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Abstract. The tropical Pacific ocean—atmosphere system in-use a multi-proxy approach including organic and inorganic
fluences global climate on interannual, decadal, as well aproxies in finely laminated sediments retrieved off Pisco
longer timescales. Given the uncertainties in the response af~ 14° S), Peru to reconstruct the PUE response to these cli-
the tropical Pacific to increasing greenhouse gasses, it is immatic periods. Our results indicate that the centennial-scale
portant to assess the role of the tropical Pacific climate vari-changes in precipitation are associated with changes in the
ability in response to past global changes. The Peruvian Upintertropical Convergence Zone (ITCZ) meridional displace-
welling Ecosystem (PUE) represents an ideal area to reconments and expansion/contraction of the South Pacific Sub-
struct past changes in the eastern tropical Pacific region beropical High (SPSH). Additionally, during the NH cold pe-
cause productivity and subsurface oxygenation are stronglyiods, the PUE exhibited an El Nifio-like mean state, charac-
linked to changes in the strength of the Walker circulation. terized by a weak oxygen minimum zone (OMZ), and low
Throughout the last 2000 years, warmer (the Roman Warmmarine productivity. In contrast, during the RWP, the last
Period — RWP; the Medieval Climate Anomaly — MCA; and stage of the MCA and the CWP, the PUE exhibited a La
the Current Warm Period — CWP), and colder (the Dark AgesNifia-like mean state, characterized by an intense OMZ and
Cold Period — DACP — and Little Ice Age — LIA) inter- high marine productivity. Comparing our results with other
vals were identified in the Northern Hemisphere (NH). We relevant paleoclimatic reconstructions revealed that changes
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in the Walker circulation strength and the SPSH expan-for the past 600 years, showing large climatic, oceanographic
sion/contraction controlled marine productivity and OMZ in- and biogeochemical changes. Paleoceanographic reconstruc-
tensity changes during the past two millennia. tions off central Peru show that a dramatic reduction of ex-
port production occurred during the LIA, associated with
a weak Oxygen Minimum Zone (OMZ) compared to the
last ~ 100years (Sifeddine et al.,, 2008; Gutiérrez et al.,
1 Introduction 2009). The lower productivity off Peru during the LIA was
associated with an increase in terrestrial input, suggesting
The tropical Pacific ocean—atmosphere system influencehkigher precipitation in Peru, as also inferred from continental
global climate on interannual to decadal (Philander, 1990yecords (Reuter et al., 2009; Bird et al., 2011). The PUE re-
Bratcher and Giese, 2002), as well as longer timescales witlsponse to the LIA was interpreted to be a result of a mean
profound long-term effects (Koutavas et al., 2002; Kienast etsouthward displacement of the ITCZ and a reduced influ-
al., 2006; Partin et al., 2007). The response of the tropical Paence of the SPSH along the Peruvian margin (Sifeddine et
cific to the ongoing accumulation of greenhouse gases is unal., 2008; Gutiérrez et al., 2009). The present study builds
certain. Some studies suggest that the atmospheric east—wasgton previous work (e.g., Sifeddine et al., 2008; Gutiérrez et
Walker circulation in the tropical Pacific weakened during al., 2009, 2011) to determine if such responses of the PUE are
the 20th century and would further decrease under a warmetonsistent during other anomalous periods of mean Northern
climate (Vecchi et al., 2006). By contrast, recent studies sugHemisphere climate.
gest that there is no trend in the tropical Walker circula- The few paleoceanographic reconstructions off Peru cov-
tion (Compo et al., 2011) or even that the tropical Pacific ering longer time periods show conflicting results and dif-
trade winds strengthened in the past two decades probablferent climatic interpretations, most likely due to problems
due to a warming of the Indian Ocean relative to the Pacificassociated with the age models developed in each sediment
(Luo et al., 2012). It is therefore important to determine the core. The MCA was inferred as a period with low climate
role of the tropical Pacific climate variability in response to variability, of extreme drought, and with persistently weak
past global natural changes, and to understand the underlyingl Nifio activity (Rein et al., 2004). In addition, Agnihotri
mechanisms (Graham et al., 2011). et al. (2008) showed that during the MCA the subsurface

Paleoclimate reconstructions, primarily within the North- denitrification was lower than at the start of the LIA, and
ern Hemisphere (NH), yield some general global-scalethat oceanographic changes during this period were of mi-
patterns that are widely referred to, although it is well nor intensity. In contrast to the hypothesis of a period with
known that there is considerable departures from thesdow climate variability during the MCA (Rein et al., 2004;
general Northern Hemisphere patterns on a regional scaldgnihotri et al., 2008), a biomarker study off Callao showed
(PAGES 2k Network, 2013). Therefore, it is of great inter- that the early part of the MCA was associated with lower El
est to know the role of regional phenomenon during peri-Nifio activity, while during the latter half of the MCA both El
ods of average Northern Hemisphere anomalies. ThroughNifio and La Nifia intensified (Makou et al., 2010). Taken to-
out the past 2000 years, periods of warmer climate in thegether, several works suggest that the MCA (LIA) was char-
Northern Hemisphere (the Roman Warm Period — RWP, fromacterized by a La Nifia-like (El Nifio-like) mean state condi-
~ AD 50 to AD 400, the Medieval Climate Anomaly — MCA, tion and lower El Nifio (La Nifia) activity (e.g., Rein et al.,
from ~ AD 900 to AD 1350) have alternated with colder pe- 2004; Sifeddine et al., 2008; Gutiérrez et al., 2009; Makou et
riods (the Dark Ages Cold Period — DACP, fromAD 500 to al., 2010). However, a direct comparison of different proxies
AD 900 — and the Little Ice Age — LIA, from- AD 1500 to  from different records off Peru should be made with caution,
AD 1850) (Lamb, 1995; Mann et al., 2009; Graham et al., because of chronological problems (e.g., varying reservoir
2011). The general long-term cooling trend ended late in theages in space and time), as well as problems with the stratig-
19th century, and the last century (the Current Warm Period +aphy of each core (Salvatteci et al., 2014). Moreover, the
CWHP, from~ 1900 to the date) was the warmest period dur-response of the PUE to climate changes during older peri-
ing the past two millennia except in Antarctica (PAGES 2k ods, like the RWP and DACP, has only been assessed to a
Network, 2013). limited extent (Rein et al., 2005; Agnihotri et al., 2008).

The Peruvian Upwelling Ecosystem (PUE) represents an To date there is still some uncertainty over the predom-
ideal area to reconstruct past changes in the eastern tropicalant mechanisms controlling marine productivity in the
Pacific because upwelling intensity, productivity and subsur-PUE at centennial timescales. Two important mechanisms
face oxygenation are strongly linked to displacements of thehave been suggested: changes in the Walker circulation
South Pacific Sub-tropical High (SPSH) and changes in thestrength, and changes in the expansion/contraction of the
strength of the Walker circulation at interannual timescalesSPSH (Gutiérrez et al., 2009). Changes in the SST gradi-
(Philander, 1990). The PUE is one of the most productiveent across the tropical Pacific, driven by variations in total
zones in the tropical Pacific, but detailed paleoceanographisolar irradiation, can produce large changes in the Walker
reconstructions with well-constructed age models exist onlycirculation (Clement et al., 1996; Mann et al., 2009). Several
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studies suggest a stronger (weaker) Walker circulation durmultidecadal- to centennial-scale periods with strong (weak)
ing the MCA (LIA), inducing a La Nifia (El Nifio)-like mean OMZ, and higher (lower) export production are defined in
state (Cobb et al., 2003; Mann et al., 2005, 2009; Oppo ethe present work as persistent La Nifia (El Nifio)-like states.
al., 2009; Conroy et al., 2009, 2010). Under this scenario,Second, the results of the present work are compared with
the PUE should present higher productivity during the NH records of changes in Walker circulation strength and SPSH
warm periods (RWP and MCA) compared to the NH cool expansion/contraction to assess the influence of changes in
periods (DACP and LIA). On the other hand, the southernthese systems over the PUE.
range of the SPSH also experienced important meridional
displacements during the last two millennia as inferred from
the meridional changes in the position of the Southern West2  Environmental setting
erlies (Lamy et al., 2001; Mohtadi et al., 2007; Moy et al.,
2009; Koffman et al., 2013), suggesting changes inthe SPSK2.1  Characteristics of the Peruvian Upwelling
expansion/contraction. According to this idea, the SPSH con- Ecosystem
tracted during the cold periods (DACP and LIA) and ex-
panded during the RWP and part of the MCA (Lamy et al., The PUE is an eastern boundary upwelling system character-
2001). Accordingly, we would expect higher marine produc- ized by a shallow surface mixed layer, a shallow thermocline
tivity off Peru during the warm RWP (expanded high pres- and high productivity driven by coastal upwelling of nutrient-
sure) and part of the MCA, while the opposite is expectedrich cold waters that are poorly ventilated (Pennington et al.,
for the cold DACP and cool LIA. 2006). In the PUE, the seasonal production cycles are out of
In the present study we investigate the response of the PUBhase with seasonal increases in upwelling winds, in clear
to centennial scale changes in Walker circulation strengttcontrast to the other eastern boundary upwelling systems
and the expansion/contraction of the SPSH during the las{Pennington et al., 2006; Chavez and Messié, 2009). Up-
two millennia. We use a multi-proxy approach including or- welling favorable winds occur during the entire year but are
ganic and inorganic proxies in finely laminated sediments re-stronger during austral winter and spring (Strub et al., 1998;
trieved off Pisco, Peru. We reconstruct several key aspects dEchevin et al., 2008). By contrast, primary productivity is
the PUE: OMZ intensity and productivity, along with precip- higher during austral spring and summer when surface wa-
itation, all of which are strongly linked to ocean—atmosphereters are more stratified (Pennington et al., 2006; Chavez and
circulation. First, we reconstruct the terrigenous input to as-Messié, 2009). The seasonal variability of the mixed layer
sess if precipitation over the continent is more associatediepth is the main controlling factor of the primary produc-
with changes in the ITCZ meridional displacement and SPSHivity seasonality (Echevin et al., 2008). In austral winter, the
expansion/contraction than changes driven by strong zonahixed layer deepening reduces the concentration of chloro-
(El Nifio-like) shift of precipitation (Gutiérrez et al., 2009). phyll because of a dilution effect and light limitation, while
Next, the intensity of the OMZ is reconstructed as it fuels during the austral summer the primary producers concentrate
the euphotic layer with nutrients through upwelling. If OMZ near the surface in the shallow mixed layer and nitrate lim-
intensity were regulated by remote forces (i.e., changes intation occurs (Echevin et al., 2008). The seasonal changes
ventilation and/or water masses) instead of local productivityin winds and productivity in the PUE are associated with the
(Pennington et al., 2006), we would expect the water colummmeridional displacement of the eastern SPSH fre32°S
oxygenation to have a weaker relationship with the inferredin austral summer te-28° S in austral winter (Karstensen
regional productivity. Additionally, we reconstruct oxygen and Ulloa, 2009). The ITCZ also shows a seasonal latitudi-
availability in the sediments because a decoupling betweemal displacement from 223 in austral summer to 2N in
the oxygen content in the water column and the sedimentswustral winter (Fig. 1; Strub et al., 1998).
may imply changes in the circulation pattern of bottom wa- The upwelling intensity is not the only factor that main-
ter masses. Finally, two different types of export productiontains productivity in the PUE, but also the supply of nutrient-
are reconstructed: siliceous productivity and overall exportrich and oxygen-poor waters to the region via the Pole-
production, which includes export production from higher ward Undercurrent located betweerb0 and> 400 m depth
trophic levels. (Karstensen and Ulloa, 2009). As a combination of lack of
The objectives of this work are twofold: first, we set ventilation, long residence times, and the decay of biologi-
out to define the centennial mean state (El Nifio/La Nifia-cal production that consumes @ strong and shallow OMZ
like) of the PUE in contrasting NH warm and cool peri- is present off Peru, intersecting the upper continental mar-
ods, and during the CWP. At interannual timescales, a regin from ~ 50 to 600 m depth (Helly and Levin, 2004; Pen-
duction of the Walker circulation during El Nifio events re- nington et al., 2006). This strong OMZ inhibits bioturbation
sults in an increase in sub-surface oxygenation and reducednd preserves sediments containing millimeter-scale laminae
productivity off Peru due to a deepening of the thermocline,that permit the reconstruction of past ecosystem changes at
whereas the opposite is the case for La Nifia events. Folhigh-resolution levels (Gutiérrez et al., 2006). The Poleward
lowing the observed changes at interannual timescales, th&indercurrent is fed by the Equatorial Current System, the
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0 5 10 15 20
1998 — 2011 Average rainfall (imm/day)

Fig. 1. Seasonal changes in mean precipitation derived from the Tropical Rainfall Measuring Mission (TRMM). Figures modified from the
NASA/GSFC website available &ttp://trmm.gsfc.nasa.gavliop panel: mean precipitation during austral summer. Bottom panel: mean
precipitation during austral winter. The symbols and abbreviations indicate the position and the records as discussed in the text: I-PMSC,
Indo-Pacific Marine sediment core (Oppo et al., 2009); WL, Washington Lake (Sachs et al., 2009); CB, Cariaco Basin (Haug et al., 2001);
EJL, El Junco lake (Conroy et al., 2009); CC, Cascayunga cave (Reuter et al., 2009); PL, Pumacocha lake (Bird et al., 2011); CMSC, Callao
marine sediment core (Rein et al., 2005); PMSC, Pisco marine sediment cores (the present study); SCMSC, Southern Chile marine sedimen
core (Lamy et al., 2001). The circles indicate the marine sediment cores, the square indicates the speleothem, and the triangles indicate th
lake sediment cores.

Equatorial Undercurrent, Southern Subsurface Countercuraccurate age model constructions due to varying reservoir
rents, alongshore recirculation, and currents located south adiges in space and time

~9°S (Montes et al., 2010). Consequently, changes in the

intensity and ventilation of these currents can affect the oxy-2.2  Ocean-atmosphere systems driving changes in the
gen and nutrient availability in the Poleward Undercurrent PUE

that ultimately fuels the euphotic layer via upwelling.

The response of the PUE to centennial-scale global changehanges in the SST gradient across the tropical Pacific
is not completely understood because of the lack of &(je., zonal SST gradient) are a driver for large-scale climate
widely accepted archival record. Sediment cores collecteGthanges off Peru given the tightly coupled system of the
off Peru are characterized by numerous discontinuities angyestern Pacific warm pool, the East Pacific cold tongue, and
slumped sections. The reasons for the non-continuous nawalker circulation (Pierrehumbert, 2000). This zonal SST
ture of the sedimentary marine record off central Peru areyradient, between the tropical Indo-Pacific warm pool in the
repeated bioturbation events, erosion by bottom currentgyest and the central/eastern tropical Pacific, can be affected
(Reinhardt et al., 2002), and slumps due to seismic achy variations in total solar irradiation, resulting in circula-
tivity (Salvatteci et al., 2014). The numerous discontinu- tion changes driving climate shifts around the planet (Mann
ities and slumped/homogeneous sections imply that a cauet al., 2009; Graham et al., 2011). According to this “ther-
tious and precise core stratigraphy must be developed bemostat mechanism”, increased solar irradiance tends to in-
fore any climatic interpretations can be proposed (Salvatteciensify the east-west temperature gradient, which strength-
et al.,, 2014). Additionally, reconstructions of the PUE lack ens the equatorial easterlies and increases the upwelling in
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the equatorial Pacific, amplifying the thermocline tilt towards the Galathea-3 expedition in 2007 at 312 m deptlt2B4S,
the east (Clement et al., 1996). The SST asymmetry between6°23.9 W) near the B-14 location (Fig. 1).
the warm Eastern Pacific and cold Eastern Equatorial Pacific For a detailed description of the two cores used in this
is the principal factor controlling the intensity of the Walker work, the stratigraphic approach, the subsampling procedure,
circulation along the equator (Bjerknes, 1969). Moreover, thethe composition of the assembled core, and the development
latitudinal position of the ITCZ contributes to the modifica- of the age model, we refer to SM1, SM2 and SM3 in the
tion of the zonal SST gradient by the expansion/contractionSupplement.
of the Southeast Pacific cold tongue (Koutavas and Lynch-
Stieglitz, 2005). 3.2 Rationale behind the choice of proxies
Another factor that influences large-scale climate changes
off Peru is the position and strength of the SPSH. The3.2.1 Terrestrial runoff
SPSH is bounded to the north by the ITCZ and to the
south by the polar front and disturbances along the frontThe temporal changes in precipitation over the continent
(Strub et al., 1998). This atmospheric circulation regulateswere inferred through the terrestrial detritic contents — Alu-
the strength of the alongshore winds off Peru, forcing theminum (Al) and Titanium (Ti) — in the sediment cores. Pre-
upwelling of subsurface nutrient-rich waters along the Pe-cipitation run-off erodes fine-grained lithics from soils that
ruvian coast (Aceituno et al., 1993; Strub et al., 1998).are then flushed via rivers into the sea where they are dis-
The SPSH has shifted poleward and intensified during thepersed along the continental shelf by oceanic currents (Rein
last decades, producing higher equatorward winds off Chileet al., 2007). The terrigenous material on the shelf is prin-
(Falvey and Garreaud, 2009). Accordingly, SPSH latitudi- cipally delivered by rivers that dilute components of eolian
nal expansions/contractions should also affect the wind in-origin (Scheidegger and Krissek, 1982); it can thus be used
tensity off central-southern Peru. The relationship betweeras a proxy of fluvial discharge. The sedimentary archives on
wind strength and marine productivity is not that straightfor- the continental shelf are interpreted to integrate the river-
ward though, because the thermocline/nutricline depth playsne discharge from the Pacific drainage area along the Pe-
a major role. A deep thermocline/nutricline in combination ruvian coast. At seasonal timescales, the weakening of the
with stronger alongshore winds will likely produce non- SPSH and the southward displacement of the ITCZ during
productive upwelling, as for example during El Nifio events austral summer induce the development of a rainy season
(Bakun et al., 2010). (Garreaud et al., 2009; Lavado et al., 2012). At interannual
timescales, during El Nifio events, rainfall and runoff along
the dry northern Pacific coast are above average, associated
3  Material and methods with a collapse of the Walker circulation (Lavado Casimiro
etal., 2012).
3.1 Sampling site and cores used in the present study
3.2.2 Redox conditions
Nine gravity and box cores were selected from more than
30 cores to determine the continuity of the records and toln order to reconstruct sediment redox conditions we used
select the best cores for analyses (SM1; Salvatteci et ala series of trace elements that exhibit different sensi-
2014). All cores were retrieved off Pisco, Peru (Fig. 1), be-tivities to redox conditions, such as Molybdenum (Mo),
cause this area presents finely laminated sequences allowanadium (V) and Rhenium (Re). This permits the dif-
ing high-resolution reconstructions (SM1). Given the prob-ferentiation between anoxic (sulfate reducing) or sub-oxic
lems with the sedimentary column continuity (Salvatteci et(0.2> [02] > 0mL L1 and no HS) conditions at the time
al.,, 2014), we applied a detailed stratigraphic approach tmf deposition. Moreover, Mo, V, and Re are heavily enriched
construct an accurate age model (SM1 and SM2). After an OMZ sediments off Peru, have minimal detrital influ-
careful revision of sedimentary characteristics, we selecte@nce, and display a conservative behavior in the water col-
box core B0506-14 (hereafter B-14) retrieved at 301 m depttumn (Colodner et al., 1993; Boning et al., 2004; Tribovillard
(14.27 S, 76.43W; Fig. 1) for the present study as it pre- et al., 2006). Mo is enriched mainly under anoxic, sulfate-
sented the most continuous, undisturbed, and well-preserveckducing conditions, when 4% is available (Crusius et al.,
laminae sequences (SM1). The presence of small-scale dig-996; McManus et al., 2006; Tribovillard et al., 2006). V is
continuities and mixed sequences in B-14 should not affecreduced and accumulates under denitrifying conditions but
the centennial scale changes of the proxy records that are thedso under more strongly reducing (i.e., anoxic) conditions.
focus of the present work. Core B-14 covers approximatelyRe concentrations in the continental crust and in the seawater
the last~500years, but in order to infer changes prior to are extremely low but are strongly elevated in reducing sed-
the LIA, we analyzed a laminated section from a 5.2 m longiments with absence of £and HS (Crusius et al., 1996;
gravity core (G-10), whose upper part overlaps with the bot-Béning et al., 2004), but also (perhaps to a lesser extent)
tom of core B-14 (SM1). Core G-10 was retrieved during in sulfidic sediments (Crusius et al., 1996). Mo, V, and Re

www.clim-past.net/10/715/2014/ Clim. Past, 10, 71831, 2014



720 R. Salvatteci et al.: Peruvian Upwelling Ecosystem changes during the last 2 ka

accumulate via diffusion across the sediment—water interfacexygen-deficient waters, bacteria reduce nitrate spléhv-
according to the extent of reducing conditions (Béning et al.,ing the remaining nitrate pool enriched PN, which is up-
2004; Tribovillard et al., 2006; Scholz et al., 2011). Sedi- welled to the surface, where it is used by phytoplankton and
ments exhibiting concurrent enrichments in V, Re and Mo ultimately transferred to the sediments (Altabet and Francois,
reflect euxinic conditions ([&) =0; presence of biS) at the ~ 1994; Agnihotri et al., 2008). However, several other factors
sediment—water interface, whereas an enrichment of Re (andan contribute to thé!®N signal in the sedimentary organic
also V to a lesser extent) without Mo enrichment reflects sub-matter, like N fixation by diazotrophic bacteria, nitrification,
oxic (absence of pB5) conditions (Tribovillard et al., 2006). the extent of surface NDutilization, and the anammox re-
Thus, the RgMo ratio can be used to differentiate anoxic action (Robinson et al., 2012). Nevertheless, the sedimentary
from sub-oxic conditions. A ratio similar to 0:410~2 cor- 815N signal off Peru is consistent with other proxies of oxy-
responds to the ratio of these two elements in the seawategenation and productivity, implying denitrification in the wa-
(Crusius et al., 1996) and anoxic conditions in the sedimentder column at least during the last millennia (Agnihotri et al.,
with a presence of 5 can be inferred, whereas values above2008; Gutiérrez et al., 2009).
0.4x 1073 reflect sub-oxic conditions.

3.3 Analytical procedures
3.2.3 Export production

Sediment accumulation rates were assessed through down-
Export production is inferred using a set of proxies that repre-core profiles of21%Pb and24Am for the last 150years,
sent different types of productivity. Biogenic silica contents and with radiocarbon ages for the rest of the recétPb
were analyzed in order to infer primary production that ex- and2*!Am activities were measured on 1-2 g of dried sedi-
clusively originated from siliceous biota, such as diatoms, ra-ments by gamma spectrometry using high efficiency, very-
diolaria, siliceous sponges, and silicoflagellates (DeMasterlow-background well-type Germanium detectors (Reyss et
1981). Nickel (Ni), Copper (Cu) and Cadmium (Cd) are ex- al., 1995) in the underground laboratory of Modane (France).
pected to represent export production because they displa§?®Ra activities were inferred from gamma spectra and then
a nutrient-like behavior in the water column, are presentthe 21%Ph,, activity was calculated by subtracting tF&Ra
in considerable concentrations in plankton, and it seemdrom the total?1%b activity (Appleby, 2001). Bulk organic
that the dominant source of these elements is bio-detritusnatter radiocarbon measurements were performed by ac-
(Boning et al., 2004; Nameroff et al., 2004; Dean et al., 2006;celerator mass spectrometry (AMS) at the “Laboratorie de
Tribovillard et al., 2006). Ni, Cu and Cd are frequently used mesures du Carbone-14" (LMC14, Gif-sur-Yvette, France).
as proxies of the original presence of organic matter (OM); Major elements (Al and Ti) and trace elements (Mo, V,
these elements are delivered to the sediments in associatidRe, Cd, Ni and Cu) were analyzed by ICP-MS (Ultramass
with OM and fixed in the sediments under reducing condi- Varian) after hot-plate acid digestion. The measurement pre-
tions (Boning et al., 2004; Dean et al., 2006; Tribovillard et cision was determined by performing duplicate analyses.
al., 2006). Cd is heavily enriched in marine sediments off The average values of replicate digestions were well within
Peru, while Ni and Cu are moderately enriched (Boning etthe recommended ranges with relative standard deviations
al., 2004). Total organic carbon (TOC) was also analyzed tqRSD) being<1% for Al, Ti, Mo, V, Ni and Cu, and
reconstruct export production and to examine the relation-< 2.5 % for Re { =229). The biogenic silica was quantified
ship with the productivity proxies. Ni, Cu, Cd, and TOC by Fourier-transformed infrared spectrometry (FTIR) analy-
should reflect the export production from the euphotic zoneses (Bertaux et al., 1998). FTIR and ICP-MS analyses were
that escapes remineralization in the upper meters of the waperformed at the ALYSES laboratory (Bondy, France). The
ter column. This export production is basically composed ofquantification of organic matter was done using Rock-Eval 6
large particles like fecal pellets or large marine snow (Suess(Lafarge et al., 1998), at the “Institut des Sciences de la Terre
1980). It is not a simple function of productivity since it is d’Orleans”.s1°N analyses were measured on a continuous-
highly dependent on the pelagic community structure andflow gas-ratio mass spectrometer at ALYSES and at the De-
trophic pathways (Michaels and Silver, 1988; Rodier and Lepartment of Geosciences of the University of Arizona. For a
Borgne, 1997), thus also representing biomass variability ofdetailed description of the analytical procedures we refer to
higher trophic levels. SM4 in the Supplement.

3.2.4 Water column denitrification 3.4 Statistical procedures

Water column denitrification is inferred through the anal- To establish the relationships among the different proxies, we
ysis of §1°N from sedimentary OM, and generally re- calculated Pearson correlation coefficiemsusing the Sta-
flects regional- to large-scale changes (Altabet and Francoidjstica software (Statsoft, 2005). The probability level was
1994; Altabet et al., 1999; De Pol-Holz et al., 2006; Mar- corrected for multiple comparisons dividing the probability
tinez and Robinson, 2010; Mollier-Vogel et al., 2012). In levela (p < 0.05) by the number of tests performed (Glantz,
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2002). Given that 12 tests were performed, the correctedrom the MCA to the LIA shows a gradual increase in ter-

probability level wasp < 0.0042. restrial input, while the transition from the LIA to the CWP
shows an abrupt decrease as also reported by Sifeddine et
al. (2008) and Gutiérrez et al. (2009).

4 Results

4.3 Water column oxygenation and sediment redox

4.1 Data presentation "
conditions

The downcore changes in the proxies for terrestrial runoff o )

(Al and Ti), water column oxygenatios¥eN), redox con- Water column denitrification and the sedimentary redox con-
ditions (Mo, V, Cd, Re, and Re/Mo) and export productiv- ditions, particularly Mo a_nd Re/MoZ are _strongly_ coupled
ity (biogenic silica, TOC, Ni and Cu) are shown as anoma- throughout the record (Fig. 2c-h), implying low mf_luence
lies in Fig. 2. The differences in sedimentation rates (among?’ "émote oxygenate%bottom_ waters (e.g., Antarctic Inter-
periods) and the different subsampling thickness (betweerfnediate Water). Thé™N profile shows large centennial-
cores) indicated that the average time span of each sanscale changes suggesting Ie;s water column dpmtnﬂca’uon
pled interval during the RWP, DACP, MCA, LIA and CWP and hence a weaker OMZ during the NH cold periods (DACP
was 21.9, 21.9, 7.5 and 1.1 years, respectively. Consequentl nd LIA), and more intense water column denitrification and
samples corresponding to the LIA and CWP periods were2MZ during the warmer MCA and CWP (Fig. 2c). The rela-
lumped into intervals of approximately 20 years, and the re-tionships among sed|ment. redox co_ndmon. proxies shqw the
sults are presented as standardized values (value-average/sgfPected beh:.:lwor according to their sensitivity to sediment
The standardized authigenic concentrations of the trace ele?XY9€en levels: Mo and Re are negatively correlated, while
ments were used instead of the Al normalization or metalth€ relationship between Mo and V is stronger than that be-
accumulation rates. Normalization of trace element concenfWeen Re and V (SM7 and SM10). Additionally, Cd seems
trations through division by Al as well as the calculation t© follow sediment redox conditions instead of export pro-
of fluxes (metal concentration sedimentation rates DBD) ~ duction (SM7 and SM10). Authigenic Mo, V and Cd con-
are common practices. However, in the present data sef€Nts indicate sub-oxic conditions during the NH cold pe-
the normalization procedure increased, decreased, or evefPds (DACP and LIA), and anoxic conditions during part
changed the sign of the correlations between unmodified the RWP, the last stage of the MCA, and from the end
variables (SM8). The large variations in sedimentation ratef the LIA to the present (Fig. 2c-h). This pattern is better
(SM3) also produced distorted correlations between eleShown by the ReMo ratio that serves to effectively differ-
ments (data not shown). Consequently, we present the authfntiate euxinic conditions ([=0; presence of 5) and
genic concentrations of the trace elements instead of metgfUP-0Xic conditions (Fig. 2h). During part of the RWP, the
fluxes or Al normalization. Nonetheless, we calculated thel@St stage of the MCA (AD 1170 to AD 1350), and from the
average enrichment factor of each element in the wholeé®d ©f the LIA “fg" 2005, the Re/Mo values were close to
record to determine the elements with the highest enrichO Pelow 0.4x 107°, indicating predominant euxinic condi-

ments relative to andesite (SM9, SM10). The high and mod_tion§ (dashed Iing in Fig. 2.h). The inferred oxygenation in the
erate enrichment factors of Re, Cd, Mo, Ni, and V Supportsedlments was higher during the LIA compared to the DACP

their use as paleoredox or paleoproductivity proxies. (Fig. Z_C_h)' . _
During the MCA, we observed two different multi-decadal
4.2 Terrestrial runoff stages with contrasting behavior of the oxygen content in the

water column and the sediment—water interface and (Fig. 2c—
The low concentrations of Al and Ti indicate drier condi- h). From ~AD 1050 to ~AD 1170, higher Re/Mo values
tions during several NH warm periods, such as the last stagand relatively lowers'°N values are consistent with sub-
of the MCA (~AD 1170 to AD 1350) and the last 150 years oxic conditions in the sediment—water interface and a rela-
(Fig. 2a and b). There are generally more humid conditiongtively more ventilated water column (but these changes were
during the NH cold periods, such as during the DACP andless intense than during the DACP and the LIA). By con-
much of the LIA, although there are some exceptions to thesérast, from~ AD 1170 to AD 1350, there is a concurrent
generalities. In our record, the MCA shows two periods with increase in Mo, very low values of RElo (ratios near to
strong differences in terrestrial input: a period with high val- 0.4x 10-%), and highers'°N, indicating anoxic conditions
ues from~ AD 1050 to AD 1170 and a period with low val- in the sediment—-water interface and an intense OMZ. The
ues from~ AD 1170 to AD 1350. The LIA shows more hu- two different stages indicate that the MCA was not a homo-
mid conditions compared to the dry stage of the MCA and thegeneous period in the region, as has also been demonstrated
last 150 years. During the LIA, froms AD 1550to AD 1750, by the terrigenous input record.
reduced terrigenous input is recorded compared to the start The transitions from the NH warm to cold periods show
and end of this period, but the values are still higher than durdifferent patterns of oxygenation change than the transi-
ing the last stage of the MCA and the CWP. The transitiontions from the NH cold to warm periods (Fig. 2c—h). The
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Fig. 2. Standardized values (value-average)/sd) of the proxies evaluated in the preser{®gtddlyminum (Al), (B) Titanium (Ti) proxies

for terrestrial runoff(C) §1°N, proxy for water column denitrificatiofD) Molybdenum (Mo),(E) Vanadium (V),(F) Cadmium (Cd) and

(G) Rhenium (Re), proxies for sediment redox conditic(itt). Re/Mo x 10~3, proxy to differentiate euxinic ([§]=0; presence of KS)

versus sub-oxic conditions; the dashed line indicates the seawater value of Re/MoinT.ireported by Crusius et al. (1996) Biogenic

silica (%), proxy for siliceous export productiofd) Total organic carbon (TOC)K) Nickel (Ni) and(L) Copper (Cu) export production
proxies. The rectangle at the top of the figure represents a simplified lithology: the areas with vertical lines represent finely laminated
sediments and the dotted areas represent mixed sediments or more homogeneous material. The colored boxes at the bottom of the figul
indicate the Roman Warm Period (RWP), the Dark Ages Cold Period (DACP), the Medieval Climate Anomaly (MCA), the Little Ice Age
(LIA) and the Current Warm Period (CWP). The age intervals of each period were taken from Lamb (1995) and Graham et al. (2011). The
small boxes at the bottom of the figure indicate the position of the samples that were dafe Bhe data corresponding to the LIA and

CWP were lumped into intervals of 20 years to fit the sample resolution of the older periods.

RWP-DACP and MCA-LIA transitions are gradual, whereasto a gradual change from anoxic to sub-oxic conditions.
the LIA-CWP transition is abrupt (Fig. 2h). The gradual The OMZ also shows a gradual intensity decrease during
RWP-DACP and MCA-LIA transitions are characterized the RWP-DACP and MCA-LIA transitions as shown by the
first by a decrease in Mo and then by a decrease in V (Fig. 2¢1°N profile (Fig. 2c and h). By contrast, the LIA-CWP tran-
and e), as expected due to the behavior of these elementstion is characterized by an abrupt decrease in oxygenation
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in the water column and in the sediments as discussed in de~ AD 1170 to~ AD 1350) coincide with a strong water col-

tail by Gutiérrez et al. (2009). umn denitrification and an anoxic episode in the sediments
as recorded by th&'°N and the RgMo ratio (Fig. 2c and h).
4.4 Paleoproductivity proxies Contrary to the strong relationships between biogenic sil-

ica and the proxies for oxygenation, relationships of Ni, Cu

At centennial to multi-centennial timescales, export produc-and TOC withs1°N are negative and weak, and the relation-
tion, represented both by biogenic silica and the overall ex-ships with sediment redox conditions (Mo and Re/Mo) are
port production proxies (TOC, Ni and Cu), is higher during very weak (SM7). During the MCA and the CWP, the prox-
the NH warm periods (RWP and MCA) and during the CWP, ies for overall export production show higher values when
and lower during the NH cool periods (DACP and LIA). the OMZ s less intense (Fig. 2c, j, k and I). For example, the
However, within the NH warm periods, the flux of biogenic highest values of the overall export production proxies (Ni,
silica and the other export production proxies seem to beCu and TOC) prior to the CWP occurred during the MCA-
out of phase with one another (Fig. 2i—I). For example, bio-LIA transition (at~ AD 1400), 100 years after a period char-
genic silica is highest during the middle stage of the MCA, acterized by a strong OMZ (Fig. 2c), and when the trend
whereas TOC and other proxies are higher during the earlyowards less intense OMZ and more sub-oxic conditions in
and latter portions of the MCA. Consistent with the proxies the sediments had already started (Fig. 2c and h). During the
for oxygenation, all paleoproductivity proxies show a grad- LIA-CWP transition, the highest values of Ni, Cu and TOC
ual decrease during the MCA-LIA transition; however, the (Fig. 2j—I) occurred several decades after the period charac-
start of the decrease pattern is different in the biogenic silterized by the strongest water column denitrification and the
ica and the other productivity records (Fig. 2i—l). During the development of anoxic conditions on the seafloor (Fig. 2c
LIA—-CWP transition, only the biogenic silica contents show and h).
an abrupt increase, while the proxies for overall export pro-
duction show a more gradual increase.

Some relationships among proxies for export production5 Discussion
are highly correlated with other productivity proxies whereas
others are not, which allows interpreting changes in producdn the present study, we define, for the first time, the mean
tivity during the last two millennia. Biogenic silica contents state of the PUE in contrasting climatic periods at centen-
show negative correlations with the other export productionnial timescales during the past two millennia: the Roman
proxies, indicating that the overall export production is not aWarm Period (RWP), the Dark Ages Cold Period (DACP),
simple function of siliceous productivity, but rather dependsthe Medieval Climate Anomaly (MCA), the Little Ice Age
on oceanographic conditions. There are generally higher cor(LIA), and the Current Warm Period (CWP). The principal
relations between TOC, Ni, and Cu than between these andesults of the present study are: (1) drier conditions during
Cd, suggesting that TOC, Ni, and Cu may be better indicatorghe last stage of the MCA~AD 1170 to AD 1350) and the
of export production. Moreover, the correlations between Cdpast 150 years, and more humid conditions in the DACP, LIA
and the sediment redox conditions (Mo and V) are strongeand from~ AD 1050 to AD 1170 during the MCA (Fig. 2a
than the correlations between Cd and the export productiorand b); (2) a strong oxygen minimum zone (OMZ) and high
proxies (TOC, Ni, Cu), suggesting that Cd may be a better infproductivity during the periods of NH warming (RWP, MCA
dicator of sediment redox conditions. For the detailed corre-and CWP), whereas during the periods of NH cooling (DACP
lation values, we refer to SM7 and SM10 in the Supplement.and LIA) we observe a weak OMZ and low productivity

Water column and sediment oxygenation show a stronge(Fig. 2); (3) a strong coupling between OMZ intensity and
relationship with siliceous productivity than with the overall primary productivity; (4) a gradual change from a stronger
export production proxies, indicating that siliceous produc-to a weaker OMZ, and from high to low primary productiv-
tivity and the subsequent sinking and decaying have a higheity during the RWP-DACP and MCA-LIA transitions, and
contribution to the subsurface oxygen deficit (Fig. 2). Thean abrupt change from a weaker to a stronger OMZ, and
biogenic silica contents show high relationships with proxiesfrom low to high primary productivity during the LIA-CWP
related to oxygenation in the water column, i&3N (0.75;  transition (see also Gutiérrez et al., 2009). In the following
SM7) and in the sediments, e.g., Mo and Re/Mo (0.50 andsections we first discuss whether precipitation over the west-
—0.58, respectively; SM7). The higher relationships with ern Andes is more associated with changes in the Intertrop-
the subsurface oxygenation compared to the anoxic condiical Convergence Zone (ITCZ) meridional displacement and
tions in the sediments imply that the biogenic silica record South Pacific subtropical high (SPSH) expansion/contraction
reflects the export of primary productivity and is not a than changes driven by strong zonal (El Nifio-like) shift of
preservation signal regulated by the anoxic conditions in theprecipitation. Second, we define the El Nifio/La Nifia mean
seafloor, given that the latter is the principal factor regu-state during the contrasting time periods and then we eval-
lating the preservation of biogenic silica in the sediments.uate the influence of changes in Walker circulation strength
The highest values of biogenic silica during the MCA (from and the SPSH expansion/contraction on the productivity and
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OMZ intensity off Peru during the last two millennia. We fo- because the Walker circulation was strong during this en-
cus less on the abrupt change occurring at the end of the LIAire period (Conroy et al., 2010). Moreover, lower salinity in
because this change is described in great detail by Gutiérrethe Western Pacific prevailed during the LIA and this condi-

et al. (2009). tion occurs nowadays during austral summer, associated with
higher precipitation, but not during El Nifio events (Newton
5.1 Precipitation over Peru is associated with ITCZ et al., 2006).
displacement The results of the present study as well as other precipi-

tation records in Peru (Reuter et al., 2009; Bird et al., 2011)

The precipitation changes in the last two millennia in- contradict a hitherto widely accepted record of terrestrial run-
dicated by an average of the standardized Al and Ti inoff studied in Callao, Peru (Fig. 3g; Rein et al., 2004, 2005),
sediments from Pisco (present study) are compared wittbut are consistent with regional records of ITCZ displace-
records indicating the position of the ITCZ, the SPSH expan-ments (Fig. 3b; Haug et al., 2001; Sachs et al., 2009). Rein
sion/contraction, and other continental precipitation recordset al. (2004, 2005) interpreted a period betweefAD 750 to
from South America (Reuter et al., 2009; Bird et al., 2011) ~ AD 1250 (in part coinciding with the MCA period) as a
in Fig. 3. The precipitation changes, indicated in sedimentdry period in Peru, based on reduced lithic contents in a
from Pisco (present study), and other continental paleocli-marine sediment core retrieved off Callas 12°S). The
mate records from Peru (Reuter et al., 2009; Bird et al., 2011Yyadiochronological differences between the Pisco (present
are very similar and indicate that changes in precipitationstudy) and Callao (Rein et al., 2004, 2005) records may be
took place at a regional scale (Fig. 3). The timing and di- partly related to different delta-R estimates. More likely, the
rection of mean state changes in these records are notabtiifferences in the nature of the MCA in the Pisco and Callao
given the different locations, paleoclimate archives, age modfecord may be explained by stratigraphic problems not iden-
els, and proxies used in each record. The Cascayunga cavetified in the Callao core. Missing sequences and slumped
located in northeast Peru along the eastern margin of the Andeposits are a common feature in cores retrieved off Peru;
des at 930 ma.s.l. (above sea level) (Fig. 3e; Reuter et algonsequently overlooking these stratigraphic features could
2009). Pumacocha Lake is located in the eastern Peruviatead to erroneous interpretations (Salvatteci et al., 2014). An-
Andes at 4300 ma.s.l. and the lake’s hydrological mass balether possible explanation for the discrepancy to the Rein
ance is dominated by precipitation since there is no fluvialet al. (2004, 2005) record may be related to the use of the
input (Fig. 3f; Bird et al., 2011). Finally, the Pisco record, reflectance spectra as an indicator of lithic contents. The
which is interpreted to integrate the riverine discharge frompresent study, in accordance with other lines of evidence
the Pacific drainage area along the Peruvian coast, confirm@radley, 2000; Bradley et al., 2003; Graham et al., 2011), in-
the regional centennial-scale changes in precipitation. dicates that the MCA in the eastern tropical Pacific was char-

Multidecadal changes in precipitation in the Pisco recordacterized by a range of temperatures, hydroclimate and ma-
are strongly associated with major meridional ITCZ vari- rine changes. Also note that the record by Rein et al. (2004)
ability and SPSH expansion/contraction (i.e., summer-like,is not consistent with these other records (Fig. 3).
winter-like conditions) than changes in the Walker circu-
lation strength (Fig. 3). According to precipitation prox-
ies over the continent (Haug et al., 2001) and in the cen
tral Pacific Ocean (Sachs et al., 2009), as well as model-
ing experiments (Broccoli et al., 2006), the ITCZ exhib-
ited large latitudinal changes throughout the last two mil-
lennia, migrating to the north (south) during warm (cold) In order to determine the different mechanisms of change
periods (Fig. 3a, b). Accordingly, the SPSH expanded dur-affecting the tropical Pacific across centennial timescales,
ing the RWP and the last stage of the MCA, and contractedve compare our records from the eastern Pacific with
during the DACP and the LIA, associated with meridional other records representing different processes in the region
changes in the ITCZ position (Fig. 3c, Lamy et al., 2001). (Fig. 4). The multiple proxies developed in this study are
Multidecadal- to centennial-scale variability in precipitation condensed into four time series representing (1) the oxygena-
in our records (Fig. 3d) follow changes in these atmospheridion in the subsurface waters'N), (2) sediment redox con-
systems (Fig. 3b and c). The inferred precipitation patterngditions (Re/Mo), (3) primary productivity (biogenic silica),
are consistent with persistent austral winter-like conditionsand (4) total export production (represented by an average of
during the RWP, the last stage of the MCA and during thethe standardized Ni and Cu). Ni and Cu may better reflect
CWP, and with persistent austral summer-like conditionsthe original presence of organic matter than TOC that may
during the DACP, from AD 1050 to AD 1170, and the LIA. If be altered by post-depositional processes (Tribovillard et al.,
the precipitation changes were more associate with change2006). These four records are compared to NH temperature
in zonal shift of precipitation (i.e., during El Nifio events) reconstruction (Fig. 4a), SST records in the western and east-
we should expect lower precipitation during the entire MCA, ern Pacific to infer changes in the zonal SST gradient (Fig. 4b

5.2 Peruvian Upwelling Ecosystem response to
ocean—atmosphere changes during the last two
millennia
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Fig. 3. Precipitation proxies during the last two millennia and selected records from the liter@yrE0-point average of the “Northern
Hemisphere land error-in-variable (EIV) composite” (Mann et al., 20()) 3-point average of Ti % in Cariaco Basin (Haug et al., 2001).

(C) 3-point average of Fe intensity in a marine sediment core off Chilél® S), where higher (lower) values of Fe indicate lower (higher)
precipitation and thus a more poleward (equatorward) position of the westerlies. Relative low iron contents are related to enhanced runoff
from the iron-poor coastal ranges when the westerlies were positioned over the core position (Lamy et al., 2001). Consequently, a more
poleward (equatorward) position of the southern westerlies and the south rim of the SPSH are interpreted to represent a SPSH expansiol
(contraction).(D) Averaged terrestrial runoff record obtained from the standardized Al and Ti vdkieS-point average of Cascayunga

cave speleothem rainfaif80 (Reuter et al. 2009)(F) 5-point average Pumacoc&%?ocm record (Bird et al., 2011)G) A proxy for lithic
concentration in a marine sediment core retrieved off Catad2® S) (Rein et al., 2004, 2005). The series were smoothed using a running
mean when indicated and then normalized to a standasdore. The colored boxes at the top and bottom of the figure indicate the Roman
Warm Period (RWP), the Dark Ages Cold Period (DACP), the Medieval Climate Anomaly (MCA), the Little Ice Age (LIA) and the Current
Warm Period (CWP).

and c), and with changes in the SPSH expansion/contractioweak Walker circulation and a deep thermocline, along with
(Fig. 4d). a contraction of the SPSH that likely resulted in weaker

Our results show that during the NH cold periods (DACP alongshore winds off central-southern Peru. The cold pe-
and LIA), the PUE exhibits, in general, a weak OMZ riods are also characterized by a weak OMZ and thus a
(Fig. 4e), sub-oxic conditions in the sediments (Fig. 4f), anddeep oxycline (Fig. 4e). Consequently, the weak upwelling
low productivity (Fig. 4g, h), which are characteristic of a of nutrient-poor waters may have resulted in insufficient fer-
more El Nifio-like mean state. These features coincide with dilization of the upper section of the water column hampering
weak Walker circulation (Fig. 4b, Oppo et al., 2009; Fig. 4c, the development of primary producers (Fig. 4g). The produc-
Conroy et al., 2010) and a contraction of the SPSH (Fig. 4d tivity from higher trophic levels was low as well, probably as
Lamy et al., 2001). The lower productivity is consistent with a consequence of low primary productivity (Fig. 4h).
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Fig. 4. Linkage between the oxygenation in the subsurface waters and in the sediments, and the export production obtained in the present worl
and proxies used to infer changes in the zonal SST gradients and changes in the expansion/contraction of the South Pacific subtropical Higt
(SPSH).(A) 10-point average of the “Northern Hemisphere land error-in-variable (EIV) composite” (Mann et al., @®0B)do Pacific

Warm Pool SST reconstruction (Oppo et al., 20@€8). Eastern Equatorial Pacific SST reconstruction (In of the number of tychoplanktonic

to epiphytic diatoms in El Junco Lake, Galapagos; Conroy et al., 2009). The arrows between these two panels show the increased SST
gradient during the MCA compared to the LIA (Conroy et al., 201D). 3-point average of Fe intensity in a marine sediment core off

Chile (~41° S), where higher (lower) values indicate a more poleward (equatorward) position of the westerlies. Relative low iron contents
are related to enhanced runoff from the iron-poor coastal ranges when the westerlies were positioned over the core position (Lamy et al.,
2001). Consequently, a more poleward (equatorward) position of the southern westerlies and the south rim of the SPSH are interpreted
to represent a SPSH expansion (contracti¢B).s1°N, proxy for water column denitrificatior{F) Re/Mox 10~3, proxy to differentiate

euxinic ([O;] = 0; presence of biS) versus sub-oxic conditions, the dashed line indicates the seawater value of Re/MotOO?ﬂreported

by Crusius et al. (1996JG) Biogenic silica (%), proxy for siliceous export productigH) Averaged total export production obtained from

the standardized Ni and Cu values. The colored boxes at the top and bottom of the figure indicate the Roman Warm Period (RWP), the Dark
Ages Cold Period (DACP), the Medieval Climate Anomaly (MCA), the Little Ice Age (LIA) and the Current Warm Period (CWP).

Both the climatic and oceanographic conditions in the productivity in the eastern Pacific increases at annual or
PUE were apparently more extreme during the LIA com- decadal timescales (Chavez et al., 2011). The results of this
pared to the recorded part of the DACP (e.g., records instudy suggest that during the NH cold periods (i.e., LIA and
Fig. 2). In contrast to the results of the present study, mod-DACP) the tropical eastern Pacific was less productive. This
ern observational data show that when the global ocean andpparent contradiction, however, is most likely due to the
the eastern Pacific cool during La Nifia or La Vieja, marine
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different forcings responsible for cold periods at different The past 100years are characterized by a strong OMZ
timescales. (Fig. 4e) and in general high productivity (Fig. 4g and h)
During the NH warm periods (RWP and the last stagein accordance with former NH warm periods (RWP and
of the MCA), the PUE generally exhibits a strong OMZ MCA). The overall export production shows a positive trend
(Fig. 4e), anoxic sediment conditions (Fig. 4f), and high (Fig. 4h) that could be a result of an increase in upwelling fa-
productivity (Fig. 4g and h), which is consistent with a La vorable winds (Gutiérrez et al., 2011). Instrumental observa-
Nifia-like mean state. These features coincide with a strongetions indicate that the Walker circulation and the SPSH expe-
Walker circulation (Fig. 4b, Oppo et al.,, 2009; Fig. 4c, rienced important changes during the last decades and may
Conroy et al., 2009) and a SPSH expansion (Fig. 4d, Lamyhave induced changes in the PUE similar to former warm
et al., 2001). The strong Walker circulation suggests a shalperiods. The westerlies have strengthened and shifted pole-
lower thermocline, and an expansion of the SPSH likely pro-ward (Toggweiler, 2009; Lee and Feldstein, 2013), while the
duced stronger alongshore winds off Peru. The inferred hightSPSH has also strengthened, possibly in response to global
productivity and strong OMZ during the NH warm periods warming (Falvey and Garreaud, 2009). Moreover, recent ob-
are consistent with the “ocean thermostat mechanism” proservations indicate that the tropical Pacific trade winds have
posed by Clement et al. (1996), suggesting that changes istrengthened over the past two decades and likely contributed
solar irradiance produce changes in the thermocline depth ito the La Nifia-like state and enhanced Walker circulation
the eastern Pacific through changes in the Walker circulatior{Luo et al., 2012). However, is not yet clear for the past cen-
strength. The upwelling from nutrient-rich waters resulted tury whether the increase in marine productivity is princi-
in high primary productivity, most likely as a consequence pally governed by an intensification of the SPSH (Falvey and
of a stronger Walker circulation and a shallower oxycline Garreaud, 2009) or by an enhancement of local winds due to
(Fig. 49). Both types of export production proxies show in an increase in land—sea thermal gradients caused by anthro-
general higher values during the last stage of the MCA com-pogenic greenhouse gas emissions (Bakun, 1990). The OMZ
pared to the RWP (Fig. 4g and h), indicating that the climaticintensity and productivity during the past 100 years are simi-
and oceanographic conditions during the MCA were morelar to the pattern observed at the end of the MCA (Fig. 4e—h).
favorable for the productivity off Peru. The clear associationIn both periods the primary productivity shows a declining
of marine productivity and OMZ intensity with changes in trend and the export production from higher trophic levels
ocean—atmosphere systems shows that large-scale circulati@mow an increasing trend. Intriguingly, the sediment redox
changes may have been the driving forces in maintaining proeonditions show a trend towards sub-oxic conditions and the
ductivity and subsurface oxygenation off Peru at centennialOMZ intensity displays a weakening trend, which is in clear
timescales during the past two millennia. contrast to several studies, suggesting an expansion of the
Our data demonstrate a strong multidecadal variability ofOMZs under the current global warming (Stramma et al.,
marine productivity and subsurface oxygenation during the2008).
recorded part of the MCA associated with changes in the ex-
pansion/contraction of the SPSH, whereas the Walker circu-
lation seems to be strong but relatively stable during the ené Conclusions
tire MCA (Fig. 4b and c¢). From- AD 1000 to AD 1150, rel-
atively low primary productivity and a relatively weak OMZ Precipitation, OMZ intensity, sediment redox conditions,
are observed, coinciding with a stronger Walker circulationand primary productivity, remained strongly coupled dur-
(Fig. 4b, Oppo et al., 2009; Fig. 4c, Conroy et al., 2010) anding the last two millennia, and were strongly associated
a SPSH expansion (Fig. 4d, Lamy et al., 2001). This suggestwaith changes in Walker circulation strength and SPSH ex-
that a contraction of the SPSH produced weaker alongshorpansion/contraction as inferred from comparisons with other
winds, producing weaker upwelling, lowering the fertiliza- proxy records. Centennial-scale changes in precipitation are
tion of the upper water column, and thus producing a rela-more associated with changes in the ITCZ meridional dis-
tively low primary productivity even if the Walker circula- placements and SPSH expansion/contraction than changes
tion was strong (Fig. 4b and c). By contrast, during the lastdriven by zonal shifts of precipitation (i.e., ENSO events).
stage of the MCA £ AD 1150 to~ AD 1350), the primary  On the other hand, productivity and subsurface oxygenation
productivity was high, associated with a strong Walker circu-variability are associated with changes in both Walker cir-
lation and an expansion of the SPSH. These conditions magulation strength and SPSH expansion/contraction. This in-
have supported a shallower thermocline and a more stratifiedicates that large-scale circulation changes were the driving
water column favoring the productivity in the PUE (Fig. 4g forces in maintaining productivity and subsurface oxygena-
and h). These results suggest that during the warm periodgon off Peru at centennial timescales during the past two mil-
the contraction/expansion of the SPSH is more important inennia. The observed changes in the PUE are concordant with
regulating marine productivity in the PUE than the Walker the “ocean thermostat mechanism” proposed by Clement et
circulation. al. (1996), suggesting that changes in solar irradiance pro-
duce changes in the thermocline depth in the eastern Pacific
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through changes in the Walker circulation strength. In gen-
eral, NH warm periods were favorable for productivity in the
PUE during the last two millennia.

However, during the MCA, the SPSH expan-
sion/contraction has more influence over the PUE than
the Walker circulation changes. During the MCA, the PUE
shows at least two stages in relation to the terrestrial runoff,
OMZ intensity, sediment redox conditions, and the different paferences
types of export production likely driven by changes in
the SPSH expansion/contraction and not by changes imceituno, P., Fuenzalida, R., and Rosenbliith, B.: Climate along the
the Walker circulation strength. Under the current global extratropical west coast of South America, in: Earth system re-
warming scenario, an SPSH expansion may likely lead to sponses to global change, edited by: Mooney, H. A., Fuentes,
increased productivity in the PUE. E. R., and Kronberg, B. I., Academic Press, San Diego, 61-69,

The PUE was subject of abrupt as well as gradual changes 1993 .
in OMZ intensity and productivity. The transitions from Agnihotri, R., Altabet, M. A., Herbert, T., and Tierney, J. E. Sub-
warm to cold periods show a gradual change towards lower decadally resplved_paleoceanography of the Peru margin during

.. . . . the last two millennia, Geochem. Geophy. Geosy., 9, 1-15, 2008.
productivity a_nd less intense OMZ likely linked to the grad- Altabet, M. A. and Francois, R.: Sedimentary nitrogen isotopic ra-
ual changes in the global temperatures, a gradual weaken- tio as a recorder for surface ocean nitrate utilization, Global Bio-
ing of the Walker circulation, and a gradual SPSH contrac-  geochem. Cy., 8, 103-116, 1994.
tion. By contrast, the transition of the PUE from the LIA t0 Ajtabet, M. A., Pilskaln, C., Thunell, R., Pride, C., Sigman, D.,
the CWP, which lasted about 50 years, was characterized by Chavez, F., and Francois, R.: The nitrogen isotope biogeochem-
more abrupt changes. istry of sinking particles from the margin of the Eastern North

Pacific, Deep-Sea Res. Pt. |, 46, 655-679, 1999.
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