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variability from the Pacific Basin

Samuel Z. MarkPhD
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The Pacific Ocean is a dominant driver of global climate variability on interannual to
multidecadal timescales. The El Nifio Southern Oscillation (ENSO) and the Pacific Decadal
Oscillation (PDQ are largescale oceaatmospheric patterns which influence hydroclimate
anomalies and correspondingly influence the structure and condition of terrestrial ecosystems.
Here, laminated lacustrine sediments from the Ecuadorian Andes and Pacific NorfrMesh o
America are used to reconstruct the kagn variability of these relatively higinequency
(interannuaidecadal) climatic phenomena.

Flood deposits from Laguna Pallcacocha, Cajas Parque Nacional, Ecuador, have
previously been used to quantifyetfrequency of El Nifio events over the Holocene (11,700 BP
present). Here, | employ sedimentary sequences from three lakes, each of which displays different
sensitivities to El Nifiadriven flood events in an effort to reconstruct changes in both thesiney
and amplitude of ENSO. An XRbBased flood reconstruction from the wsildied Laguna
Pallcacocha sedimentary record supports an emerging consensus among proxies indi2éiting 10
year flood return intervals during the early Holocene (11,7600 BR, >20 year El Nifio return
intervals during the middle Holocene (7,50@00 BP) and -20 year El Nifio frequency from
4,000 to present. The Little Ice Age (LIA: 143850 CE) experienced infrequent, higibensity
El Ni fods compar e dvalkGimate Areomagbyr(MCAe98d250gCE)Mvhichi e

experienced the opposite pattern.



Oxygen isotope reconstructions of precipitatevaporation balance from Castor and
Round Lake, Washington help reveal letegm links between the tropics and northern hemisphe
mid-latitudes. At both sites, the MCA was marked by relatively stable and moist conditions, while
the LIA was marked by intense oscillations between drought and pluvial cycles, leading to
enhanced fire activity. Over the course of the Holocene, -temg changes in orbital
configuration, interannual to multidecadal forcing associated with ENSO and PDO, and abrupt
landscape disturbances such as volcanic tephra deposits have left profound impacts on terrestrial
ecosystems. These findings demonstrate dhiatate phenomena which operate on timescales

relevant to human society have exhibited wide ranges of variability over the Holocene.
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1.0Introduction: The role of the Pacific in global climate: significance and questions

The EI Nifio Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO) are
coupled oceamtmospheric phenomena which influence weather and climate patterns worldwide
(McPhaden et a2020). ENSO, defined by sesurface temperature and atmospheric pressure
anomalies in the tropical Pacific Ocean, is definedyy2ar periods (Enberth 1997), while the
PDO operates over multiecadal (150 year) timescales and is defined by sea surface temperature
anomalies in the northern midtitudes (Newman et al. 2016). Both systems have been shown to
exert pronounced influence on drougtumar et al. 1999, McCabe et al. 2004), wildfire activity
(Fasullo et al. 2018, Heyerdahl et al. 2008), and agricultural sysfemiBa-Hugheset al.2021,
Schillerberget al. 2020. Despite the significance of these climatedesto modern human
socidy, a comprehensive understanding of their past variability and their response to external
climate forcing mechanisms remains rudimentaryTemporally ontinuous paleoclimate
reconstructionscan help resolve these uncertainties; however, -preerved afives of
interannual to decadakcale climate phenomena spanning long timescales are relatively rare.
Questions such adoes ENSO strengthen or weaken in a warmer world? Will changes in global
temperature be buffered or exacerbated by changes in ENS@eaafDO? Do the wavelength
and amplitude of these systems shift substantially under different background climate states?
remain unanswered.

To this end, | present higtesolution lacustrineecordsof climate variability from three
lakes in the Ecuad@n Andes and two lakes in eastern Washington state. Scamgg X
fluorescence (XRF) is used to reveal flood deposits related to intense Edlifliga rainstorms
in the Ecuadorian Andes, allowing us to reconstruct changes in the frequency and ioténsgy

1



events over the past 11,000 years. In northwestern North America, a region which generally
experiences drier conditions during EI Nifio and Ri2édm phase (PDO-€venits, oxygen isotopes

from authigenic calcium carbonate are used to reconstrecippationevaporation balance.
Charcoal and pollen accumulation records from the same sedimentary sequences are used to
evaluate the influence of higlesolution climate phenomena on terrestrial ecology. A shared
feature of these reconstructions (ap@am their sensitivity to Pacific climate forcing) is
interannualdecadal sampling resolution throughout the entiretgaathsedimentary sequence

This approach is powerful in that it not only allows for the reconstruction oftemng changes in

climate patterns(driven by millennialscalechanges irorbital configurationsfor example)but

also shifts irsubcentennial phenomeneghich have profound impacts on human civilization.

1.1ENSO and Pacific Multidecadal Variability

The EI Nifio Southern Oscillatiois the most significant source of interannual climate
variability worldwide (Lu et al. 2018). The term derives from linking periodic oceanic warming
in the eastern equatori al Paci f i-child tcRetuviamq ui al |
fisheeman because these anomalies typically peak near Christmas, Trenberth 1997) to tropical
atmospheric pressure and rainfall anomalies, termed the Southern Oscillation (Walker 1924).
Bjerknes (1969) was the first to connect the oceanic and atmospheric @mtgpohthe system,
though the term AEI Ni Yo Southern Oaeicand | ati o
Carpenter 198). During ordinary (neutral) ENSO conditions, easterly equatorial winds draw
surface waters from coastal South America towards kesiancreating upwelling of cold, deep

water and shoaling of the thermocline in the eastern equatorial Pacific (Bjerknes 1969). Warm



waters in the Inddacific region generate convective rainstorms and low atmospheric pressures,
creating persistently mdisonditions. After this convection and rainout occurs, the resultant
airmass then flows back down the pressure gradient from west to east, where it subsides over
coastal equatorial South America, creating high pressure systems and dry climates, fhgsaform
semiclosed loop known as the Walker Circulation (Bjerknes 1969).

El Nifio events constitute a weakening or reversal of these prevailing conditions. While
the precise mechanisms which initiate an El Nifio remain contested (Anderson et al. 2013), and
while no two El Nifio events are identical (Ashok et al. 2007), their occurrence generally follows
a recognizable pattern. During a canonical El Nifio event (during which warming is centered in
the eastern, rather than central tropical Pacific, Ren arkDJ8), a weakening of Pacific Walker
Circulation, caused by slackening of equatorial easterly winds occurs. Next, the surface of the
eastern tropical Pacific warms, and the thermocline deepens. This causes anomalous convection
and rainfall in coastal emtorial South America (see chapters 2 and 3) and atypical subsidence and
drought in the Inddracific warm pool (Goddard and Gershunov 2020). The impathi®f
subsidencextends far beyond the tropical Pacific, where Walker Circulation takes placa Indi
monsoon failures (Kumar et al. 2006), malaria outbreaks in Africa (Mabaso et al. 2007) and South
America (Mantilla et al. 2009), and even incidents of civil conflict (Hsiang et al. 2011) have all
been associated with the occurrence of El Nifio events.

An additional consequence of El Nifio events is the presence of lower frequency modes of
climate variability in the subtropical Pacific (Newman et al. 2016). Mantua et al. (@9 a
multidecadal quasiscillatory phenomena in the northern ratitudesof the Pacific which had
a pronounced impact on salmon productivity. Termed the Pacific Decadal Oscillation (PDO), this

pattern bears a strong spatial resemblance to that of ENSO, witlpB&ive phases marked by



warmer surface waters in the easterpital Pacific and along the western coast of North America.
This configuration of temperature anomalies also strengthens the persistent Aleutian Low pressure
system and deflects midtitude storm tracks to the south, making conditions over northwestern
North America generally more arid (McAfee and Wise 2016, see chapters 4 and 5).
Correspondingly, these phenomena have profound impacts ecosystem productivity
(Berkelhammer 2017). The role that the PDO plays in driving fire activity (Hessl et al. 2004,
Heyerdahl et al. 2008) in northwestern North America has been a topic of increasing interest
(Halofsky et al. 2020) as fuel moisture, ignition opportunities, and spread are all influenced by
PDO-driven climate dynamics.

The PDO is generally explained as adtion of both tropical and exttopical forcing
mechanisms. A commonly applied model represents the PDO as an integrator cdBENSO
temperature anomalies (Liu and Alexander 200These shoflived pulses of warmingit is
suggested, ayrthermd meriendithhceeated multidecadatale variability rather
thansimply reflectingthe 28 year timescales commonly associated with ENSO (Newman et al.
2016). However, recent work has called into question whether multidecadal climate phenomena
such as the PDO represent true oscillatory phenomena intrinsic to the climate system (Mann et al.
2020) or whether they are in fact transitory artifacts which have, over the past several centuries,
been driven by the combined impact of gyaesiiodic vol@anic aerosol spikes and anthropogenic
emissions (Mann et al. 2021). Clearly, wadlited highresolution paleoclimate reconstructions
sensitive to these phenomena are necessary to better understand the behavior of ENSO and the
PDO under different backgrodrclimate states, and to better understand how they interact with

one another.



1.2Insight from high -resolution paleoclimate records from the Pacific

While evidence of ENS@cale climate variability extends back at least as far as the
Cretaceous (Davies at 2012) ENSOvariability over even theecent past (~1200 yeargmains
largely unresolved (Emit&eay 2013, Henke et al. 2017). Because of the large spatial scale of
the phenomena, the geologically brief wavelength at which ENSO events evolve apdashet
the diversitybetween differenindividual evens, paleoclimate proxies which faithfully capture
ENSO and individual ENSO events are extraordinarily rare and valuable. Those which have been
particularly useful over the Holocene include fossil grahich detect ENS@riven sea surface
temperature and salinity changes in the carbonate chemistry of their skeletons (Cole et al. 1993,
Cobb et al. 2003, Cobb et al. 2013, Dee et al. 2020}yitmge, whose width changes according to
temperature and ecipitation patterns influenced by ENSO via remote atmospheric
teleconnections (D6Arrigo et al. 2005, Li et
which are sensitive to shifts in thermocline depth temperature (Koutavas and Joanides 212, Rust
et al. 2015); and lake sediments, which can offer long, continuous reconstructions and are sensitive
to a multitude of environmental variables but generally lack interannual sampling resolutions
(Rodbell et al. 1999, Moy et al. 2002, Thompson et al7p01

Though each of these proxy types is sensitive to different aspects of the climate system and
contains its own strengths and weaknesses, Holesmale ENSO reconstructions tend to indicate
a severe reduction in ENSO frequency, amplitude, or both gltine middle Holocene (Emie
Geay et al. 2016, Du et al. 2021, Grothe et al. 2028hile pattern is at least partially due to
changes in Earthoés or bi t adtthers lmanaioiedthatr vartabilityn ( Car

arising from internal dynamids a substantial control on centenrsahle variability seen in many



ENSO record¢Cobb et al. 2013). Additional continuous, higisolution, weldated records are
necessary to better understand how and why ENSO has developed over the Holocene.

The pdeoclimate literatureoncerninghe Pacific Decadal Oscillation is much less robust
(Stone and Fritz 2006). A similar array of geological materials can be used to reconstruct PDO
and PDGscale phenomena. Sometree ng ( D6 Arr i go e tnd@dse2005)) 01,
coral (Gedalof et al. 2002), and lake sediment (Kirby et al. 2010, Nelson et al. 2011) records have
been developed, but there remains a paucity of continuous proxy reconstructions of-decadal
multidecadal scale climate phenomena in regiofextgfd by the PDO. Existing research suggests
there were predominantly muted/PBf@gative conditions between &2 kyr BP, roughly
coincident with the proposed minimum in ENSO variability (Barron and Anderson 2011). After
4.2 kyr BP, an increase in tmeimber of El Nifio events (Du et al. 2021, Rodbell et al. 1999,
Conroy et al. 2008) may have generated more fD$§tive conditions in northwestern North
America via atmospheric teleconnections. However, a lack ofregblution continuous archives
of decadal hydroclimate has thus far hindered our understanding of whether these shifts were
related toinsolationscale meanstate changes (i.e changing background conditions) or were
related to quaspscillatory phenomena like the PDO.

The PDO has previousbeen shown to influence regiorsalaleecosystentomposition
and productivity (Berkelhammer 2017). Its most societally relevant ecosystem impact, however,
may be its role in driving fire activity in serarid western North America (Hessl et al. 2004,
Schoennagel et al. 2005). Prolonged wet periods can facilitate the growth of fine fuels on the
landscape, as well as suppress fire activity, which subsequently desiccate and burn during arid
conditions associated with the oppo$teO phaséCooper et al. 2021). Additionally, persistent

atmospheric anomalies associated with the PDO can facilitate or depress the ignition and spread



of fire (Kitzberger et al. 2007, Trouet et al. 2006). Our limited understanding-gigiremental

PDO varidility thus hampers our understanding of past controls on fire regimes. This, in turn,
hinders future projections of fire in a changing climad®ulti-proxy sediment records sensitive to
fire, hydroclimate, and terrestrial ecosystem composition arengcsssary to better understand

the complex, nonstationary relationships between fire and climate.

1.3 Outline of dissertation

In the ensuing dissertation, | intend to improve our understanding of how and why ENSO
and the PDO have evolved over the Holocend,law these changes have driven fiy@mamics
in semiarid northwestern North America. Chapter 2 focuses on a flood history reconstruction
from sediments in Laguna Pallcacocha, Ecuador. This sedimentary sequence has been widely
studied in the past, asid likely the only published work which provides a continuous record of
individual El Nifilo eventspanningthe entire Holocene (Rodbell et al. 1999, Moy et al. 2002).
Recent work however(Schneider et al. 2018) has called the original interpretatitimsfecord
into question. By adding additional chronological control points and evidence from surface
sediments collected over the past 20 years, we affirm the sensitivity of this widely cited record to
El Nifio-driven flooding. By incorporating XRF datvhere previous studies used sediment color,
we find a greater number of El Nifio events in the early Holocene (3%,500 yr BP) than
previously documented. The resulting Holocerale flood chronology is consistent with a
developing consensus of psorecords from around the Pacific, indicatibgcadalscaleEl Nifio
frequencyduring the early Holocenaare, multidecadalEl Nifio eventsduring the middle

Holocene (7,50@1,000 BP) andsubdecadal El Nifio return intervatburing the late Holocene



(4,000present). This pattern aligns with proposed orbital forcing controls on ENSO dynamics,
but changes in orbital configuration alone cannot explain centestadd variability in the flood
history. Thus, dynamics internal to the ENSO system or other mieams such as
teleconnections to other basins, must be invoked.

Chapter 3 incorporates sedimentary records from two lakes within 5 km of Laguna
Pallcacocha, each of which contains a different chronology of flooding events. The differences in
stratigraply are attributed to the unique geomorphic setting of each watershed. Differences in
basic topographic parameters and landcover make a flood deposit in each sedimentary sequence a
valid proxy for a hydrological maxima exceeding a different, watersipedfic, threshold.
Laguna Pallcacocha records flooding events with relatively short return intervals, making its
sediments valuable for reconstructing El Nifilo frequency. Nearby Lagunas Martin and
Fondococha, conversely, are sensitive only to more extresr@sgumaking them records of El
Nifio intensity. By grouping ENSO proxies from different archival types according to a
frequency/intensity framework, lingering discrepancies can be largely resolved (Henke et al.
2017). Coral (Cobb et al. 2013) and foranfigral (Rustic et al. 2015) reconstructions, which relate
to the amplitude of the ENSO signal, more closely resemble the sedimentary records from Lagunas
Martin and Fondococha. Conversely, ENSO frequency reconstructions fromngseand
annually laminted lake sediments more closely resemble the sedimentary record from Laguna
Pallcacocha. The Medieval Climate Anomaly (MCA, 9550 CE) was marked by relatively
high-frequency, lowintensity El Nifio events while the subsequent Little Ice Age (LIA, 183580
CE) was marked by the opposite conditions. The middle Holocene, when most ENSO proxies

suggest relatively i n baocasignallg vety povérful BEliNfimevents. e x p e



Chapter 4 is focused on higbsolution records of precipitati@vgyoration balance from
oxygen isotopes and fire activity from charcoal accumulation records spanning the past 1300 years
at Castor and Round Lakes, WA. Quantitative comparison of the Castor Lake oxygen isotope
record over the period covered by instrumedtdh and treeing records shows that the isotopic
massbalance of lake water is largely driven by winter precipitation, consistent with-ggstgm
modelling results (Steinman et al. )1 Additionally, detrending of lake sediment data produces
higher correlation with nearby treeng chronologies (Dannenberg and Wise 2016), indicating
low-frequency climate variability may be lost during the composition ofriregchronologies.
Contrary to many fire history reconstructions in western North Amesiedind greater biomass
burning occurred during the LIA than the MCA. Significant correlatiexistbetween charcoal
accumulation andthe amplitude of multi-decadal hydroclimate variability.  Previously
hypothesized mechanismgich suggesthat producton and connectivity of fuels to wet PDO
negative (coolphases which subsequently desiccate and burn duringgeBifive (warmphases
may thus have been important controls on fire during the last millennium. Additionally, the forced
removal of Native inbitants and imposition of Eumerican land use patterns during the mid
19" century drastically altered fire and fioimate relationships.

Chapter 5 expands the Round Lake oxygen isotope dataset to cover the Holocene. Oxygen
isotopes indicate a drgarly Holocene, a moist middle Holocene, and a relatively moist and
variable late Holocene, consistent with other oxygen isotope reconstructions. A persistently PDO
/La Nifia like mean state in the tropical Pacific, consistent with previous work (Barabr2810)
may explain increased winter precipitation. Lake level indicators and pollen data, however, suggest
drier conditions, driven by elevated summer insolation and a persistent subtropical Pacific

blocking high pressure system (Bartlein et al. 1998)ultidecadal variability is consistent



between other sites with higlsolution oxygen isotope records, and indicate that the past 1000
years has experienced anomalously high ampliswiegs inhydroclimateover multidecadal
timescales Correlations btween arboreal pollen and oxygen isotopes are improved by
incorporating 660100 years of preceding oxygen isotope data, demonstrating theelong
sensitivity of terrestrial ecosystems to precipitation variability. Finally, chapter 6 summarizes the
findings described above and outlines remaining areas of uncertainty and potential future work on

these topics.

10



2.0 XRF Analysis of Laguna Pallcacocha Sediments Yields New Insights into Holocene El

Nifio Development

The | aminated sedi meslagunayallsacogha s ane ef the hostE c u a
widely cited proxy records ddoloceneEl Nifio Southern Oscillation (ENSO) variability. Previous
efforts to reconstruct floedriven laminaegfrom Laguna Pallcacocheelied solely onsediment
color, a useful but nespecific metric offlood events We improved the chronology witi’Pb
and additionat“C dates ovethepast millennium, which allows for comparison of the sedimentary
record with historically documeed El Nifio events. Additionally, we usdemental compgition
derived fromX-ray Fluorescence (XRRd reconstruct flood history at Pallcacocha. A principal
component analysis (PCA) of the XRF dataset identifieerogenidlood-driven clastic laminae.

The first principal component (PC1) of the XRF datad red color intensityare positively
correlatedbver the past.B kyr, but the color record fails to capture high frequency variability that

is preserved in the XRF dataset during the early Holocene (approximdely Kyr BP). The

new XRFdataseindicatesmoderateEl Nifio activity during the early Holocene, suppress#d

Nifio activity in the middle Holocene, and enhand&dd\ifio activity during the late Holocene

This pattern is relatively common among other ENSO records, and has been attribated to |
term changes in tropical insolatio®ome intervalsnost notably between3 kyr BP and during

the last millenniurdeviate from expected trends if insolation was the sole forcing mechanism
Previously proposed mechanisms linking ENSO to latitudingppldcement of the ITCZ and
oceanatmospheric variabilities in other ocean basins appear to play an additional role in
modulating Holocene ENSO development, as demonstrated by statistically significant correlations
between the revised Laguna Pallcacochadlbistory and proxy records from the Atlantic.
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2.1 Introduction

Despite the significance of the El Nifio Southern Oscillation (ENSO) to global climate and
human society, its behavior over the course of the Holocene remains widely debated. Existing
proxy records from lake sediments (Rodbell et al. 1999, Moy et al. 2002, Thompson et al. 2017,
Zhang et al. 2014), foraminifera (Koutavas and Joanides 2012), bivalve shel&sdiCdrr2014)
and speleothems (Chen et al. 2016, Griffiths et al. 2020), as wellidsnce from modelling
experiments (e.g. Chen et al. 2019, Zheng et al. 2008) indicate reduced EI Nifio activity during the
middle Holocene (78 kyr BP). However, other highesolution proxy records from coral
skeletons (Cobb et al. 2013, Em(Beay etal. 2016) and molluscan assemblages (E@Giay et
al. 2016) highlight the pronounced variability of past ENSO changes. Further demonstrating the
complexity of preinstrumental ENSO variability, continuous, high resolution proxy records from
treering andspeleothem records have yet to yield a conclusive picture of ENSO variability during
the Little Ice Age (LIA, 14501850 AD) and Medieval Climate Anomaly (MCA, 90300 AD)

(Henke et al. 2017). For instance, while some records indicate increased EIl tiitg, ax
persistent El Nifidike conditions during the Medieval Climate Anomaly (MCA) (Tan et al. 2019),
other records indicate the opposite pattern (Denniston et al. 2015). Reconciling these divergent
conclusions is a crucial and necessary step faebenderstanding lorgerm forcing of ENSO
variability.

Several studies have implicated insolation as a major driver of El Nifio frequency. Modelling
studies and observational data suggest an inverse relationship between seasonal temperature
contrast ad ENSO activity, as enhanced seasonality strengthens Pacific Walker Circulation, and
suppresses the development of El Nifio events (An and Choi 2014, Zheng et al. 2008). While some

proxy records have supported this mechanism (McGregor et al. 2013), ia-Ratéf compilation
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of subannually resolvedi*Oaragonite records dispute such a mechanism (E+Gikay 2016a).

Other studies have indicated that higher equatorial September (White et al. 2018, Dang et al. 2020)
and June (Dang et al. 2020) insolation erdes the zonal tropical Pacific thermal gradient and
suppresses the development of El Nifio events via shoaling of the eastern Pacific thermocline.
However, highresolution proxy records from the core ENSO region (equatorial tropical Pacific)
demonstrate # importance of centenniatale shifts in ENSO variability which cannot be
explained solely by changes in insolation (Cobb et al. 2013). Abrupt, stepwise southward shifts in
the intertropical convergence zone (ITCZ) (Haug et al. 2001), explosive volcgstismenson et

al. 2016) and teleconnections to the Atlantic basin (Pausata et al. 2017, Levine et al. 2017) have

all been proposed as additional drivers of ENSO variability.
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Figure 1. Setting of Laguna Pallcacocha and other ENSO proxy reconstruction§A) First EOF of sea surface
temperatures (SST), 60N to 60S. Location of ENsg@sitive proxies discussed in text are designated as follows: (1)
Laguna Pallcacocha (this study), (2) El donGalapagos (Zhang et al. 2014), (3) Marine Core-3@{Koutavas
and Joanides, 2012), (4) Northern Line Islands coral chronology (Grothe et al. 2020), {Badifito\Warm Pool
marine core compilation (Dang et al. 2020), and (6) Bukit Assam Cave,B(Chen et al. 2016). Proxies sensitive
to Atlantic phenomena are designated as (7) Kaite Cave, Spain (DomMitjaeet al. 2017), (8) Florida Straits
marine core (Schmidt et al. 2012), (9) Gulf of Mexico marine core (Poore et al. 2003), and (10)@&hutfea core
GEO-B4509 (Collins et al. 2017). Plotting conducted using the Climate Data Toolbox for MATLAB (Greene et al.
2019) (B) 3D rendering of the Laguna Pallcacocha watershed. The transparent red outline at headwall shows the
zone of loose, clastgediment production. (C) Horton stream order map of the Laguna Pallcacocha watershed,
showing the network of channels which connect the zone of clastic sediment production to the lake. Color of
channel indicates Horton stream order.

Several studies havewsght to reevaluate the clastic alluviation signal preserved in Laguna
Pall cacochatdts sedimentary record wusing differ
significant relationship between flood driven alluviation events and instrumental Efétidims.

This study failed to find clastic laminae corresponding to the very strong 1982/83 and 1997/98 CE
El Nifio events in surface cores. However, the cores were collected after significant landscape

disturbance in the watershed and repeated coringeatfall deep basin of the lake. Additionally,
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using a network of meteorological stations located up to 50km east of the Andean divide, Schneider
et al. (2018) found no significant relationship between 24 and 36 hour precipitation maxima and
El Nifio conditons. The only station proximal (<5km) to Pallcacocha, however, covers only 4
years (2012016 CE). More recent work, however, has concluded that alluviation at Laguna
Pallcacocha is, in fact, closely tied to El Nifio events when sea surface temper@i)reé8ning
is centered in the eastern Pacific and coastal South America (EP and COA events, respectively).
During EP and COA events, westerly winds and cloudburst rainfall occur at Laguna Pallcacocha,
but not at a nearby weather station several kiloraetast of and more than 500m lower than the
lake (Hagemans et al. 2021). This is consistent with a+seEe modelling experiment which
suggests that EP and COA ENSO events drive intense hourly precipitation maxima, while having
relatively little impacton overall precipitation totals (Kiefer and Karamperidou, 2019). These
convective cloudbursts are responsible for generating alluviation and clastic sedimentation in the
Laguna Pallcacocha sedimentary record.

Additional work is needed on the Laguna Patlocha record to directly link watershed
scale erosion to climate, evaluate how the record may record newly recognized configurations of
ENSO, and compare the clastic stratigraphy to the growing body of-BAIS® proxy records.
The original work was dan prior to advances in age modelling and suffers from limited
chronological control over the past millennium. Additionally, the visible color stratigraphy may
in part reflect a variety of environmental and ecological processes unrelated to rapid degositio
events. Higkresolution XRFderived elemental content offers the advantage of directly linking
sedimentary structures with erosion and deposition in the watershed. Few, if any, Holocene ENSO
reconstructions have both the temporal resolution to resdrddual El Nifio events and provide

continuous coverage over the Holocene. Most modelling experiments only cover discrete,
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centennialscale windows of climate variability, hindering an exploration of ENSO evolution and
its relationship to external famts (EmileGeay et al. 2016a). As such, improving the temporal
constraints and refining the interpretation of the Laguna Pallcacocha record is vital to the future of
palecENSO research.

Here, we address critical questions regarding the Pallcacaubra r&V/e use surface cores
recovered in 1993, 1998, 2014, 2017, and 2018 CE to examine the relationship between El Nifio
events, environmental change, and clastic sedimentation in the basin. By*Gsgnd*%Pb
assays, we improved the chronology otrex recent past, and can directly compare depositional
events in the stratigraphy to instrumental and documentary records of warming in the eastern
tropical Pacific. Third, and most significantly, we present a-nggolution record of XRiderived
elemenal composition to directly link clastic debris flow events to sedimentation during the
Holocene. The resultant flood chronology, interpreted as showingtéongchanges in coastal
and eastern Pacific El Nifio events, sheds new light on the developmehNS&® Bver the

Holocene and can be used to investigate potential forcing mechanisms.

2.2 Methods

2.2.1Core Collection

Surface cores were collected using a 5.9cm diameter polycarbonate tube and piston in
1999, 2017, and 2018 and transported intact to the laborasimg godium polyacrylate to

stabilize the surface (Fig. 2). A freeze core was collected in 2017 to ensitxepneservation of
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sediment (Fig. 2). Full Holocene sections were recovered with a Livingstone corer in 1993 and
1999, however sedimemtater nterfaces were disturbed during these coring operations. All cores

described here were collected from the deepest (~8 meter) basin identified by Rodbell et. al (1999).

Year (CE)

2017 |[2017
1993|[1998 |[2014]| (Field) | (Lab)[ |2018

Depth (cm)
8 % 8 & o

5
= |

35 -

Figure 2. Pallcacocha surface cores taken between 1983d 2018.Coresshow common
visual features beneath roughly 15cm, but not necessarily at the core tops. Solid black lines
indicate stratigraphic features which are reprodwraticorrelated based on visual identification,
while dashed black lines indicdeatures which are not.

2.2.2Chronology

We constrained the ages of surface sediments using an unpubtf§tedhronology from

the 1999 surface core and*&Pb chronology from a surface core collected in 2017, modelled
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using both a Constant Rate of Supply (CRS) and Constant Flux Constant Sedimentation (CFCS)
model after eliminating clastic layers following the assumption that they were essentially
instantaneasievents (Arnaud et. al 2002) (F8). In addition, 5 radiocarbon dates were measured
and combined with the original 14 radiocarbon dates from Rodbell et. al (1999). Two of them
were measured at the Penn State Radiocarbon Laboratoiyaiionaal Electostatics Corporation

500kV 1.5SDH1 Compact Accelerator Mass Spectromeiad three were measured at the W.M
Keck Carbon Cycle Accelerator Mass Spectrometer at the University of California Irvine on a
similar system. All samples were prepared with a stethdcidbaseacid method (Santos et al.
2013). A welldated tephrochronology from the region provides additional chronologieal tie
points (Rodbell et. al 2002) and allows for depth adjustments to account for the amount the cores
have shrunk over the pa®0 years. A complete agkepth model, with age uncertainty, was
developed using the Bchron software package (Parnell et. al 2021) and the IntCal20 calibration
curve (Hogg et al. 2020). The initial age model developed by Rodbell et al. (1999) and further
advanced by Moy et al. (2002) uses a Constant Carbon Accumulation (CCA) model to account for
rapid depositional events in the core. While the relatively dived depositional events surely

alter instantaneous sedimentation rate, the sequence irtiietyedisplays a relatively constant
sedimentation rate (Fi§), making age modelling techniques that account for rapid alluvial events

unnecessary over the timescale of the full record.
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Figure 3. Chronological control for Laguna PallcacochaA) Full Pallcacocha BChron age model, with the

inclusion of 20 new 210Pb and 5 new 14C dates over the last millennium. (B) The 210Pb profile from 1998 Laguna

Pallcacocha surface core. Red line shows suppajrfbdb curve and blue line shows unsuppo?t]é@b curve. (C)
The same as (B) but with rapid depositional events excluded (per Arnaud et al. 206?9?([)3nd137Cs derived
age model for 1998 Pallcacocha surface core ant®(E} profile from the 1998 Paticocha surface core.

2.2.3X-Ray Fluorescence and Sedimentology

In 2017 the Livingstone cores collected in 1999 were scanned with an ITRAX XRF Core
scanner at the Large Lakes Observatory at the University of Minnesota Duluth, which provides
elemental counts fanost elements less than atomic number 93. The cores were scanned at 0.1

cm resolution with a 15 second dwell time. Total organic content (TOC) was measured by loss on

ignition and converted to TOC via a transfer function (Rodbell et al. 1999).
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2.3Results

2.3.1Laguna Pallcacocha XRF record

Al, Si, K, and Rb are all positively correlated with one another for the entirety of the record
(Fig. 4). Higher counts are associated with the lglored clastic laminae and the inorganic
(glacial) silt at the base of treequence. The ratio of incoherent to coherent scatter (inc/coh) is
associated with organic matter in the core and is significanticanlated with Al, Si, Rb, and
Ti. Unlike other lithophilic elements commonly derived from the catchment (Davies2ét1&),
Ti is not substantially higher during the deglacial period. We performed a principal component
analysis on the variables mentioned above. The first principal component (PC1) of the XRF data
(Figure 4 B and C) is closely related to Al, Si, K, &ta consistent with the results of Schneider
et al. 2018, and is interpreted as a proxy for alluvial deposits. The PC1 is the only significant
component in the dataset, comprising 60% of the total variance. We interpret the PC1, and the
elements positivglcorrelated with it, as representing erosional input from clastic sediments in the
catchment. PC1 is consistently higher prior to approximately 11.5 kyr BP, when sediments are
characteristic of inorganic glacial till. The spacing of the tirglguency paks, which we interpret
as rapid alluviation events, represents the frequency of flooding over the course of the Holocene.
In order to better visualize the frequency of flood events, peaks in the XRF PC1 were binned in
100 year intervals per the methodpjoof Moy et al. (2002) (Figl2). Additionally, the return
interval of flood events (i.e. the years between flood layers) were also calculated to emphasize
higherfrequency variability (Figl3). Floods during the early Holocene tended to occur between
roughly 812 times per century for an approximatelyyear return interval. During the middle

Holocene, flood frequency decreased to approximately betwene®ents per century
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(approximately 20 year return intervals). After approximately 4 kyr BPdffaeguency begins
to increase, entering the modern ENSO frequency band-dgtddal return interval,

approximately 1216 events per century) at about 2 kyr BP.
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Figure 4. Laguna Pallcacocha XRF results(A) XRF-derived elementounts from Laguna Pallcacocha, 100 point
smoothing filter of the XRF PC1 is shown as transparent gray line. R values indicate correlation of each element
with the PC1. (B) XRF PC1, organic carbon content, and red color intensity from Laguna Pallcatodig®-w

point smoothing filters (black lines). (C) Biplot of major elements from XRF Principal Component Analysis.
When both proxies are placed on the same (new) depth scale, the PC1 closely matches the
variability in red color intensity values throughdhe surface core (Fi$) and during the late to
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middle Holocene, but the two time series become dissimilar at greater depthé éfidgsf. Most

notably, while the PC1 captures significant sldradal scale variability during the early
Holocene, thesevariations in the red intensity data are either absent or the amplitude is
significantly reduced (Figs and J. The correlation between the PC1 and red color intensity for

the period 67 kyr BP is 0.58 (p<.05). However, during the perietil7kyr BP, he correlation
coefficient is reduced to 0.33 (p<<.05). The cores have shrunk in the two decades between the
initial collection and recent XRF analyses, and even millimstate discrepancies in the depth
scale can create destructive interference betwheeiwo time series, likely reducing correlations
between the color record and XRF record. A ctwaselet analysis between the red color intensity
record and the XRF PC1 reveals the importance of using elemental data as opposed to sediment
color (Fig.6). From the beginning of the Holocene to roughly 10 kyr BP both time series show
few significant spectral properties. Between 10 and 7 kyr BP, the XRF PC1 shows significant
periodicities in the 82 year waveband, at lower frequencies than the modern EN&Eband,

while the red color intensity data shows no such periodicity. Both time series share a common
significance at a 3%ear waveband between 7 and 5 kyr BP. The updated age model indicates
maximum flood event frequency in both the XRF and redrdakensity record occurs between
9001200 CE, during the MCA.. The subsequent LIA (14850 CE) shows fewer flooding events

than the MCA, but still more frequent El Nifio events than most of the Holocene.
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Figure 5. 1999 surfacecore image with new 210Pb and 137Cs age modBlue dots indicate depths at which
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Previous work has indicated that organic carbon in the sedimentary sequence is dominantly
terrestrial in origin (Fig8, Rodbell et al. 1999). Both the proportion and the rate of organic carbon
deposition is higher during the early Holocene (M. Perlaps most importantly, negative
excursions in organic carbon concentration, indicating rapid alluviation events, are substantially
more organic carberich during the early Holocene than during the middle Holocene @ig.
Because organic carbon in thelseent is primarily terrestrial, the increased proportion of carbon
in the early Holocene is consistent with enhanced erosion of organic material diluting inorganic
clastic sediment during rapid alluvial events. This dilution would prevent alluvial depasi
being identified in the red color intensity and grayscale datasets, and preventfiedugmcy

signal from registering during the early Holocene.
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2.3.2Recent Sedimentation at Laguna Pallcacocha and Surroundings

Recent landscape disturbance and repeated coring within the small lake basin preclude the
correlation of the uppermost Pallcacocha stratigraphy to instrumental climate records after 1999.
While surface cores taken over the past 25 years are consistpntigueible below 15cm, clastic
layers above this boundary are not common to all cores (Fig. 2). A core taken in 1999, shortly after
the very strong 1997/1998 EP EI Nifio shows a clear clastic layer at the top (Figs52 and
However, the surface core pested in Schneider et al. taken in 2014 does not show this flood
laminae, as well as several preceding layers (Fig. 2). Three potentially overlapping mechanisms
can explain these differences. (1) Kees Noreen (Utrecht University, written communication 2020)
documents a tenfold increase in the presence of the eutrophic indicator diatomdipecgtslla
stelligera(Bush et. al 2017) beginning in 1994. This shift occurs concurrently with the 1994 paving
of Highway E582, the only land route connecting the major cities of Guayaquil and Cuenca, which
runs through Cajas National Park and within 2 km of Laguna Pallcacothis has drastically
enhanced vehicle traffic through the park, particularly over the past decade (Bandowe et al. 2018).
Productivity has long been shown to influence sedimentary color (Hayes and Anthony, 1958), and
the high flux of aquatic organic rtar to the lakebed would likely dilute the clastic signal and may
Amasko visually identifiable clastic | ayers.
proliferation of foot and mule paths connecting communities north of the Pallcacocha catchment
to the highway, have produced documented impacts on local ecosystems (Astudillo et. al 2014).
However, potential eutrophication and productivity proxies (Si/Ti and Mn/Fe ratios) do not
indicate that changing trophic conditions have drastically alteredphaf the sedimentary record.
Oxidation reactions which mask visually identifiable layers after core collection may play a

significant role in changing the color of core tops. A field photograph of the 2017 freeze core
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shows visible stratigraphy which isbsent in subsequent laboratory photographs (Fig. 2),
consistent with this suggestion. (2) It is possible that the repeated coring of the Pallcacocha basin
(more than a dozen cores have been extracted from a depocenter of roughly?Y1LOGY imave

created a uneven and artificially mixed surface sediment layer. The 2014 cores collected by
Schneider et al. may have been taken from an area of the deep basin which has been disrupted over
the past 20 years of research through repeated coring and anchorirsy #éfftieed, cores collected

in 1993 and 1998 show several clear clastic layers which cannot be reproduced in all subsequent
cores (Fig. 2). (3) Lastly, Hagemans et al. (2021) show recent (post 1998) debris flow events
resulted in a channel avulsion whiakdirected the primary pathway for coarse sediment to be
deposited away from the previous lake depocenter. This recent reworking of channel networks
may confound the detection of modern depositional events. The size of the alluvial fan, and lack
of geomorpit evidence for additional prominent channels in the watershed (Fig. 1C) indicate that
alternative pathways of sedimentation have been minimal over the course of the Holocene. In
sum, the combination of recent catchment alterations, sediment disturbdradeaages in trophic

status require that we limit quantitative correlations to historical and instrumental records of ENSO
prior to 1999.

The addition of%Pb assays andC dates to the surface sediment core collected in 1999
substantially decreaseseagncertainty over the past millennium, allowing for comparison with
instrumental and historical evidence of El Nifio events since 1550FQE10. Between 1550
and 1900 CE, the period covered by several documentary reconstructions of El Nifio events (Qui
et al. 1987, Garcidlerrera et al. 2008), the Laguna Pallcacocha record documents 45 distinct flood
laminae, one more than the number of El Nifio events documented by-Barwmaa et al. (2008),

when multiyear events are counted as a single El Nifig. (). This is justified because muilti
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year events are likely indistinguishable from one flood deposit given thm#lubeter scale of
nonclastic sedimentation that would occur between floods. The documentary evidence provided

by GarciaHerrera et al(2008) is the most reliable source to compare to recent sedimentation at
Pallcacocha because of their shared sensitivity to coastal and eastern Pacific ENSO events. The
GarciaHerrera et al. (2008) chronology incorporates primary source evidence frddpahesh

colonial administration in the city of Trujillo in northern Peru which is arid duringHEloNifo

years and receives precipitation in years with COA and EP El Nifio events. The shared sensitivity

to COA and EP events is reflected in the strongavistu mat ch bet ween documen
peaks in the XRF PC1 (Fig., ¥ig. 1. While age uncertainty precludes the attribution of

i ndividual flood | aminae to a specific year,
Pallcacocha and the Gardterera et al. (2008) chronology between 1550 and 1990 CE is very
similar (Fig.10). The period when the two cumulative event distributions diverge occur between

the thickest clastic deposits over this period. Because these deposits occur approximately
instartaneously, they distort the age model on interannual timescales (Moy et al. 2002). While the
subtraction of clastic layers is justified over tH®b chronology due to the high number of dates,
further manual adjustment of the age model on interannuedtiates is not justified. Despite these
challenges, the remarkable consistency between documentary evidence and clastic sedimentation
supports the notion of EP and COA El Nifio events driving clastic sedimentation at Laguna

Pallcacocha.
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Figure 10. Comparison of Laguna Pallcacocha flood deposits with documentary evidence for El Nifio events.
(A) XRF PC1 (black line) and documentary evidence of El Nifio events from primary documentary evidence
detailed in Garcidderrera (2008) (redguiarers). Peaks in XRF PCL1 indicate clastic layers. While age uncertainty
precludes absolute identification of the years in whic
counting events in concurrent years as a single esamtext)s almost identical (44 in the documentary evidence,
45 in the sedimentary record). (B) The cumulative number of El Nifio events documented by Laguna Pallcacocha
(red line) and the Garciderrera El Nifio chronology (blue line) between 1550 and 1900, thedpsoivered by both
records. Transparent gray boxes show thick layers of rapidly deposited clastic alluviation which occur coevally with
divergence between the Laguna Pallcacocha and Gdeciara event chronologies.
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2.4 Discussion

2.4.1The Relationship between @ochemical Data, Sediment Color, and Landscape

Change

Rapid alluviation events in the Laguna Pallcacocha sedimentary record are well
represented by the first principal component (PC1) of the XRF data. Peaks in the PC1 represent
abrupt deposition of clastimaterial resulting from El Niftdriven convective storm bursts
consistent with the interpretations of Rodbell et al. (1999), Moy et al. (2002), and Hagemans et al.
(2021) (Fig.5). Measurements of Al, Si, K, and Rb in counts per second (cps) are allclose
correlated with the XRF PC1 and are commonly used to identify clastic flood deposits in lacustrine
settings (e.g. Berntsson et. al 2014). Additionally, each of these elements is significantly anti
correlated with Inc/Coh scatter, a commonly used pfokgrganic content, as Carbon is too light
to be detected by traditional scanning XRF techniques. Examination of the surface cores show that
the visibly identifiable, fining upward sequences attributed to deposition by hyperpycnal flows by
Rodbell et. a(1999) also appear as peaks in the PC1 @iglndividual element counts each
contain specific drawbacks, making the use of techniques like PCA preferable. While silica is an
important component of the underlying ignimbrite bedrock, as evidenced bg\itgezl levels in
glacial sediments, it can also reflect diatom frustule production (Peinerud et al. 2000). Titanium is
an oftenreliable indicator of terrestrial input (e.g., Haug et al. 2001), but it is also associated with
larger grain size minerals bigh specific gravity (Brown 2015). This may explain why it is less
abundant than the other detrital elements during the late glacial period, when sedimentation was
primarily fine-grained glacial flour (FigL1). Catchment glaciers had completely melted Bkyr
BP (Rodbell et al. 2008) making flo@ttiven alluviation the major delivery mechanism for clastic
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material through the Holocene. The use of PCA overcomes the limitations described above, and
the linear combination of variables represented by the iB@ more reliable indicator of flood

frequency from Laguna Pallcacocha than any single element.
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Figure 11. Relationship between Ti and other major elementsStrong positive correlations between Ti and
other major clastic elenents.Notably, the glacial portion of the record (roughly 11,700 to 15,000 yr BP) is
depleted with respect to Ti. Ti is often associated with coarser grained mineral assemblages which may have been
largely absent in glacial flour.

Why, then, is coloreliable indicator of clastic deposition during the middle and late
Holocene, but not during the early Holocene? Unlike elemental composition, which is a direct
function of mineralogy, color is influenced by a variety of environmental and limnological
processes. Laminae discernable by color differences may have been formed less frequently during
the deglacial period and early Holocene because of limited landscape stability. At present, high
altitude paramecosystems dominate the highlands of Cajas Natfeeudi, increasing soil carbon
stocks and soil stability, even in steep watersheds (Minaya et al. 2016). Pollen records from the
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region indicate that these ecosystems have changed markedly over the course of the Holocene
(Hansen et. al 2003). The transititma paramacosystem resembling the modern environment
occurred at 7,500 yr BP, coincident with the alignment between the XRF and color records. The
early Holocene in Cajas National Park was marked by the presence of a dry season and increased
biomass brning based on analyses of pollen and charcoal (Hansen et al. 2003). This pattern is
reproduced at Laguna Llavillucu, a lower elevation site (3115m a.s.l.) several kilometers east of
Pallcacocha (Nascimento et al. 2020). The transition from a deglaxdatkgpe to one dominated

by paramovegetation increased the stability of the watershed and hence the amount of erosion.
Prior to the establishment of paramegetation at Laguna Pallcacocha, flood deposits contained
higher proportions of terrestrial orgammatter than during the middle and late Holocene when
deep rooted tussock grasses protected soil from erosion8jFiGarbon isotopes and elevated
TOC/TN ratios of organic matter indicate a predominantly terrestrial source. Generally elevated
carbon istope values during the early Holocene indicates a greater proportion of C4 to C3 land
plants, a common phenomenon in postglacial Andean paramo ecosystems (Boom et al. 2001) (Fig.
8). Additionally, the transport of loose clastic material from the headmade it is produced

into the lake requires a network of channels and a prograding delta fan that developed over time.
Mechanical abrasion continues to carve existing channels (Whipple et. al 2000), creating stream
networks of sufficient competence arapacity to transport enough clastic material to register as
visual laminae. Temporary sediment storage sites exist further upslope, forming much of the
existing delta fan (Hagemans et. al, 2021). While abrupt clastic sedimentation is still apparent in
sanning XRF data, early Holocene flood deposits are less readily identifiable by red color

intensity due to terrestrial ecosystem changes and landscape development.
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2.4.2Holocene History of El Nifio Preserved in Laguna Pallcacocha Sediments

Changing orbital cdigurations have long been invoked to explain the apparent
suppression of El Nifio events in the early and (particularly) middle Holocene (Chen et al. 2019),
a pattern broadly supported by the new XRF data from Pallcacocha. White et al. (2018) call
attenton to the role of enhanced equatorial June insolation in decreasing the depth of the eastern
Pacific thermocline in the early and middle Holocene, dampening the upwelling feedback and
hindering the formation of El Nifio events. A compilation of marinersedtary records from the
Indo-Pacific Warm Pool (IPWP) highlights two significant orbital factors which limited El Nifio
activity by shoaling the thermocline and intensifying Walker Circulation prior to 4 kyr BP (Dang
et al. 2020). The early Holocene theetine warming is thought to be driven by June equatorial
insolation maxima while the middle Holocene was driven by equatoriaD@ctinsolation
maxima (Dang et al. 2020), which inhibited the formation of El Nifio events during their growth
phase (Chen etl. 2016). Insolation driven seasonal contrast also peaks during the early Holocene,
and has been suggested to hinder El Nifio development by exaggerating the zonal tropical Pacific
temperature gradient, thereby accelerating Walker Circulation (McGregbr214). The new
Laguna Pallcacocha XRF record, and others from the tropical Pacifid @rigndicate reductions
in El Nifio activity that are consistent with each mechanism described, suggesting that multiple

orbital factors have been crucial to thevdlopment of the ENSO over the Holocene.
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Figure 12. Compilation of tropical Pacific ENSO records from 10,500 BP to present.
Records indicate moderate ENSO activity in the early Holocene, reduced ENSO activity in the
middle Holacene and enhanced ENSO during the late Holocene. Transparent gray box indicates
middle Holocene period when continuous@ and discontinuous (E and F) proxies indicate

reduced ENSO variability. (A) El Ijo events per 100 years from Laguna Pallcacodhs (t
study). Dashed gray line indicates equatorialDet and solid gray line indicates equatorial
seasonal insolation contrast (Mdiay vs. OctDec). (B). IndePacific Warm Pool thermocline

water temperature anomaly (Dang et al. 2020)3€&) variability, IODP drill site V2130

35



(Koutavas and Joanides, 2011) (D) Concentratidm bfaunii El Junco Lake, Galapagos
(Zhang et al. 2014) (E)-2 year bandpass filtéf8O, Bukit Assam Cave, Borneo speleothem
(Chen et al. 2016) {F2-7 year bandpass filtét8O concentrations from Northern Line Islands
corals (Grothe et al. 2020). For continuous proxy recorel®)(B and p values between A and
each panel are shown in the top right.

2.4.3The Role of Volcanism, the ITCZ and Other Ocean Bsins in ENSO Variability

While Holocenescale trends in the Pallcacocha sedimentary record may relate to insolation
forcing, robust centennialecadal scale variability noted by other studies (Cobb et al. 2013 -Emile
Geay e al. 2016a) precludes the atttiin of ENSO shifts to insolation alone. Several periods in
particular show trends that cannot be clearly explained by orbital forcing. The Laguna Pallcacocha
record, along with others (Fid2), document a decrease in El Nifio frequency between 3 and 2
kyr BP, a period which would have experienced enhanced El Nifio activity if insolation alone were
responsible for forcing lonterm changes in the ENSO. The last millennium, a period covered by
a multitude of highlyresolved, wellcalibrated ENSO proxies me&ins uncertain and contested
(Henke et al. 2017), with changing orbital configurations insufficient to explain the variability
apparent in the proxy records. The Laguna Pallcacocha record indicates a higher frequency of El
Nifio events during the MCA thaturing the LIA, a pattern repeated by some other proxy records
(Hereid et al. 2013). The influence of volcanic aerosol injection, as occurred after the Samalas
eruption of the 12506s AD, has been widely 1in
et al. 2016). Recent work has shown that explosive volcanism may induce pronounced multi
decadal Pacific variability, which may in turn modulate the frequency of El Nifio events (Mann et

al. 2021, Sun et al. 2022).
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Changes in the meridional extent of (i€Z and its relationship to the ENSO, have also
been the subject of considerable debate over the Holocene (Asmerom et al. 2020, Haug et al. 2001).
The ENSO and the ITCZ are known to be closely related on interannual timescales. Northward
displacement othe ITCZ, driven by northern hemisphere warming relative to the Southern
Hemisphere, drives strong trade winds at the equator, enhancing upwelling and suppressing the
development of El Nifio events (Koutavas and Lyftkiglitz 2004). Conversely, over theurse
of the instrumental record, El Nifio events are associated with southward ITCZ displacements of
up to 5 degrees (Schneider et al. 2014). Insolation is thought to drive latitudinal displacement of
the ITCZ on a precessional timescale, with the ITCZimgp further south over the course of the
Holocene in response to decreasing boreal summer insolation (Haug et al. 2001). This southward
shift has also been invoked to explain a gradual strengthening of the South American Seasonal
Monsoon (SASM) over the dlocene (Bird et al. 2011, Kanner et al. 2013). On shorter timescales,
several proxies sensitive to Atlantierived SASM precipitation activity indicate abrupt drying
after about 2 kyr BP (Schittek et al. 2015, Kanner et al. 2013) roughly coinciderdamatbrupt
increase in El Nifilo events at Laguna Pallcacocha.

Many tropical proxy records from both hemispheres indicate a more northerly ITCZ
location during the MCA, consistent with the proposed mechanism of northern hemisphere heating
(cooling) drivinglatitudinal displacement of the ITCZ to the north (south) (Higley et al. 2018).
However, there exists continued debate regarding whether this pattern is indicative of simple ITCZ
displacement or ITCZ expansion and contraction (Lechleitner et al. 2017grésnet al. (2020)
use a highly resolved speleothem record from central Mexico to show that regions at the margins
of the ITCZ belt in both hemispheres experience simultaneous drying and wetting during the MCA

and LIA, respectively. A wavelet analysis dfet speleothem record indicates that the annual
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migration of the ITCZ to its modern extent occurs at 1400 CE (550 yr BP) (Asmerom et al. 2020).
Four runoftdriven lacustrine reconstructions of the ENSO from the eastern and western tropical
Pacific record anabrupt transition from more active to less active ENSO conditions at
approximately this time (Rodysill et al. 2018). Crucially, the Lake Lading, Indonesia, sedimentary
record records La Nifia, rather than El Nifio, driven runoff and also indicates greaien during

the MCA (Rodysill et al. 2018). The Laguna Pallcacocha and Lake Lading records dispute the
characterization of the MCA and LIA as defined by persistently EI Nifio/La Nifia like conditions.
Instead, it appears the tropical Pacific during theAviiay have been defined by an ENSO system
which oscillated on a shorter wavelength than during the LIA. However, discontinuous and lower
resolution proxy records from the last millennium show greater ENSO amplitude during the LIA
than during the MCA (Rustiet al. 2015). A comparative absence of external forcing during the
MCA may have led to stable conditions in ocemospheric modes such as the ENSO (Bradley

et al. 2016). This is reflected by the relatively frequent and consistent clastic deposit@nal e

at Laguna Pallcacocha. The tropical Pacific during the LIA may have been defined by stronger
decadal and weaker i nterannual variability dul
which is reflected by relatively less frequent and coaststlastic layers in Laguna Pallcacocha.

A growing body of model (Levine et al. 2017) and proxy (Doming\idlar et al. 2017)
studies have explored the relationship between the tropical Pacific and Atlantic Multidecadal
Oscillation (AMO). Despite the complexities that are apparent in deciphBacdic-Atlantic
interactions, even during the modern era, the revised Pallcacocha record shows compelling
similarities with proxy records from the Atlantic region (FIig). Previous paleoclimate studies
have found robust, significant correlations beméllcacocha and proxies from the Atlantic

(DominguezVillar et al. 2017), linking a speleothe#®O record from Kaite Cave, Spain to the
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AMO, which in turn influences trade wind strength via the atmospheric bridgel@y(Levine

et al. 2017). The teperature of the tropical North Atlantic, also influenced by the AMO has been
shown to alter the location of the descending branch of Pacific Walker Circulation. Warming of

the Florida Straits (Schmidt et al. 2012) is associated with decreased El Nigd fedatling at

Laguna Pallcacocha, consistent with a warmer tropical North Atlantic driving increased
subsidence in the central and eastern tropical Pacific {B8) (McGregor et al. 2014). The

apparent reduction in El Nifio frequency between 3 and BRyoccurs coevally with abrupt
changes in the Kait e®0 Gemords. While ENSP |variabilitd elearl@t r a i t
responds to numerous forcing mechanisms, the congruencies linking the tropical Pacific and

Atlantic variability warrant further invesgtation.
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Figure 13. Return interval of El Ni fo events (15 event rolling median, in black) at Laguna Pallcacocha and
various proxy records from the Atlantic basin. Boxes on right indicate proposed interpretatiopulished
proxy, while boxes on left offer potential explanations for how they influence the tropical Pacific. (A) Kaite Cave,

Spain sp ¥ recortl (Demmgue¥illar et al. 2017). Degrees of freedom adjusted to account for lowpass
filtering of original record when calculating p value. Potential relationship to ENSO described by Levine et al. 2017

(B) Florida St etotd. RelationahipitorENSOedesaribed By McGregor et al. (2014) (&) %
sacculifferfrom Gyre 976 PC 20 (Poore etl. 2003). Potential relationship to ENSO described by Hu and Fedorov
2018. (D) West African Monsoon reconstruction using hydrogen isotopes from Gulf of Guinea (Collins et al. 2017).

Potential relationship to ENSO described by Pausata et al. (2017).

Proximal records interpreted as being sensitive to centennial scale shifts in the ITCZ (Poore
et al. 2003) are consistent with changes in the frequency of flooding at Laguna Pallcacocha (Fig.
13C). Northward shifts of the tropical North Atlantic ITCZ have bekawn in modelling studies
to increase the strength of cross equatorial winds and induce a Ldikdifimean state in the
tropical Pacific (Hu and Fedorov, 2018). Additionally, the strength of the West African Monsoon
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and the aridification of the Saharavskebeen shown to be crucial components in increased EIl Nifio
frequency during the late Holocene by shifting Pacific Walker Circulation westward causing La
Nifia like conditions (Pausata et al. 2017). Increasing El Nifio event frequency over the middle and
late Holocene occur contemporaneously with a weakening of the West African Monsoon,
supporting this mechanism (Fi$y3D) (Collins et al. 2017, Griffiths et al. 2020)he longterm
congruencies of records from different ocean basins and the abundance segromzhanistic
relationships between the Atlantic Ocean and the ENSO suggest the persistence of complex,
possibly timelagged, linkages between Pacific and Atlantic oceatmwospheric variability. The
development of further wetlated, higkresolution poxy records of oceaatmospheric variability

in the Atlantic will be crucial to improving an understanding of the complex linkages that influence
ENSO on multidecadal timescales. Disentangling Atlantic influence on the tropical Pacific from
internally geerated variability and externally forced changes will be crucial to anticipating long

term modulation of the ENSO system under different climate regimes.

2.4.4Spatial Heterogeneity of ENSO events

Increasing attention has been paid to the spatial heterogeh&tySO events, or ENSO
Afl avorso (Ashok et al . 2007) . The vast spa
comprehensive understanding of the entire system from a single proxy archive unreasonable. For
example, a recent modelling study has indicatatldiaring El Nifio events with warming centered
in the central Pacific, Laguna Pallcacocha receives relatively moderate andwymedurainfall.
When warming is centered in the eastern tropical Pacific, however, convective activity and
precipitation is enhaced (Kiefer and Karamperidou, 2019). This suggests the Laguna Pallcacocha
record should be relatively insensitive to central Pacific (CP) El Nifio events. Surface sediments
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from Laguna Pallcacocha appear to show flood deposits coincident with both &astiin El

Ni fo events and fAmi xedo EI Ni Yo when both EP
et al. 2017). This is not surprising given that intense rainfall at Laguna Pallcacocha requires SST
warming and convection in the eastern tropical fratatistically significant relationships exist
between the Laguna Pallcacocha flood history and records from both the central and western
Pacific (Dang et al. 2020) and eastern Pacific (Koutavas and Joanides 2012p)Figdicates

there is some dege of coherence between the many flavors of the ENSO overmilliénnial
timescales. A newly developed network of coral records (Freund et al. 2019) shows that the ratio
of CP to EP events has increased in recent decades, while EP events have beeomemser

The development of a continuous Holocene chronology of EP El Nifio events will be crucial to
testing hypotheses regarding the relationship between different flavors of the ENSO under

different background climate conditions.

2.5 Conclusions

The Laguna Pallcacocha sedimentary record has long been cited as a continuous, high
resolution proxy record of El Nifio events during the Holocene. Additional age constraints over
the past millennium confirmed the link between rapid clastic sedimentation andchisto
document ed EI Ni Tobs. S ¢ a-driven clagtic HrRirfae, which drey s i s
not captured by previous studies which relied on sediment color analyses, between 11 and 7.5 kyr

BP. Clastic laminae deposited during the early Holecare marked by higher proportions of

organic carbon, and were deposited prior to the establishment of the modern paramo which may
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have prevented erosion of the unstable upper soil horizon. The revised, -bastonrecord of
alluvial events at Laguna Raacocha more closely matches an emerging consensus of the ENSO
over the course of the Holocene: moderate El Nifio frequency before 7.5 kyr BP, suppressed El
Nifio frequency between 7.5 kyr and 4 kyr BP, and more active El Nifio conditions after 4 kyr.
Thispattern is broadly consistent with proposed insolation controls on the N&dically June

and September insolation maxima, which have the effect of warming the western Pacific and
accelerating Walker Circulation. However, reduced El Nifio frequentwyelea 3 and 2 kyr BP

and persistent centennistale variability throughout must be explained by other mechanisms. El
Nifilo event frequency peaks during the MCA and relatively fewer events during the subsequent
LIA. Proxy records from both sides of thecH& also suggest more frequent La Nifia events
during the MCA, suggesting the MCA featured higher frequently oscillations of the ENSO system,
rather than persistently El Nifio/La Nifia like conditions. Consistencies between the Laguna
Pallcacocha record drproxy records from the tropical to stropical Atlantic, lacking significant
interannual relationships with the ENSO, suggest that previously proposed mechanisms linking
the Atlantic and Pacific Oceans have operated over the course of the Holocemayagxplain

some of the centenniatale variability seen in tropical Pacific proxy records. The continuous,
high-resolution Laguna Pallcacocha record offers a unique dataset that can be used to test

hypotheses regarding oceatmosphere dynamics over tHelocene.
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3.0Holocenescale El Nifio frequency and intensity signals preserved in 3 Andean lakes

Long term variations in the El Nifio Southern Oscillation (ENSO), along with their drivers,
remain poorly understood. The laminated stratigraphy of Laguna RadleacEcuador, exhibits
inorganic flood deposits driven by intense convective rainstorms which generally occur during
eastern Pacific warming associated with El Nifio events. Proximal basins, however, show vastly
different stratigraphic patterns, despitean identical climatic conditions. We investigate the
watersheescale geomorphology of different basins using a simple erosion model, as well as
orthoimagery of land cover, to better understand the factors which influence erosion and deposition
in each gtatigraphic sequence. By better understanding the geomorphic characteristics responsible
for clastic sedimentation and deposition in each watershed, records of flooding events, and
correspondingly El Nifio events, of different magnitudes can be genefdtedlood chronologies
of three lakes, (Laguna Pallcacocha, Laguna Martin, Laguna Fondococha) show close
correspondence with proxy records from around the tropical Pacific, particularly once accounting
for their dominant sensitivity to either ENSO ampdiéu(the intensity of individual ENSO events)
or wavelength (the frequency of oscillations). The Little Ice Age (LIA), we find, shows a generally
longer ENSO wavelength but higher amplitude than the preceding Medieval Climate Anomaly
(MCA). While amplituee and frequency are largely coupled throughout the Holocene, many proxy
records document multiple particularly intense El Nifio events during the middle Holocene,
occurring during period which has often been interpreted as consistently quiescent iniché trop
Pacific. Combining these more refined interpretations demonstrates that many proxy records

previously thought to have been contradictory are, in fact, complimentary.
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3.1 Introduction

Reconciling divergent proxy evidence of past El Nifio Southern @saeill (ENSO)
variability remains a crucial task in understanding how iigquency climate phenomena evolve
over long timescales. Due to the short wavelength of ENSO, its vast spatial scale, and the
heterogeneity (or nf | a\weolgdic)arctovés ofipaldbNSOiare taie | ENS
and ofterdifficult to intercompare The diverse array of geologic materials which have been used
to reconstruct ENSO (Lu et al. 2018) all have different temporal resolutions, uncertainties, and
sensitivities to th climate system. Isotopic composition of coral skeletons (Cole et al. 1993, Cobb
et al. 2003, Cobb et al. 2013, Grothe et al. 2020) and molluscan assemblages (Carre et al. 2014,
McGregor and Gagan 2004) provide sarinual temporal resolution and, dudheir proximity to
the core ENSO region, often exhibit high correlations to instrumental records of ENSO. However,
chronologies from these sources tend to be discontinuous and coverage is very limited over time
periods such as the early Holocene (Tudhetyad. 2001). Foraminiferal assemblages from marine
sediment cores are also valuable ENSO archives, continuously spanning long timescales (Rustic
et al. 2015, Rustic et al. 2020) but temporal resolution is generally low due to slow marine
sedimentation tas. In the terrestrial realm, networks of tre®gs provide exceptional temporal
resolution and climatic sensiti vobviguslyjotaied et al
outside the core (oceanic) ENSO region and areshnsitiveto remote(and possibly inconsistent)
teleconnections to ENSO itself (Zhu et al. 2022). These archives also rarely extend past the last
millennium. Lake sediment reconstructions of ENSO (Conroy et al. 2008, Zhang et al. 2014,
Thompson et al. 2017) can offer cantous coverage over long periods, but tend to lack the annual
and subannual resolution of other ENSO proxy recoraisd are also drawn from the terrestrial

realm
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The unique strengths and weaknesses of each archive type has given rise to statistical
techiques designed to highlight the sensitivity of a given proxy to ENSO. For exdraptipass
filters (Cobb et al. 2003Hereid et al. 2013 nd sliding windows of moving variance (Jiang et al.
2021)are generally applied tworalaragonite geochemistry terserieéto compare the amplitude
of ENSOscale (28 year) variability between corals which livddring different times Due to
low marine sedimentation rates, foraminité@sed ENSO reconstructions utilize the irgaanple
variance of manyndividual foraminiferawithin distinct sediment intervals to reconstruct the
amplitude of sea surface temperatures (SST) change over relatively short time periods (Rustic et
al. 2015). Each of these proxies are primarily related to ER&flituderatherthanfrequency
Other proxy types, such as lacustrine biomarker reconstructions (Zhang et al. 2014), sedimentary
runoff records (Conroy et al. 2008, Rodysill et al. 2019) and pollen spectra (Barron et al. 2003,
Ledru et al. 2013), integrate decadahle variability, diminishing individual higkamplitude
peaks. These proxies generally constitute valuable archives of changing background conditions,
but can rarely resolve individual ENSO events. Varved (Du et al. 2021) or laminated (Mark et al.
2022) sedimnts can offer a unique perspective in pd50 reconstructions, in that they
provide relatively longterm continuous temporal coverage and are (theoretically) sensitive to
changes in th&equencyof individual El Nifio eventsvhich span multmillennial timescales

The laminated lacustrine sequence of Laguna Pallcacocha, Ecuador represents one of the
most widely cited records of Holoceseale El Nifio frequency (Rodbell et al. 1999; Moy et al.
2002; Hagemans et al. 2021; Mark et al. 2022). During El Bii#@mts where warming is centered
in the eastern tropical Pacific (EP or COA ev
activity and extreme rainfall at the study site (Kiefer and Karamperidou, 2019, Hagemans et al.

2021), washing inorganic teregous sediment into the lake, where it is deposited and preserved
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as millimeterscale laminae. The Laguna Pallcacocha flood history indicates moderate El Nifio
frequency during the early Holocene, reduced EI Nifio frequency during the middle Holocene, and
elevated EIl Nifio frequency during the late Holocene, peaking at approximately 1000 BP (Mark et
al. 2022). While this Holocerscale pattern is consistent with other paleoclimate records (Carre
et al. 2014, Chen et al. 2016, Zhang et al. 2014, Dang €d20) 2nd owes in part to insolation
forcing (Carre et al. 2021), most proxies docuneemtenniaiscale variability of th&NSO system

which cannot be easily explained dnpital configurations alone (Cobb et al. 2013, ErGleay et

al. 2016).

Further conplicating interpretations of El Nifilo frequency from the Laguna Pallcacocha
flood record, the temporal patterns of flooding events are not repeated in the proximal Laguna
Fondococha basin (Schneider et al. 2018). The presence of a flood deposit ibasiake the
result of a variety of complex and overlapping upstream processes; from the production of loose,
allochthonous sediment in the watershed (Schiefer 2006) to the transport of sediorants
surrounding hillslopeghrough fluvial networks (Hook&003) to inlake sediment focusing
dynamicswhich preserves discrete, identifiable flood deposits (Hilton 1985). Given the proximity
of the three lakes studied here (Lagunas Pallcacocha, Martin, and Fondococha, Fig. 1), climatic
conditions were likely ver similar. Hence, differences in the frequency with which flooding
events are recorded are driven by unique watersbaled geomorphology and land cover
characteristics.Sediment transport and deposition is a complex function of these upstream and
upslope processes; as such, a flood deposit in each lake is indicative of a hydrological maxima of
a watersheapecific thresholdSchilleref et al. 2014). While the geomorphic controls on the
deposition and preservation of flood events are well documentedtiieies have attempted to

leverage proximal sedimentary records with different sensitivities to flooding events to resolve
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flooding events of different intensities (Schilleref et al. 2016). Here, the frequency of flood
deposits in three distinct sedimemytaequences are analyzed through time to better understand the

changes irthe frequency oEl Nifio events of different magnitudes throughout the Holocene.

Figure 14. Setting of the three lakes discussed in the teXf) Study aea of Cajas National Park within in
Ecuador (inset). Three lakes discussed in this manuscript are denoted by letter in the white boxes (M=Laguna
Martin, Panel B, F=Laguna P=Laguna Pallcacocha, Panel C, Laguna Fondococha, Panel D). Red stars indicate
appoximate location of coring location.
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3.2 Methods

3.2.1Study Area

All three watersheds sit entirely within the boundaries of Cajas National Park, Ecuador.
Each lake is above 3800 m.a.s.| and all are within 3 km of one another. The vegetation at each site
is dominated by deepooted tussock grasses characteristic of Hailjiude paramo ecosystems
(Hagemans et al. 2019). The underlying bedrock is volcanic ignimbrite of the Tarqui formation
(Buytaert et al. 2005). Several volcanic eruptions are documenteahiy cores from the region,
with most deriving from Northern Andes Volcanic Zone, which sits approximately 200 km to the
north of the study site (Rodbell et al. 2002, Arcusa et al. 2020). Two earthquakes in the park have

been documented since the earl§f 2@ntury (Hagemans et al. 2023).

3.2.2Core Collection

Cores used in this investigation were collected from inflatable rubber rafts using
Livingstone piston corers in 1993 1999 2017 and 2018. Flocculant surface sediments were
collected with an irtact sedirent water interface. At Laguna Pallcacocha and Laguna Martin

freeze cores were collected and transported intact back to the University of Pittsburgh.

3.2.30rthoimagery and Digital Elevation Models

High resolution orthoimagery obtained from ArcGIS Onlinav{v.arcgis.comwasused

to delineate exposed clastic colluvium from vegetation (Neely et al. 2019). Geomorphic analyses
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were conducted using the TanDE¥M11-meter digital elevation models (DEMs) of the region.
Some topographic analyses (see section 3.2.4) were calcutated exposed clastic colluvium
rather than the entire watershetihe DEMs werdhereforeclipped according to the boundaries

of the mapped colluvial exposu@elineated by drawing polygons over visible colluvial exposure

in ArcGIS) from each watershedotgenerate clastic specific DEMs for each watershed
(Pallcacocha, Martin, and Fondococha)DEMs were processed and analyzed using the
TopoToolbox package for MATLAB (Schwangart and Scherler 2014). Slope area plots are
utilized toapproximatehe minimumupstream contributing area needed for channel delineation
(Fig. 15). Minimum contributing areavas set at 1000 ) the approximate concaw®nvex

transition then adjusted by confirming the presence of visible channels in orthoimages (Fig. 15).
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3.2.4Factor of Safety Calculations

To determine which DEM cells are prone to slope failure ofact safety (FS) values were
calculated for portions of the watershed covered by exposed bedrock (i.e the provenance of the
material which constitutes clastic flood deposits in the sediment). FS, or the ratio of stabilizing to
driving forces, is computeas:

(1) FS=C+Cogf)* d[(1-min(R/T*a/sin{),1)r] tan(«)/sin(d)
(per Chen and Shad988. The parameters used in the model were determined from

observation and literature values and are definddhble 1. Values estimated from the literature

are taken from sites nearby in the Ecuadorian Andes (i.e Fleischbein et al. 2006, Hagemans et al.
2021 for T and R, respectively), or due to estimations based on general soil types (Hao et al. 2008,
Carter and Bentley, 1991). Values for cohesion, effective recharge, and transmissivity were altered
according to evaluate the sensitivity of each paranmteahe results. While the cohesion value

for coarse inorganic colluvium is assumed to be 0.02NBuchanan and Savigny, 1990), we
employ an estimate of 0.1 N7ndue tothe presence of trace organic soils interspersed with
colluvial deposits. Howeveralues of 0.0 N/rhare employed as lower bound estimates in our

sensitivity tests (Table 1).
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Table 1. Parameter, value, and source for each term used in factor of safety (FS)
calculations for each watershedRanges for C, Rand T are the lower and upper bounds for
sensitivity tests. Values in bold represent best estimates used for control runs.

Parameter Value Source
Cohesion (C) 0.0-0.3(.1) N/m? Buchanan and Savigny
1990
Effective recharge (R) 0.51.0(0.7)cm/hr Hagemans et al. 2021
Transmissivity (T) 0.1-:0.3(0.1)cm/hr Fleischbein et al. 2006
Soil density (r) 1.33 g/crd Hao et al. 2008
Contributing area (a) Variableby cell DEM-derived
Land surface sloped) Variableby cell DEM-derived
Friction angle ) 35 degrees Carter and Bentley, 1991

Cohesion (C): Cohesion defines the degree to which a given substrate adheres to itself
given in units of force per unit area (NJmWhile this term is often divided into soil cohesion and
root cohesion, the areadesged for analysis are devoid of vegetation, removing the root cohesion
term. Sandy, gravelly soils such as those that comprise the exposed loose ignimbrite headwalls of
the basin, are expected to have no soil cohesion either (Buchanan and SavignynaRkieg),C
0.

Effective recharge (R): This value represents the approximate rainfall rate for a storm of a
given intensityin units of length per time (cm/hr)The Oct 1, 2016 rainstorm which produced a
debris flow event at Laguna Pallcacocha, recordetthd nearby Laguna Toreador weather station
(Hagemans et al. 20215 used as the median R value

Transmissivity (T): Defined here as the ratecin/h, at which water passes through the
sediment. The transmissivity of the minemah andosol were estimated from Fleishbein et al.

2006, who measured transmissivity values in a similar environment in the Ecuadorian Andes.
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Soil density term (r): Theobse mineral material covering the area of the watershed
analyzed here is weathered from Quaternary silicious ignimbrite and rhyolite bedrock which have
both low density and high porosity. Values for density were estimated from Moon (1993).

Upslope area {aand Sloped :) These values were derived for each DEM cell from the
DEM and calculated using the TopoToolbox package for MATLAB (Schwanghart and Scherler
2014).

Friction angle (): Friction angle, or the angle at which shear failure occurs, was estimated
from literature values for ignimbritgerived soifrom Carter and Bentleg1991).

Because FS effectively divides forces which stabilize slopes by those which drive slope
failure, values lower than 1 are considered unstable and prone to mass wdatires between

1 and 2 are generally at risk of mass wasting, while values above 2 are largely stable.

3.2.5Stream Power Law Calculations

The stream power law (Whipple 2001) was used to evaluate the capacity of channel
networks within each watershed to transgadiment from colluvial source to the lake surface.
The stream power law is given as:

(2) E=KA™S"

Table 2 displays the range of parameters used to calculate E as well as their sources.
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Table 2. Parameters, values, andource for the calculation of stream power law (Eq. 2).

Parameter Value Source

Erodibility coefficient (K) 2.03204-3.36"07 Whipple 2001
Positive exponent (m) 45 Whipple 2001
Slope exponent (n) 1 Whipple 2001
Contributing area (m”2) Varies bygrid cell DEM derived
Slope (S) Varies by grid cell DEM derived

Erodibility coefficient (K): This is a dimensionless value which encompasses
climatological, lithological, and pedological factors which influence channel erosion and incision.
Rangesvary based on values given by Whipple 2001.

Dimensionless constants (m and n): Positive constants which define channel concavity
index (m/n).

Upslope area (a) and Slope Y These values were derived for each DEM cell from the
DEM and calculated using eéhTopoToolbox package for MATLAB (Schwanghart and Scherler

2014).

3.2.6Core imagery and Xray fluorescence

Cores from Laguna Pallcacocha, Martin and Fondococha were imaged and scanned using
a Geotek MultiSensor core scanner. MieKRF scans wereonducted at the Large Lakes
Observatory at the University of Minnesota Duluth, with an ITRAX XRF core scanner. Scans

were conducted at 0.1 cm resolution with a 15 second dwell time.
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3.2.7 Statistical analyses

Spectral analysis of annually resolved recordsewearried out using the mulaper
method in the R packagestrochron(Meyers et al. 2014). Individual flood layers were determined
for each lake according to the methodologies of Mark et al. (2022) which were adapted from Moy

et al. (2002).

3.3 Results

3.3.1Watershed characteristics and channel networks

The watersheds of Lagunas Pallcacocha, Martin, and Fondococha are all defined by
relatively high relief (368, 310, and 294 m, respectively) and relatively small areas (1.39, 0.37,
and 0.56 krfrespectiely). The Laguna Pallcacocha watershed has the longest channel and
greatest drainage area of the three watersheds consideredrigerg4( Fig. 18 The intense
rainstorm event on October 1, 20@y have triggered an avulsion in the main charpaossoly
redirecing sediment transport from the southern -dalsin of the lake (from which the cores
described by Rodbell et al. 1999, Moy et al. 2002, Schneider et al. 2018, and Mark et al. 2022
derive) into the northern stlimsin (Hagemans et al. 2021). lAgguna Martin, clastic delivery
into the lake is dominated by a single short channel (felga~2m deep arroywhich terminates
at the northwestern side of the la{¢gg. 17). The primary channel flowing into the Laguna

Fondococha watershed is sepadafrom the loose colluvial clastic material by a greater distance
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and elevation than at either of the other two sites (Hj.and two separate inflows running off

the headwall divide sediment delivery into the lake (Fig. 21, Fig. 18)

4400
Pallcacocha
4350+ Fondococha i
* Martin
4300+ * Closest clastic grid cell | |
42504 * L

E4200 -

c

S 4150 :

]

ks —

Y 4100 L
40504 -
40004 -
3950 * F
3900 T T T . .

0.25 0.5 0.75 1.0 1.25

Distance upstream [km]

Figure 16. Stream profiles and location of the nearest clastic grid cell for Lagunas Pallcacocha, Fondococha,
and Martin.
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scale.

Figure 18. Aerial photograph of Laguna Fondococha watershedYellow circles indicate the two inflows where
clastic sediment delivery is split.
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3.3.2Factor of safety

Pallcacocha has the loweskeam FS values for DEM cells covered by exposed clastic
material (Fig19) and Fondococha has the highest. Pallcacocha also has the highest overall amount
of exposed clastic grid cells of any of the three watersheds. This indicates loose clastic material
commonly experiences slope failure and mobilizatraguna Pallcacochahile at Laguna
Fondocochasuch sediment mobilization is relatively rar®ealistic changes in the cohesion
parameter produce the largest effects on overall slope stability, oemnfmatransmissivity and
effective recharge (Fig. 19, Fig. 20). This indicates that while the parameters used in calculating
FS are generalized estimates, the underlying pattern between sites (that loose sediment production

via slope failure is most camon at Pallcacocha and least common at Fondococha) is robust.
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Figure 19. Factor of safety calculations for portions of Laguna Pallcacocha, Laguna Martin, and Laguna
Fondococha which are covered by exposed colluviur@ohesion (Cyalues were altered, ranging between 0.0 and
0.3 to test sensitivity of results to changes in parameter estimations.
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3.3.3

Stream power

Channel networks which deliver clastic sediment into the lake basin are apparent in all

three watersheds. The highest overall transport capacity for all three lakes occurs upstream of the

progading delta in Laguna Pallcacocha (Fig.21a, red circle). At Laguna Martin, the arroyo which

serves as the primary sediment delivery pathway is marked by comparatively elevated values (Fig.

21b, green circle). At Laguna Fondococha, sediment deliverglitsbetween two dominant

stream networks (Fig. 21c, yellow circles).
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Figure 21. Stream power (E) estimated based on equation 2 for channel networks of
Pallcacocha, Martin, and Fondococha.Red circle in (A) represents maximumea of stream
power. Green circle in (B) denotes steep arroyo through which sediment is delivered. Yellow
circles in (C) represent two distinct inlets which split sediment delivery.

3.3.4Sedimentological and XRF results

3.3.4.1Laguna Pallcacocha

While each of the three lakes considered here contain mmehndlood deposits generated
from hyperpycnal flows, Laguna Pallcacocha contains the greatest number of lahiaisn
exhibits the highest sedimentation rate of the three sequences, apgiedyxi 50cm/kyr. A
transition from glacial clays to Holocersedimentation is marked in XRF data, magnetic
susceptibility, and color &50cmdepth (Fig.22). The full Holocene sequence has previously
been described in detail by Rodbell et al. 1999, Mogl. 2002, and Mark et al. 2022. Sediments
alternate between fin®..cm to 20cm) lightcolored terrigenous laminae interspersed with dark
organicrich layers. Principal component analysis (PCA) indicates that the first principal
component (PC1) is ghly correlated with Ti, Sr, K, Zn, Al, and Rb, all elements commonly
associated with terrigenous sedimentation (Schneider et al. 2018, Mark et al. 2022).

Incoherent/coherent scatter (Inc/Coh), a common organic content indiateignificantly
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anticorelated with PC1 (Figz2). PC1 is explains about 80% of the variance in the dataset, and
is thus the only principal component investigated here (Fig. ZBe XRF PC1 time series is

dominated by extremely high frequency oscillations throughout 8Fig.
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Figure 22. Summary of Laguna Pallcacocha sedimentary recordA) XRF-based elemental
composition of full Holocene sequence (B) First 2 principal components of the Laguna
Pallcacocha sedimentary record. (C) BChron age modelgfrizaPallcacocha sedimentary
record. Probability distributions represent individual chronological control points and blue
shading represents the 95% confidence interval.
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3.3.4.2Laguna Martin

The sedimentary record from Laguna Martin spans the y6&&700 BP Fig. 23), with
a basal unit comprised of extremely course gravel preventing further recovery. The sedimentation
rate for Laguna Martin is approximately 38 cm/kyr over the past 4 kyr and approximately 50
cm/kyr from 4 kyr to the base of the core (RA§C). Clastic layers in the Laguna Martin sequence
are consistent with the rapidly deposited finuqgvards laminae described in detail by Rodbell et
al. (1999) and Schneider et al. (2018), but are generally thiokeR.0cm) than those found in
the Laguna Pallcacocha sedimentary record. PCA reveals the first principal component of the
Laguna Martin XRF dataset is very similar to that of Laguna Pallcacocha2@iBg Fig. 23B).
PC1 explains almost 90% of the overall variance, and is thus the dnbippt component
discussed (Fig. 25)The full XRF PC1 time series shows shibred pulses of clastic sediment
delivery marked by brief spikes in PC1 (F@6). More frequent peaks are apparent at the

beginning of the record and over the past 500 \&ags26).
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Figure 23. Summary of Laguna Martin sedimentary record. (A) XRF-based elemental composition of the full

~7000 year sequence (B) First 2 principal components of the Laguna Martin sedimentary record. (C) BChron age

model of Laguna Martin sedimentary record. Probability distributions represent individual chronological control
points and blue shading represents the 95% confidence interval.

3.3.4.3Laguna Fondococa

The Laguna Fondococha sedimentary sequence covers the {6&ib8000 yr BP (Fig.
24). A transition from glacial clays to more organic rich and laminated Holocene sediments is
apparent at 514 cm. XRF PC1 in the Laguna Fondococha record is similar but opposite in sign to

XRF PC1 in Martin and Pallcacocha (i.e negative PC1 excursiorsnitioeocha PC1 are rich in
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Ti, Sr, K, Zn, Al, and Rb while positive excursions are defined by high Inc/Coh scatte24B)g.

Like Pallcacocha and Martin, the first principal component explains about 80% of the overall
variance and is discussed exclusyvéFig. 25). The difference in sign might reflect the
comparatively low mineral input in the Laguna Fondococha sequence. Laminations in Laguna
Fondococha arkess frequenand less visually apparent. Some discrete negatearsiors in

XRF PC1 are vidily identifiable, but are markedly less prominent than in Pallcacocha or Martin

(Fig. 26).
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Figure 24. Summary of Laguna Fondococha sedimentary recordA) XRF-based elemental composition of full
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3.4 Discussion

3.4.1Interpretation of differing clastic stratigraphies in proximal lakes

The unique geomorphic setting of each watershed dictates its sensitivity tioteigsity
precipitation events. Clastic alluviation is a function of both the production of loose clastic
sediment (estimated from FS calculations rasaans of evaluating the likelihoodsdépe failure)
and the transport of sediment (estimated fstream profes and stream power law analysd$e
Laguna Pallcacocha watershed has the lowest overall mean FS value, as well as the greatest overall
amount of exposed clastic material (FRf), which contributes to abundant clastic sediment
production. The channethich delivers clastic sediment into the lake is the longest of the three
considered here, and has thest powerful stream netwo(kig. 16, Fig. 2). This combination
of factors makes the Laguna Pallcacocha record relatively sensifisedong, as dundant loose
material can be transported down a relatively high drasaage channel.

At Laguna Martin, a comparatively low proportion of the watershed is covered by clastic
DEM cells. However, these clastic DEM cells are both comparatively clobe take(Fig. 16)
andare generally very unstable (Fig. 2@jth a deep arroyo transpung terrestrial sediment into
the lake. Mean FS values suggest that the watershed is less prone to slope failure than Laguna
Pallcaocha, but more prone than the Laguna Fondococha watéfsned0) Given the steep
slope of the channel, and the proximitythe lake, it is unlikely that sediment delivery to the lake
is limited by transport during higimtensity precipitation maxima. This is further supported by
the large clast size of some alluvial depqsitdicating that high energy flows which can entr

large particles are mobilized during intense flooAslditionally, the lake area is small in relation
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to Pallcacocha and Fondococha, and thus a comparatively small amount of clastic sediment must
be transported a comparatively short distance forsicldeposit to form.

At Laguna Fondococha, both clastic sediment production and transport are likely limiting
factors for the generation of a flood deposit. Laguna Fondococha has the greatest proportion of
stable FS values (Fig0). The channel whictransports sediment into the lake is relatively distal
from the clastic source compared to Laguna Martin (Feyand has ahannel network of modest
power compared tbaguna Pallcacocha (Fid). Perhaps most importantly, two separate channels
connect he clastic headwall to the lake, splitting sediment delivery between two discrete inputs
(Fig. 21, Fig. 18). This hinders the formation of clastic deposits (Schillereff 2004y
particularlyintense hydrological maxima, then, produce alluvial depositeaguna Fondococha.

Laguna Pallcacocha, sitting within a watershed whose topographic characteristics are
conducive to the production and transport of clastic material, preserves a record of El Nifio
frequency This is supported by the similarity besvethe number of flood deposits in Laguna
Pallcacocha and the simulated frequency of eastern Pacific/Coastal (EP/COA) ENSO events (Fig.
27, Karamperidou and DeNizio 2022). EP/COA events where warming is pronounced in the
eastern tropical Pacific drive ugling and intense convective storms at Laguna Pallcacocha
(Kiefer and Karamperidou 2019, Hagemans et al. 2021), and are thus the most appropriate ENSO
signal to compare to the Laguna Pallcacocha flood stratigraphy. The number of flood deposits per
100 yarsin the early Holocened(kyr BP) simulation is substantially lowehan the number of
simulated EP/COA events (Fig7). This can be explained by a simulated weakening of the
influence of EP/COA events on precipitation in western South America, wbidd have failed
to have produced hydrological maxima sufficient to be recorded, even in Laguna Pallcacocha

(Karamperidou and DeNizio 2022).
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The geomorphic characteristio$ the Martin and Fondococha watersheds may prevent

moderate flood events from producing measurable deposits in the sedimentary record. Hence,
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only extremely powerful flood events are discerned in these sequences making them archives of
El Nifio intensity (as opposed to frequencyMore specifically, a flood deposit in these lakes can

be interpreted as a particularly extreme EP/COA EIl Nifio events. This interpretive framework can
be used to better understand shifts in both the wavelength and amplithdeEd¥SO signal over

the Holocene.

A possible complicating factor for interpreting the stratigraphy of the three lake
(particularly Lagunas Martin and Fondococha, where clastic deposit are relatively infrequent) are
the occurrence of earthquakes, which ceeate shallow landslides and overcome sediment supply
limitations even in the absence of intense rainfall events. This seems unlikely as a primary driver
of sedimentation for several reasons. For one, neither of the two earthquakes documented during
the 20" century (1938 and 1948) are obviously associated with sedimentation in Laguna Martin or
Fondococha (NOAA, 2020). Second, the Laguna Pallcacocha stratigraphy records a single
obvious deformational structure over the Holocene, occurring at apprekra0d0 BP, and such
a feature is not obvious in either the Laguna Martin or Fondococha records. This suggests that
while some degree of seismic activity is common in the region, it may not be sufficient to mobilize
abundant clastic sediment and alter stratigraphy of the cores. Finally, while earthquakes would
increase the amount of loose clastic sediment available to be mobilized, this would not change the
transport limitations inherent in the Laguna Martin and Fondococha watersheds. While there ma
be some minor contribution of seismic activity to the clastic stratigraphy of lakes in Cajas National
Park, most of the alluvial signal in Laguna Martin and Fondococha should be attributed to repeated

intense flooding events.
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3.4.2El Niio frequency and intensty during the last millennium

ENSO variability over the last millennium remains an open question, despite several
synthesis efforts which have sought to utilize the comparatively high number of relevant proxy
reconstructionfrom the relatively recent [ga (Henke et al. 2017, Emil8eay et al. 2013). While
some individual records indicate enhanced El Nifio activity during the Medieval Climate Anomaly
(MCA: 950-1250 CE) compared to the Little Ice AddA: 14501850 CE, Masscoelmotte et
al. 2013) (Hereicet al. 2013), more frequent El Nifio events (Thompson et al. 2017, Mark et al.
2022) or over-aAil kemocendEti dln§o( Mann et al
indicate the opposite (Rustic et al. 2015, Cobb et al. 2003, Li et dl).2Gtectral analyses of a
1200vyear treering based ENSO reconstruction (Li et al. 2011) and the annually laminated Santa
Barbara Basin record (Du et al. 2024nd the return interval of flood events preserved in Laguna
Pallcacochaall of which are sensitivéo El Nifio event frequency, shogenerally shorter
wavelengths during the MCA compared to the LIA (2§).. At Laguna Fondococha and Laguna
Martin, however, more frequent events occur during the LIA (#). Individual foraminiferal
analysis, which resolves only the most intense events, documents a shift towards mst@ugry
El Ni To06s oroximately themmiddleaof thearlgnnium (Rustic et al. 2015, Eg).

This is consistent with wellated coral reconstructions, also suggest greater ENSO amplitude
during the LIA (Cobb et al. 2003). Crucially|acustrinerunoff record from the westetropical
Pacific also indicates more frequent La Nifia (rather than EI Nifio) driven flooding during the MCA
(Rodysill et al. 2019). This suggests that the MCA was defined by Higgwerency oscillations

of the ENSO system rather than necessarily mofdifid or more La Nifia like mean states. The
LIA, conversely, was marked by an attenuation of ENSO periodicity, but was prone to

extraordinarily strong events.
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Figure 28. Finely resolved proxies for ENSO frequency over the lashillennium. (A) Multi-taper method
(MTM) periodogram of treging based ENSO reconstruction (Li et. al 2011) and (B) MTM periodogram of the
Santa Barbara Basin varve record (Du et al. 2021) during the MCA (red) and LIA (blue). (C) Years between flood
everts recorded by Laguna Pallcacocha (5 event moving median, Mark et al. 2022) with MCA highlighted in red
and LIA highlighted in blue.
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Figure 29. ENSO proxies over the last millennium which are sensitive to the amplitude of ENSQA/Rifio
events. (A) 2-7 year standard deviation of bandpassed oxygen isotope data from Palmyra atoll corals (Cobb et al.
2003). (B) Mearremovedi*®O values ofz. Ruberfrom the eastern tropical Pacific. Datapoints represent
individuals which have a87% chance of representing El Nifio conditions (Rustic et al. 2015). {ga&tImoving
variances of ENS@ensitive western North America trdag records (Red and blue horizontal lines represent mean
values for MCA and LIA, respectively) (Li et al. 201XP) Peaks in XRF PC1 records from Laguna Martin and (E)
Fondococha (this study) are interpreted as indicating particularly strong El Nifio events. Blue box represents the
LIA and red box represents the MCA.
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3.4.3El Niflo Frequency and Intensity during the Hdocene

The Laguna Pallcacocha flood rec®kydBPi ndi ca

(Fig.30). This is consistent with thermocline temperature reconstructions from th® &uifac

Warm Pool which suggest stronger Walker Circulation during gkisod, which would have
inhibitedthe formation of El Nifio events (Dang et al 2020, Bi@). Varved sediments from the
Santa Barbara Basin (SBB) sensitive to El Nifitven runoff also indicate a reduction of El Nifio
frequency between-3 kyr BP (Du efal. 2021). EI Nifiedriven algal blooms from the same site
were also less prominent during this time (Nederbragt et al. 2005). A fossil coral reconstruction
from Kiritimati dated to approximately 4.3 kyr BP shows an attenuation of ENSO wavelength,
with significant periodicities aragonitg*®0 composition of greater than 6 years. This is a
substantial attenuation of ENSO wavelength compared to modern coral and SST reconstructions,
which show maximum spectral power at wavelengths of less than 5 years (Mc@ral. 2013,

Fig. 30). The warrmwater sensitive mollusk speciddesodesma donaciuand Choromytilus
chorusare present in archaeological middens in coastal Peru betwe@mB5%gr BP, but not
afterwards, which indicates an increase infteguency of lethal marine heatwaves associated

with EP/COA El Nifio events.
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Figure 30. Holocenescale proxies for ENSO group by their dominant sensitivity to ENSO frequency(A)
Years between successive El Nidiaven flood evets at Laguna Pallcacocha, Ecuador (Mark et al. 2022, this study)
(B) Indo-Pacific warm pool temperature anomaly (Dang et al. 2020) (C) lbglmBuniiconcentration, indicative
of El Nifio frequency, at El Junco Lake, Galapagos (Zhang et al. 2014) (D) EbNw&m algal blooms in the Santa
Barbara Basin (Nederbragt et al. 1995), dominant pollen contributions from ODP site 1019, Northern California
(Barron et al. 2003). (E) Spectral analysidPafitescorals from approximately 4.3 kyr BP indicate longer ENSO
wavelength (>5 year period) vs. modern corals from the same location (McGregor et al. 2014) and molluscan
assemblages from coastal Peru which iatti@n abrupt absence of wawater sensitive molluscs after 4.3 kyr BP,
indicative of more frequent EI Nifios.
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In contrast to El Nifio frequency records, El Nifio intensity reconstructions from Laguna
Martin and Laguna Fondococha both show periods of edviiiod frequency between@kyr
BP (Fig. 31) Periods of elevated ENSO amplitude during the middle Holocene have been noted
by other proxy records as well; individual foraminifera from an eastern Pacific marine sediment
core (Koutavas and Joanides, 2p&hows enhanceatt®0 variance between-® kyr BP compared
to between & kyr BP (Fig.31). In the Central Pacific, too, corals record greater ENSO amplitude
between 57 kyr BP than between23 kyr BP (Grothe et al. 2020) (Figl). In the IndePacific
warm pool, discrete windows of hydroclimate variability captured by a speleothem from Bukit
Assam Cave, Borneo show lower ENSCale amplitude between 35% kyr BP than between
6.56.7 kyr BP (Fig.31, Chen et al. 2016). A synthesis of tropical Pacificat and molluscan
assemblages suggest the period betwedrk@ BP was marked by a 64% reduction in ENSO
amplitude (EmileGeay et al. 2016). While these records reflect a variety of different spatial
configurations of ENSO, there appears to be apprdeimaherence between eastern and central
tropical Pacific records. In all, greater attention to the unique climatic sensitivities of individual

proxy records can resolve many lingering discrepancies in the-RAISO literature.
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3.4.4Drivers of ENSO frequency and intensity

Even if a coherent picture of El Nifio frequency and intensity eradrgm the qualitative
intercomparison of similar proxy records, a more significant question remains unanswered: what
driveschanges in the frequency and intensity of El Nifio events, and of ENSO as a whole? While
orbital configurations explain some lotgrm trends in pale&NSO records (White et al. 2020,
Carre et al. 2021), prominent higtequency variability common to these same sources
demonstrate that the relationship of ENSO to insolation is not simple (Bedg et al., 2016).
The influence of isolation on ENSO has been most pronounced after 6 kyr BP (Carre et al. 2021);
prior to this time, other factors such as reduced tropical dust flux, which increased shortwave
radiation in the eastern tropical Pacific, may have reduced ENSO variance (fRaadapD17).
Additionally, the early Holocene was marked by periodic meltwater fluxes into the North Atlantic,
which may serve to both enhance ENSO amplitude as well as shift its spatial configuration
(Timmerman et al. 2007, Williamson et al. 2018).grf#ficantly, while some studies indicate
meltwater flux and subsequent reduction of the Atlantic Meridional Overturning Circulation
(AMOC) will enhance ENSO amplitude (Dong and Sutton, 2007), others indicate it will also
lengthen the ENSO period (Williamset al. 2018). The same forcing mechanism, therefore, may
have the opposite effects on ENSO frequency and ENSO amplitude. Some proxy records suggest
a decline in the strength of AMOC during the LIA (Moeffanchez and Hall 2017), which could
help explainthe longer periodicities in ENSO frequency proxies and high amplitude of ENSO
intensity proxies. Other studies, however, indicate that AMOC was not uniformly weaker during
the LIA (Lapointe and Bradley 2021, Rahmstorf et al. 2015).

Pantropical climateniteractions have increasingly been invoked as major components of

the ENSO system in recent years (Cai et al. 2019). The magnitude of variability in the Indian
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Ocean Dipole (IOD) has been shown to covary with ENSO over a variety of timetcles

when 10D variability is high, ENSO variability is also high (Abram et al. 2020a). Additionally,
positive IOD events, which peak in boreal summer, may facilitate the formation of particularly
intense EP EIl Nifio events (Hameed et al. 2018). We note closspondence between flood
events recorded in Laguna Martin (those likely representing particularly intense El Nifio events)
and the occurrence of extreme positive |IOD events documented in coral oxygen isotope records
(Abram 2020b, Fig32). The middle 1% century, which has previously been identified as a period

of remarkably intense ENSO (Cobb et al. 2003) and IOD (Abram et al. 2020b) variability, also
showsfrequent floodingat Laguna Martin (Fig32) Indeed, three extreme positive IOD events
which occured between 1650 and 1680 are matched by a unique deposit in Laguna Martin which
seems to show three flooding events in rapid succession3&jgindeed, due to short term
increases in sedimentation rate associated with rapid alluviation (Moy et a), #0&2 three
events are likely closer in age than can be detected by the age model, making them even more
closely match the timing of extreme positive 10D events. As noted by Abram et al. (2020), this
temporal clustering of particularly strong IGENSOevents has important implications for skort

and mediurterm forecasting and predictability.
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Figure 32. Comparison of extremely powerful Indian Ocean Dipole events (eplOD, Abram et al. 2020) and
prominent flood deposits recorded by XRF PC1 of Laguna Martin. Top panel indicates probability density
functions (PDFs) of corddased eplOD events according to the classification scheme of Abram et al. (2020).
Middle panel shows PDFs of prominent flood deposits shovting bottom panel. Highlighted area in middle panel
shows the temporal overlap between eplOD PDFs and flood deposit PDFs. Gray bars indicate periods for which
there is no coral coverage.
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3.5Conclusions

Watersheescale topographic and geomorphic featuare responsible for differences in
flood driven clastic laminae at three lakes in Cajas National Park, Ecuador. These flood deposits
in Laguna Pallcacocha have previously been tied to El Nifio events and have provided one of the
few continuous, highliesolution records of El Nifio frequency for the Holocene. By examining
two additional basins, we reconstruct the frequency of ENSO events of different magnitudes;
hence helping to disentangle both the wavelength and amplitude of theEh#® signal. The
Little Ice Age was marked particularly intense ENSO events, recorded in marine foraminifera,
oxygen isotope data from corals which have been bandpass filtered, and flood deposits in the
relatively insensitive Laguna Martin and Fondococha basins. The prgddeédieval Climate
Anomaly appears to show a shorter ENSO periodicity but fewer extreme events, recorded by
spectral analyses of tree rings and varved sediments, and the more sensitive Laguna Pallcacocha
sedimentary sequence. While intensity and frequemoxies are generally similar for much of
the Holocene, the-B kyr BP ENSO quiescent period seéeproxies sensitive to changes in ENSO
wavelength appears to have harbored occasionally extreme El Nifio events. Internal dynamics, or
external forcing urelated to insolation (i.e atmospheric dust flux or interactions with other ocean
basins) must be invoked to explain changes in ENSO wavelength and amplitude. The records will
provide valuable benchmarks against which modelling research devoted to rdjiegtdhe
respective drivers of changes in the wavelength and amplitude of the ENSO signal can be

examined.
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4.0A link between hydroclimate variability and biomass burning during the last

millennium in the interior Pacific Northwest

We present oxygen isotope and charcoal accumulation records from two |laessem
Washingtonthat have sufficient temporal resolution to quantitatively compare withritrge
recordsand meteorological datddydroclimatereconstructions frortreerings and lake sediments
show close correspondence after accounting for seastmatentennial scale temporal
sensitivities C a r fDaneasureenents from Castor and Round lakes reveal that the Medieval
Climate Anomaly (MCA)experienceavetter NovemberMarch conditions thartheLittle Ice Age
(LIA). Charcoal records fror@astor, Round, and nearby lalgt®w elevated fire activity during
the LIA compared to the MCAIncreased mitidecadal hydroclimate variabilitgfter 1250 CE is
evident in proxy recordroughout western North America. In the Upper Columbia River Basin,
multidecadal wet periods during the LIA may have enhanced fuel loads that burned in subsequent
dry periods.A notabledecline in biomass burnir@ccurred with EuréAmerican settlemenhithe

late 19" century.

4.1 Introduction

Recent droughts and wildfire seasons in western North America are among the most severe
in recorded history, driven by accelerating anthropogenic climate chemdydire exclusion
practies(Higuera and Abatzoglou 2021, Williams et. al 20Rfarlon et al. 201 Paleoclimate

proxy evidence can provide context for current and projected clifinateslationships (Marlon et
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al. 2012). &y necgrdsrfron lake sedinpests canised to study precipitation
evaporation balance, while charcoal accumulation records can identify the occurrence of fires on
the | andscape. | n n 3% ofhacustine earbonatéd bydroldygicalyme r i ¢ a
closed lake basinmrimarily refled coolseason (Novembévlarch) precipitation (Steinman et al.
2010a) , wi t h ¥Gnwalues indicating veettee abnditions. This sensitivity to cool
season moisture is due to generally wet @zisons and negligible evapotranspiration between
November and March, which have outsized effects on overall water balance (Steinman et al.
2013a). Precipitation in the Upper Columbia River Basin &3 primarily comes from Pacific

frontal storms during the coskason, with substantial interannual/detadianate variability

resulting from the El Nifio Southern Oscillation (ENSO) and the Pacific Decadal Oscillation
(McAfee and Wise 2016). EIl Nifio and PBgsitive conditions tend to deflect storm tracks
southward, leading to decreased precipitation inhmgestern North America; generally wetter
coobrseason conditions occur during L&OMNtfa/ PDO
from the region show generally wetter winters during the Medieval Climate Anomaly (MCA, 950
1250 CE) than during the ssduent Little Ice Age (LIA, 1450850 CE, Masscielmotte et al.

2013, Steinman et al. 2012, Steinman et al. 2014, Shuman et al. 2018), while mamgtree
reconstructions suggest the MCA was marked by widespread summer drought across western

North Amerca (Cook et al. 2004).

84



50 N

48 N

D

46 N
| [ ]

Anthony h Burnt Knob
[ 1%

122 W 120 W 118 W 116 W

Figure 33. Location of Castor and Round Lakes within the Columbia River Basin (red shading) and other
regional proxy records.

Composites of charcoal data show more fire activity during the MCA than in the LIA
(Marlon et al. 2012), although there is considerable variability at different sites (Walsh et al. 2015,
Walsh 2023). Both charcoal and fsearred treging records showlaupt changes in continental
scale climate/fire relationships associated with EAngerican settlement (Marlon et al. 2012).
ENSO and the PDO have also been shown to influence fire synchroneity in the eastern Cascades
over the past several centuries (Helahl et al. 2008), with severe fire years associated with El
Niflo/PDO+ conditions. The amplitude of interannual and multidecadal climate variability has
also been hypothesized to drive biomass burning, as prolonged wet periods generate abundant

well-conrected fine fuels which subsequently desiccate and burn during droughts (Walsh et al.
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2015, Cooper et al. 2022). Paired, hitginporal resolution evidence linking hydroclimate to fire
activity from the same sites remains lacking, however.

Here, we preserttighr e s o | Q and aharchal records from Castor Lake (48.54 N
119.56 W; 594 m a.s.l.) and Round Lake (48.61 N 119.12 W; 654 m a.s.l.) that span the last 1200
years (Fig33) and compare them to instrumental climate data and nearbsgrtgeeecords. This
approach allows us to better un d%®resotds which,t he c|
when paired with corresponding charcoal accumulation data, improves our understanding of the

climatic and norclimatic drivers of fire in this semarid western ecosystem.

4.2 Materials and Methods

4.2.1Study area

Castor and Round Lakes lie in stagn@etdepressions formed during the {Rleistocene
recession of the Cordilleran Ice Sheet in the Upper Columbia River Basin (Kovanen and
Slaymaker 2004, Fig33). These sites are surrounded by parklandPafus ponderosa
Pseudotsuga menziesii and Abies grandgit) Artemisia tridentatgpresent in forest openings and
nearby steppe Fifty percent of annual precipitation (<400 mm/yr at both sites) falls between
November and March (PRISM Climate Group https://prism.oregonstate.edu). Near the lakes are
threeP. ponderosatands (SUG, 48.60 N19.70 W 844 m a.s.l; RRR 48.51-N18.75 W 1156
m a.s.l; SND 48.59 N119.14 W 965 m a.s.l) that were previously analyzedtimmdard total ring
width, earlywood width, latewood width and blue intensity as part of a paleoclimate investigation

(Dannenberg and Wise 2016) (F33).
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4.2.2Coring and sampling

Freeze cores (Besonen et al. 2008) were retrieved from Castor Lake {t8yeafi Round
Lake (core B18) in February 2018 to recover the mwudter interface and uppermost sediments.
The stratigraphy of the Castor Lake freeze core was spliced to that from an existing hammer core
(Castor A03, Nelson et al. 2011) and the Round Led@rd was correlated to the stratigraphy of

a longer Livingstone piston core taken in 2017.

4.2.3Lithology and chronology

One cc samples were taken from each core at®.intervals and were analyzed for bulk
density and carbonate composition accordingheorhethod of Heiri et al. 2001. A chronology
was developed via Bchron v. 4.7.6 for both lakes uSif@s radioisotopes (nCastor=3 nRound=1),
radiocarbon dates (nCastor=2 nRound##9 Mount Saint Helens Wn tephra layer in Castor Lake

(1480 CE, Mullineaux 1996; not successfully identified at Round Lake) 3&ig.able3).
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Figure 34. Probability distributions for calibrated age control points in Castor and Round Lake.Red
indicates &“C date that yielded an erroneous date (likely due to low volume).

Table 3. Age model information for Castor (A) and Round Lake (B).Red cells indicate assays that did not yield

usable dates for ¢hfinal age model.
A Castor Lake
Depth range (cm) Type Date (uncalibrated) 1s error

Core Material Thickness (cm) calCurves

5 Castor B-18 Freeze
5 Castor B-18 Freeze
5 Castor B-18 Freeze

0.5 Normal
0.5 Normal
0.5 Normal

! Bulk sediment
! Bulk sediment
iBqu sediment

41-42 14C 435 40 Castor B-18 Freeze iCharcoaImacrc 1 intcal20
52-53 tephra (MSH-1) 470 52 Castor Hammer A-03 iTephra 1 Normal
93.5-94 14cC 1530 35 Castor Hammer A-03 | Charcoal macrc 0.5 intcal20

|
B Round Lake ;
1

Depth range (cm) Date (uncalibrated) 1s error Material

5 Round A-18 Freeze ' Bulk sediment 0.5 Normal

25 Round A-17 | Charcoal macrc 2 intcal20
20 Round A-17

130 Round A-17

1 intcal20
0.5 intcal20

| Charcoal macrc

95-95.5 14C 1200 ! Charcoal macrc
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4.2.41sotopic analysis

Samp | e® wéreprocedsed according to the methods of Nelson et al. 2011. Samples
were extracted with dehydrated phosphoric acid at 70°C under vacuum and measured with a Kiel
[l preparation devicecoupled to a Finnigan MAT 252 gastio mass spectrometer at the
University of Arizonawith&pr eci s i o n s9'®®oh refeated ineabusements of NBS

and NBS18 standards.

4.2.5Charcoal analysis

Samples for charcoal analysis were taken at contiguousn®.Bitervals. 1 or 2 cin
samples of sediment were disaggregated in sodium hexametaphosphate and bleach, sieved through
a 125pym meshscreen, and counted under a binocular microscope at <10x magnification following
Whitlock and Larsen (2002). Charcoal otal for both lakes were converted to charcoal
accumulation rates (CHAR, particles/eyn!). The CHAR time series were interpolated tpear
timesteps, the median timestep of the Castor Lake record (and greater than that of Round Lake).
Decadal to suglecadal firereturn intervals that characterize these dry forests were too short to
detect individual fire episodes in the CHAR time series, and we instead relied on the trends in

CHAR to describe changes in fire activity (Walsh et al. 2023).

4.2.6Statistical andysis

Comparison of modern treéng chronologies and meteorological data (:2932) were

conducted by averaging tl®e4-km resolutionPRISM climate model grid cells centered eerch
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site. April 1 snow water equivalence (SWE) data from the Upper Colurmaéa Basinare from
Pederson et al. (2011), covering the period 12366.

For Castor Lake, Pear s 2016 werecanducted obraannuallyn s b e
r e s o %@ medsuréments (Fig5a and b). For comparison to tréeg stands SUG, SNnd
RRR between 166016, correlations were carried out by interpolating the lowflsed tree
ring chronologies to a-gear resolution (Fig35¢ 40). Detrending of the Castor and Round Lake
%0 records for comparison with teeiag chronologies were carried out usinjand 3¢ degree
polynomials. Autocorrelation was accounted for by estimating the effective degrees of freedom
(Hu et al. 2017) per the methodology of Steinman et al. 2022.

We calculate 6@ear moving variances (ithhe case of lake sediment proxies) by linearly
interpolating data to the minimum timestep justified by the temporal resolution of each dataset (3
year s®Of dat dsets in Cast or %aFoylLakoMinadd nieaskringg 6 vy
the variance oach proxy in a moving 60 year window. 60 year intervals weretasexturately
capture multidecadal climate phenomena; however, window lengths between 48 and 72 years did
not substantially alter results.4dwerPeoaducted nds ¢
by interpolating data to the sameg@ar timestep over the period covered by each paprokies.
Correlations between the charcoal accumulation record and the oxygen isotope moving variances
were conducted by interpolating the movirgriance time series to the same resolution as the
charcoal records.Givennonl i near r el ationships, we used Sp
compared the charcoal record to they@r moving window that ends at the beginning of the
charcoal sampling ietval (rather than the window centered on the charcoal sampling interval).

This was done to evaluate hydroclimate conditjpmsr to each charcoal datapoint,. Correlations

between charcoal records and SUG, SND, and RRR were conducted using the |dtepeds f
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treering width (TRW) records interpolated to gy8ar time step (the approximate median charcoal
sampling interval between 1650 and 1910).

To test for significant differences between the MCA and LIA in they&fr moving
variance time series, twgample KolmogorosEmirnov tests were used. The presence of serial
autocorrelation invalidates the assumption of independent observations and can lead to a spurious
rejection of the null hypothesis that the two time series come from the same distribdigamse
the methods of Lanzante (2021), which developed a Monte Carlo approach withcadirst

autoregressive model to account for autocorrelation and improve the robustness of results.
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4.3 Results

Castor and Roundbke wates are evaporatively enriched with respect to the global
meteoric water line (Fig86). Sediments from Castor and Round lakes from the last 1200 years

primarily consist of millimetesscale laminae alternating between ligbtored carbonatach and

darkercolored organigich sediments. Both sequences consist of >25% GadOr o u g'¥0o u t .

values vary betweei®.5and2 a f or Ca s tldand8Lda kfeoranRlound Lake
1200 yROaalues for both lakes were on average morielead during the LIA-4.3 and-

11.3 at Castor and Round lakes, respectively) than during the Mxd@Aand-11.8). Pronounced

p er i o¥Genrichmentioccurred between approximately 10000 CE, 133430 CE, and

17101740 CE at both lakes (Fig7).
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Figure 36. Oxygen and hydrogen isotope composition of global and local meteoric and evaporative waters.
Castor Lake (green dots) and Round Lake (red dots) water samples were taken between 2000 and 2018.
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Figure 37. Isotopic and charcoal results from Castor and Round Lakes(A) Charcoal accumulation rate
(CHAR)and6ey e ar movi ng avVv e r% gom Castor andaRolind lakeseoger tiwe fpastimillennium.
(B) CHAR from Fish, Castognd Round Lake between 172000 CE. Red line indicates the first documented

smallpox case (Boyd et al. 1999) among Native American groups in the region, black line indicates the
establishment of Eurdmerican grazing practices in the region (Walsh e2@1.8), blue line represents onset fire
suppression policies and green line represents\WWEll increase in fire suppression efficacy.

94



The Ca s tl%recotdaslagproximately annually resolved between 18006 CE,
as indicated byore top'*’Cs-derived dates over the past centanyd constrained by underlying
14C dates(Fig. 35). This resolution allows for quantitative comparison of results with instrumental
data and nearby treeng records (Schoenemann et al. 2020). In theringedata, coekeason
precipitation is most highly correlated with total ringdth, earlywood, dtewood, and blue
intensity chronologies at SUG and has the lowest correlation with trees in the RRR staB@).(Fig.
Greater sensitivity to coaeason moisture in the SUG and SND stands indicates these
chronologies come from moistulienited trees (Cluter 1 according to Coulthard et al. 2021).
RRR trees, which exhibit a weak but statistically significant negative relationship with regional
SWE (Fig.39), may be more limited by energy rather than by moisture, a trait commonly seen in
the Cascade Ranget t he west (Cluster 3, C d%0 valubsalsod et
exhibit statistically significant correlations (p<0.1) between 12006 with coolseason and year
round precipitation but not with warseason precipitation (Fi@5). The SUG dtal ringwidth
record most cl osel% damafig8% e d C Lxat¥d datalaldokadowe Ui
high correlations with earlywood and blue intensity, and the lowest correlations with latewood, a
warmseason precipitation indicator (Fi§5a). Given the shared sensitivity to ces#ason
precipitation and correlation between recent TRWd@¢ TRW is the most appropriate metric to

compare to the sedimentary records (e.g., ¥g.and c).
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Figure 38. P e a r s o n &tien ceefficiente Hetaveen different treering metrics (TRW=total ring -width,
EW=earlywood LW=latewood Bl=blue intensity) and various meteorological parameterfrom 3 different
tree-ring chronologies in eastern Washington YR=yearround precipitation CS=ab season Novembaarch
WS=warmseason Jun8eptember SWE=snewater equivalent. Asterisks indicate values which are significant
(p<0.1) after accounting for autocorrelation.
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Figure 39. Correlations between the 193006 SWE econstruction (Pederson et al. 2011) and annual, ceol
season, and warm season precipitation from PRISM grid cellsAsterisks indicate values which are significant
(p<0.1) after accounting for autocorrelation.

Residence time of lake water causes seridl@awc or r el at i oO values, car bo
effectively smoothing hydroclimate reconstruction (Steinman and Abbott 2013). To quantify the
ef fect of the isotopic fAimemoryo of | ake water
the SUG totafing-width record, and the smoothed chronology was regressed against the unfiltered
Ca s tY%rrecaid. A 26year lowpass filter of the total ringidth data produced the most

accurate mat ©.BO p&OPLe (Rig3SbpFigoas). Higher cutoff fequencies retain
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climate variability which is removed by the residence time of lake water, while lower cutoff
frequencies excessively smooth the g chronology (Fig.40). Importantly, this
correspondence empirically supports the modelled relatiprstiveen coeseason precipitation
and | ake % gatuésmshowing tliiat lake water residence time effectively integrates

approximately 20 years of (primarily ceséason) precipitation (Steinman et al. 2010).

-3 -0.2
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5 LA =-.8" |—SUG TRW 20-yr lowpass
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Figure 40. Time series of lowpass filtered SUG TRW and annually resolved Castor Lake isotope record used
to generate correlations in Fig. 35B.Lowpass filters of different frequencies were passed through the TRW record
to mimic the isotopic buffering experiencedthg lake due to residence time of the water. Asterisks indicate
statistical significance (p<0.1).

Relatively short lifespans of individual trees and the removal of@géed growth signals
hinder the detection of losfirequency climate signals (Helamizaé 2017). Detrended Castor and

Ro und fOaekoeds show higher correlations with each-tieg chronology than the original
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time series (Fig35C, Fig.41) Hence, while residence time of lake water prevents sedimentary
Ut80 records from presem highfrequency variability, centennialcale variability preserved in

lake sediment records can be removed during the compositing -eingeehronologies.

Castor 4'20 correlations Round 4'%0 correlations

Raw} -.24 -22 '17 .

detrend

3 rd
degree
detrend

SUG SND RRR SUG SND RRR

Figure41. Corr el ati ons bet ween Carecordsiand totalding®idt ahrdnolbgiek (80 0 1 8 O
year low-pass filtered) with different detrending methods applied to the lake sediment chronologie#ll time-
series were interpolated teygar time steps. Asterisks indicate statistical significance (p<0.1).

Charcoal accumulation rates (CHAR) were generally low in both lakes from the beginning
of the record to approximately 1000 CE. Between 1000 and 1500 CE, CHAR increased to
maximum values of ~10 particles @mw? and decline over the Y%nd 2¢' centuries (Fig. 8).
CHAR values are not 0recordsframeeithertakeynorcommytree at e d
chronology (Fig.42). At each lake, CHAR is significantly correlated to the 60 year moving

variarc e 0f howiever (Fig43).
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Figure 42. Time series of CHAR from Castor and Round Lake and proximal treering width chronologies

SUG, SND, and RRRP e a r s-vatués @re greater than p=0.1 in each case.
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4.4 Discussion

4.4.1Climate and biomass burning in the Upper Columbia River Basin

Charcoal accumulation rates in Castor, Round and Fish Lake (Walsh et al. 2018) were low
in the MCA and increased during the LIA, when eselson conditions were generally drier than
before (e.g., Steinnmaet al. 2014, Steinman et al. 2012, Macdonald and Case 2005, Mushet et al.
2023) and multidecadal hydroclimate variability was high (Fig.F&). 43). Nearby sites in
northern Idaho (Baker Lake, 2300 m a.s.l, Hoodoo Lake, 1770 m a.s.l, Burnt Knob 258en?2
a.s.| Fig.30) and Montana (Foy Lake 1006 m a.s.| F8f), also show increased charcoal
accumulation during the LIA compared to the MCA (Brunelle et al. 2005; Brunelle and Whitlock
2003, Power et al. 2006). Raw CHAR values from Anthony Lake, O&R1(8b, W-118.20, 2174
m a.s.l.) show little systematic trend over the past 1000 years (Long et al. 2019). Two charcoal
records from subalpine forests which experience raeltitennial fire return intervals (Cooley and
Rockslide lakes, 1515 m a.s.l. areB® m a.s.l. respectively, Fig3) show little similarity with
one another, but document a decrease in fire activity after 1500 CE (Gavin et al. 2006). In
summary, sites from the Upper Columbia River Basin which experienced shdréérmtervals
prior to EureAmerican settlement (Round, Castor, and Fish Lake) all show increased fire activity
during the LIA, while the response of nearby montane forest sites which experience lorger fire
free intervals are more heterogeneous. This stands in contragtdnal (Walsh et al. 2015) and
continentalscale (Marlon et al. 2012) syntheses which indicate greater fire activity during the

MCA.
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Although the fire season in the dry forests of the Upper Columbia River Basin occurs

between May and October, winter and spring precipitainfluences soil moisture and fuel

conditions (Wright and Agee 2004, Halofsky 2020). Trieg studies from the region tie recent

fire activity to variations in ENSO and the PDO, which alters winter moisture delivery as well as

summer temperatures (Hayahl et al. 2008, Hessl et al. 2004). At Castor and Round Lakes, the

amplitude of multidecadal climate variability shows significant correlations with CHAR (Fig. 3

Fig. 43).

season precipitation during La Nifia/negative PDO phases leads to fuel production more densely

Theassumednechanism linking Pacific climate variability to fire is as dalk: cool
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vegetated landscapes. Subsequent droughts periods desiccate fuels, leading to more intense and

regionally synchronous fire seasons. This relationghipast significant in higifrequency fire

regimes and helps explain the contrast between Castor, Round, and Fish Lakes and higher

elevation sites from elsewhere in the Upper Columbia River Basin which traditionally experience

longer firefree intervals (Gan et al. 2006) (Fig. 3.
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The relationship between the moving varianc&®® and CHAR deteriorates after 1910
(Fig. 43), demonstrating the effect of Eufamerican land use practices on feckmate
relationships in the region (Hessburg et al. 20%alsh et al. 2018). Humans have played a major
role in shaping fire regimes in the Columbia River Basin for thousands of years, through deliberate
burning practices (Boyd et al. 1999, Walsh et al. 2018, Walsh et al. 2023). The Interior Salish
people, whdived in the study region, used fire to enhance valued plant resources, facilitate travel,
and hunt game (Wynecoop et al. 2019). Castor and Fish lakes show decreasing CHAR during the
19" century, coincident with the arrival of smallpox in Upper Colunftiiger Basin (Boyd 1998)
(Fig. 37). By the mid1850s, EureAmerican settlement and loss of Native American burning
practices Round, Castor, and Fish Lakes all show low CHAR @dp. Traditional land
management practices were replaced by intensive dgrieand forestry after the late1@entury
(Hessburg and Agee 2003, Hessburg et al. 2005). Fire suppression efforts starting in th& early 20
century drastically lengthened the period between fires in dry forests that traditionally experienced
frequent burning (Hessburg and Agee 2003). At Castor and Round, CHAR remained low until the
mid-20" century when lake sediment, trdag records, and meteorological show an intense
drought (Fig.35, Fig. 37), which would have diminished the effectivenessim suppression
tactics (Westerling and Swetnam 2003). At Castor Lake, charcoal accumulation declines again
after this peak, possibly reflecting improved firghting technology and training, and increased

investment in fire prevention after of World WafPyne 2010; Dombeck et al. 2004).

4.4.2Hydroclimate variability in western North America

L o wOwalues during the MCA, indicating relatively high cselason precipitation, are
consistent with predominantly PDO/IPO negative conditions (e.g., wetter winters in northwestern
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North America), consistent with a PDO reconstruction from two long liveeritngechronologies

in southern California and Alberta (MacDonald and Case, 2005).-rihgdased April 1 SWE
reconstructions from the Upper Colorado River Basin do not extend into the MCA (Pederson et
al. 2011); however, those from the southern ColoRider basin indicate drier conditions during

the MCA than the LIA, reflecting the nordouth dipole pattern in ENSO/PDO induced
precipitation anomalies (Sung et al. 2014, Pederson et al. 2011). -&elleed temperature
reconstructions from North Amedcshow moderately warmer conditions during the MCA, but
such claims can only be made with low confidence (Viau et al. 2012, Trouet et al. 2013). In all,
however, a coherent picture of hydroclimate variability in western North America over the past
1200 yars is difficult to derive from the existing proxy data, with few records showing significant

correlations with one another (Figd, Table4).

Figure 44. Last millennium hydroclimate of western North America proxy records.(A) Round and Castor lakes
%0 records (this study), Foy Lake, MT (Schoennemann et al. 2020), Upper Columbia River Basin and Southern
Upper Colorado SWE reconstructions (Pederson @04l1), Western North America treieg based PDO
reconstruction (Macdonald and Case, 2005), North America#nitrgdeNSO reconstruction (Li et al. 2011) (all
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