial
periods resulted in poor preservation of fish scales. Since scales degrade more easily than
vertebrae, we recommend using vertebrae as additional indicators of changes in fish abundance

when oxygen concentrations may be higher.

During the last 25 kyr BP, the abundance of anchovy, sardine, jack mackerel, chub
mackerel, saury, hake and mesopelagic fishes largely fluctuated at multidecadal to millennial
timescales in the HCS. Productivity appears as the primary factor affecting small pelagic fish
abundance, though sub-surface oxygenation also affects some species. Anchovy have been the
predominant small pelagic fish, at least over centennial to millennial timescales. Its abundance
reached a maximum during the Current Warm Period that is characterized by high productivity
and intense (but not the most intense) OMZ conditions. Thus, industrial fisheries developed
during a period of exceptional productivity in relation to that of the last 25 kyr. The absence of
sardine during the glacial periods and the Termination 1 support the hypothesis that sardine need

high productivity and oxygen to thrive.
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TABLES

Table 1. Relative abundance of the different fish debris types in the composite record B14-G10-G14

Fish debris type Number of debris %

Fish scales from all species 13934 11.9
Fish scale fragments 72122 61.5
Spines 12831 10.9
Spine fragments 2908 2.5
Vertebrae 3869 33
Other bones 11177 9.5
Jaws 468 0.4

117309

Table 2. Relative abundance of the fish scales from different fish species in the composite record B14-
G10-G14

Fish species/group ~ Number of scales %

Anchovy 12486 89.6
Sardine 177 1.27
Jack mackerel 150 1.08
Chub mackerel 34 0.24
Saury 35 0.25
Hake 379 2.72
Mesopelagic fishes 410 2.94
Unidentified 263 1.89

13934



Table 3. Spearman correlation values (r,) between the different types of fish debris fluxes from the
composite record B14-G10-G14. Underlined values indicate significant values after correcting for
multiple comparisons (p<0.002). The asterisks at the right side of some values indicate that the r, value

was obtained from two categories that share the same data (e.g. all species scales and anchovy scales).

Jack

Chub

§ 8 - . | All bones (spines. . - .
Anchovy Sardine G kel SV Hake  Mesopehgic  Unidentified  Seale (70T Other o Jaws  Spines P crosin. | Scaksto - Compound | oy e e 0 cacos
seales T Meaes | Soales  scales  fihscakes  fihscales fragments | 08 TP verebrae verebrae (B0 (B0 L fragments ox vorebrae preservation | 2L (O] sy (i)
@30 (B @y @3 @3 @17 ®=317)  (@=317) =17 (n=317) (n=317) iy (PRI index (n=311)
All fish scales,
Anchovy scales
Sardine scales 1.00
Jack mackerel scales 017 1.00
Chub mackerel scales 021 02 1.00
Saury scales 0.08 0.13 0.15 1.00
Hﬂk(" scales 0.08 0.1 0.17 0.13 1.00
Mesopelagic fish scales 0.1 0.29 0.13 0.14 0.16 1.00
Unidentified fish scales 010 021 024 008 017 013 1.00
Scale fragments 0.24 0.06 017 0.13 023 021 0.06 1.00
All bones 0.21 0.25 0.15 0.10 0.17 0.27 0.04 0.75 1.00
Anchovy vertebrae 0.15 0.16 011 0.02 0.01 0.11 0.00 0.56 0.76*
Other vertebrae 0.21 0.36 0.15 0.11 025 0.40 0.16 0.34 0.58" 1.00
Bones 0.15 0.19 0.09 0.08 0.15 0.23 0.01 0.65 0.92* 0.52
Jaws 0.09 0.13 0.02 0.04 0.21 0.17 -0.07 0.54 0.65" 043 1.00
Spines 0.25 0.20 0.17 0.1 0.16 0.24 0.05 0.79 0.94° 047 0.57 1.00
Spine fragments 0.13 0.17 0.10 0.00 0.09 0.17 -0.01 0.58 0.80" 0.34 0.52 0.71 1.00
Integrity index: 0.04 0.23 0.15 0.16 0.20 0.36 0.18 0.06 0.00 0.10 0.02 -0.01 -0.04
Bio-erosion index 003 001 011 013 015 016 018 012 -0.09 0.04 006 002 020 1.00
Scales to vertebrae 0.10" 0.1 0.1 0.12* 022" 0.08* 0.13* 0.35 -0.10* -0.36" -0.08 0.04 -0.08 0.32 1.00
Compound preservation index 006 007 015 02 019 026 022 017 0.12 0.1 006 006 015 069" 055" 1.00
5N 0.08 0.06 0.10 0.17 0.02 0.19 0.14 0.28 0.03 -0.06 0.03 0.12 -0.06 0.44 047 0.55 1.00
Mo/Re 0.22 0.14 0.18 0.03 -0.06 0.18 0.09 0.15 -0.03 -0.03 -0.08 0.05 -0.13 0.1 0.22 0.22 0.40 1.00
NiEF 042 024 026 002 013 023 0.04 041 038 031 021 043 027 0.05 009 0.06 018 044 | 1.00
TOC 0.25 0.14 017 0.03 0.16 0.20 0.02 0.44 0.56 044 0.39 0.53 0.45 0417 -0.03 017 008 013 | 040
CaCos 0.01 005 0.10 010 -0.06 0.16 0.14 022 022 013 014 021 0.08 0.16 016 017 042 005 | 043 030  1.00

Table 4. Spearman correlation values (r;) between the different types of fish scales and vertebrae fluxes in
the well-preserved samples from the composite record B14-G10-G14. The number of samples for each

component is indicated between parentheses. Underlined values indicate significant values after
correcting for multiple comparisons (p<0.002). The asterisks at the right side of some values indicate that
the r; value was obtained from two categories that share the same data (e.g. all species scales and anchovy

scales).
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Allbones 027 0% 019 015 on 030 002 012

Anchovy vertebrae 0.18 0.21 0.15 0.14 -0.06 0.10 -0.04 0.57 1.00

Other vertebrae 0.25 047 0.19 013 0.24 051 0.20 0.29 0.21 1.00
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Figure 1. A) Dissolved oxygen content (mL x L!) at 300 meters depth in the Tropical Pacific. B) Sea
Surface temperature (°C) plot over the Tropical Pacific. The black triangles in A and B indicate the
location of the composite record (B14-G10-G14) used in thissstudy. C) Detailed map of the position of
cores B14, G10 and G14 used to assemble the composite record.
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Figure 2. Photographs and X-ray images of the sediment cores used to assemble the composite record. A)
Box-core B05-14. B) Gravity core G-10. C) Gravity G-14. Cores G-10 and G-14 were divided onboard
into 6 sections (S1 to S6), where S6 is the most recent section. Numbers at the left side of the photographs
represent '4C years cal BP. Modified from Salvatteci et al. (2014b; 2016).

Merluccius
gayi peruanus

ey
Engraulis ringens

Scomberesox saurus scombriodes

Figure 3. Fish debris from the most abundant and commercially important fishes in the Humboldt Current
System taken from recently caught fishes. A) Fish scales from anchovy (Engraulis ringens) taken from



different regions of fish. B) Fish scales from sardine (Sardinops sagax) taken from different regions of
fish. The nomenclature of the scale types (Y, X, S, R, L, and x for anchovy and C, T, S, T/C and S/T for
sardine) are after Shackleton and Johnson (1988) and Lozano-Montes (1997). C) Different scale types
from chub mackerel (Scomber japonicus). D) Typical fish scale of hake (Merluccius gayi peruanus). E)
Fish scales from jack mackerel (Trachurus murphyi). F) Three different fish scales from saury
(Scomberesox saurus scombriodes). G) Different types of anchovy vertebrae. H) Different types of
Vincinguerria lucetia vertebrae. Horizontal scale bar = Imm.

Diaphus pacificus Hygophum atratum Triphoturus mexicanus ~ Diogenichthys atlanticus

St L €

Vinciguerria lucetia

Dioéé}zichthys laternatus

Benthosema panamense

Tarletonbeania crenularis .

Diaphus theta

Figure 4. Fish scale of some mesopelagic fishes. A) Diaphus pacificus. B) Hygophum atratum. C)
Triphoturus mexicanus: D) Diogenichthys atlanticus. E) and F) Vinciguerria lucetia. G) Benthosema
panamense. H) Diogenichthys laternatus. 1) Tarletonbeania crenularis. J) Diaphus theta. Images taken
from the fish scale collection of CICESE. Scale widths were not measured but based on observation from
the sediment records the scale diameters range from 0.5 to 2 mm.
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Figure 5. Different types of non-i ied vertebrae found in the composite core B14-G10-G14. A picture
of an anchovy vertebrae is also sho r comparison. Scale bar represents 1 mm. The vertebrae type 5
corresponds to Vincinguerri tia (compare and contrast type 5 image and the vertebrae located at the

bottom right side of Fi H), the types 11 and 12 might also correspond to Vincinguerria lucetia and
the type 13 could corr to a myctophid according to the findings of Rose (2013).
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Figure 6. Fish debris fluxes in the composite record B14-G10-G14. A) All fish scales. B) Anchovy scales.
C) Scale fragments. D) All bones. E) Spine. F) Spine fragments. G) Other bones. H) Anchovy vertebrae.
I) All vertebrae except anchovy. J) Jaw bones. In core B-14, jaw bones were quantified as bones. The
acronyms used in this figure as follow: Last Glacial Maximum (LGM), Heinrich 1 Stadial (H1S) and
Antarctic Cold Reversal (ACR). The shaded gray areas indicate samples associated with homogeneous or
slumped deposits where fish scales were not analyzed and also the time period not covered by G-10 and
G-14 between the Termination 1 and the Holocene.
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Figure 7. Average and standard deviation of the different types of fish debris fluxes lumped in periods of

E

GP T1 EH MH LH CWP

T
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interest. A) All fish scales fluxes. B) Anchovy scales fluxes. C) Oceanic species scales fluxes, which
includes the fish scales of sardine, jack mackerel, chub mackerel and saury. D) Hake scales fluxes. E)

Mesopelagic fish scales fluxes. F) Unidentified fish scales fluxes. G) Scale fragments fluxes. H) Fluxes of



all bones, which includes the fluxes of spines, spine fragments, other bones, anchovy vertebrae and other
vertebrae. I) Spine fluxes. J) Spine fragments fluxes. K) Other bones fluxes. L) Anchovy vertebrae fluxes.
M) Fluxes of all vertebrae except anchovy. N) Jaw bones fluxes. O) Ratio of the fish scales from oceanic
species to anchovy, this ratio was calculated by dividing the accumulated sardine, jack mackerel, chub
mackerel and saury fluxes to the anchovy fluxes. P) Integrity index. Q) Bio-erosion index. R) Ratio of
fish scales to vertebrae from all species. The acronyms used in this figure are: Current Warm Period
(CWP), Late Holocene (LH), Mid-Holocene (MH), Early Holocene (EH), Termination 1 (T1), and
Glacial period (GP) which includes the Glacial and Last Glacial Maximum periods from Figure 6.
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Figure 8. Comparison of the anchovy scales and vertebrae fluxes with proxies for environmental
conditions and fish debris preservation. A) !°N as a proxy for water column denitrification and hence
sub-surface deoxygenation. B) Mo/Re ratio, higher values indicate more reducing conditions in the
sediment. C) Ni EF, as a proxy for export production. D) TOC fluxes, as a proxy for export production.

E) Calcium carbonate as a proxy for export production. F) Anchovy scale fluxes. G) Anchovy vertebrae
fluxes. H) Integrity index. I) Bio-eroded free area index. J) Ratio of scales to vertebrae from all species.
K) Compound preservation index. The thick black line in H, I, J and K represents a five-interval moving
average. The shaded gray areas indicate samples associated with homogeneous or slumped deposits where
fish scales were not analyzed, and the time period not covered by G-10 and G-14 between the
Termination 1 and the Holocene.
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Figure 9. Scanning electron microscope (SEM) and conventional images of fresh and degraded anchovy
scales. A) SEM image of a ripped portion of an anchovy scale taken from a recently caught fish. B)
Vertical section of the same scale shown in A. C and D) zoom of the scale in A showing the collagen
layers. E) Conventional image of an anchovy scale with tunnels dug by bio-eroders all over the scale. F)
SEM image of the surface of the same anchovy scale in E without any evident sign of degradation over
the scale. G) and H) Zoom of the anchovy scale shown in F, showing small holes over the scale surface
(arrows). I, J and K) Vertical section of the anchovy scale in E showing the multiple channels dug by bio-
eroders. Image show in K also presents a hole over its surface (black arrow). L) Close-up image of
another anchovy scale that present loss of the surface layer and needle-type formations. M) Conventional
photograph of a flimsy and rolled-up anchovy scale. N, O and P SEM images of the same anchovy scale
in M.
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Figure 10. Scanning Electron Microscope (SEM) images of anchovy (Engraulis ringens) vertebrae from a
recently caught individual (A to C), with strong signs of bio-erosion (D to F), and with mineral crystals
over the vertebrae surface (G to I). A) SEM image of an anchovy vertebrae, the discontinuous line
indicates the position were the vertebrae was cut to observe the internal components. B) Detail of the oval
structure where the dorsal spines are attached to the vertebra. C) Vertical sections of the vertebrac shown
in A.D) Vertebrae with strong evidence of bio-erosion. E) Zoom of the vertebrae shown in D) showing
the galleries done by bio-eroders. F) Vertical section of the vertebrae in D) showing also the presence of
galleries (compare and contrast D with F). G) Vertebra found in sample G14 S1B 45 from the LGM
showing the presence of minerals over the surface. H) Zoom of the same vertebra shown in G). I) Zoom
of the vertebrae in I showing the unidentified minerals.
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Figure 11. Detailed fish scale fluxes composition. A) Anchovy (Engraulis ringens). B) Sardine

(Sardinops sagax sagax). C) Jack mackerel (Trachurus picturatus murphyi). D) Chub mackerel (Scomber



Jjaponicus). E) Saury (Scomberesox saurus scombroides). F) Hake (Merluccius gayi peruanus). G)
Mesopelagic fishes. H) Non-identified species. I) Compound preservation index, the thick black line
represents a five-interval moving average. The shaded gray areas indicate samples associated with

homogeneous or slumped deposits where fish scales were not analyzed and also the time period not
covered by G-10 and G-14 between the Termination 1 and the Holocene.
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Figure 12. Generalized additive models (GAMs) between fish debris fluxes and proxies for water column
denitrification (8'°N) and export production (Ni EF). A) "N versus anchovy vertebrae. B) 3'°N versus
anchovy scales. C) 85N versus oceanic species scales, which includes sardine, jack mackerel, chub



mackerel and saury. D) 6'°N versus hake scales. E) 3'°N versus Mesopelagic species. F) Ni EF versus
anchovy vertebrae. G) Ni EF vs anchovy scales. H) Ni EF versus oceanic species scales. I) Ni EF versus
hake scales. J) Ni EF versus Mesopelagic fish scales. The intervals selected for this analysis were the
samples (8'°N n=112; Ni EF n=135) characterized by good fish scale preservation (i.e. values of the
compound preservation index higher than zero, see Fig. 8K), Tick marks on the x-axis represent observed
data points. Y-axis represents the smooth fitted function of the dependent values and are centered to zero.
The values in parentheses in the y-axis label indicate the degree of freedom of the model.
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Figure 13. Loadings of the 3 main principal components of the 19 selected variables. The PC1, PC2 and
PC3 explain 40.1, 13.9 and 8.3% of the data set variance.
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Figure 14. Time series of the main 3 principal components. A) PC1 representing the fish production
excluding the oceanic fishes. B) Fluxes of all fish species and groups excluding the oceanic species. C)
PC2 representing the preservation signal. D) Compound preservation index as shown in Fig. 8K. E) 6'°N
as a proxy for water column denitrification and hence sub-surface deoxygenation as shown in Fig. 8A. F)
PC3 representing the fish production of oceanic species and its impact on the fluxes of fish bones to the
sediment. G) Fluxes of oceanic species (sardine, jack mackerel, chub mackerel and saury). H) Ratio of all
scales to all vertebrae as shown in Fig. 8J.



Highlights

- Anchovy and other fishes fluctuated from multidecadal to millennial timescales
- Productivity appears as the main factor controlling small pelagic fish abundance
- Sub-surface oxygenation seems to play a role in a species-dependent way

- The industrial fishery developed during a period of exceptional fish productivity



