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Abstract

Hydroclimate on ‘Uvea (Wallis et Futuna) is controlled by rainfall associated with the South Pacific
Convergence Zone (SPCZ), the southern hemisphere’s largest precipitation feature. To extend the short
observational precipitation record, the hydrogen isotopic composition of the algal lipid biomarker dinosterol
(0°Hinosterol) Was measured in sediment cores from two volcanic crater lakes on ‘Uvea. The modern lakes
differ morphologically and chemically but both contain freshwater within the photic zone, support
phytoplankton communities inclusive of dinosterol-producing dinoflagellates, and experience identical
climate conditions. 8 Hainoseerol Values track lake water isotope ratios, ultimately controlled in the tropics by
precipitation amount and evaporative enrichment. However, in 88-m-deep Lac Lalolalo a steadily decreasing
trend in sedimentary 6" Hainoseerot Values from —227 %o around year 988 CE to modern values as low as —303
%o, suggests this lake’s evolution from an active volcanic setting to the present system strongly influenced

&’ Hainosterot values. Although current hydrology and water isotope systematics may now reflect precipitation
and evaporation in this lake, the interaction between these processes and large changes in basin morphology,
geochemistry, and hydrology obstruct the recovery of a climate signal from Lac Lalolalo’s sedimentary

8" Hainosterot tecords. This work emphasizes the importance of site replication and the use of complementary
climate reconstruction tools, especially when using molecular proxies that may be sensitive to more than one
environmental parameter. Contrary to its neighbor, duplicate 8 Hainostero! tecotds from 23-m-deep Lac
Lanutavake varied between —277 %o and —297 %o and indicate slightly drier conditions during the time-
period known as the Medieval Climate Anomaly (MCA, 950 — 1250 CE). The 6*Hainoserol signal in Lac
Lanutavake was muted compared to published records from ‘Upolu (Samoa) and Efate (Vanuatu) indicating
that ‘Uvea’s location is not as sensitive to precipitation variability at sites farther from the SPCZ central axis.
Lithogenic runoff proxies combined with 6*Hanoserol SUppott the interpretation of a relatively dry MCA on

‘Uvea, ‘Upolu, and Efate, potentially due to less intense precipitation, a contracted, or a more zonally
oriented SPCZ.

1. Introduction

The South Pacific Convergence Zone (SPCZ) is the southern hemisphere’s largest and most
prominent convective feature characterized by intense precipitation extending diagonally from the equatorial
western Pacific south-eastwards towards the subtropical central Pacific (Fig. 1). With ~40 years of satellite
data, synoptic and interannual SPCZ precipitation patterns are well described, however pre-satellite decadal
to centennial spatiotemporal variability is not well understood (Brown et al., 2020 and references therein).
With 12.1 million people dependent on the SPCZ for freshwater and food security (inclusive of Melanesia,
Polynesia, and Micronesian islands Kiribati and Nauru in 2021 (United Nations, 2019)), understanding pre-
industrial trends in precipitation variability will better inform prediction and mitigation of future changes to
this important climate feature.

Existing proxy-based records of past precipitation in the SPCZ region include speleothem (Maupin
et al., 2014; Partin et al., 2013) and coral (Lawman et al., 2020; Linsley et al., 2008, 2006; Ourbak et al., 20006;
Tangri et al., 2018) records that reveal substantial high-frequency variability but are either not continuous or
are too short to capture the earliest portion of the Little Ice Age (LIA 1450 — 1850 CE) and Medieval
Climate Anomaly (MCA 950 — 1250 CE) (time intervals defined by the IPCC (Masson-Delmotte et al.,



2013)). Lipid biomarker and runoff paleoprecipitation proxies stored in sedimentary archives from lakes
(Konecky et al., 2013; Sear et al., 2020) and marine settings (Tierney et al., 2010; Toomey et al., 2016) in and
near the SPCZ offer an opportunity to extend the length of records in this region and quantify the longer
timescale variability in precipitation. Theoretical explanations for observed modern SPCZ precipitation
variability invoke ocean-atmosphere forcings (Brown et al. 2020). However, recent attempts to synthesize
Pacific-basin paleoproxy data (e.g. Atwood et al., 2021; Higley et al., 2018; Sear et al., 2020) indicate the
patterns and mechanisms of tropical precipitation variability are complex and/or that some paleohydrology
reconstructions contain unknown biases. Additional records from the SPCZ region are needed to replicate
existing paleoreconstructions and to clarify how and why the SPCZ varied in the past.

Tropical hydroclimate reconstructions using lipid biomarker hydrogen isotope ratios rely on the link
between fluxes of water though the hydrologic cycle and resulting changes in water isotopic composition
(Sachse et al., 2012). In the maritime tropics, the isotopic composition of precipitation largely follows
precipitation rates where higher regional precipitation rates result in isotopically depleted rain (Aggarwal et
al., 2016; Conroy et al., 2013; Dansgaard, 1964; Kurita, 2013). Surface waters, including lakes that
accumulate valuable sedimentary archives, primarily reflect precipitation isotope ratios; imprinted on top of
the precipitation signal are the effects of evaporation and non-rain contributions (i.e., stream, groundwater,
hydrothermal, or seawater) (Bowen, 2010; Bowen et al., 2019).

Phytoplankton lipids, biomolecules that make up cellular membranes and energy stores, have
hydrogen isotope (*H/'H) ratios that are set by their environmental water (Englebrecht and Sachs, 2005;
Maloney et al., 2019; Zhang and Sachs, 2007), and the accumulation and preservation of these lipids in lake
sediment offers a tool for reconstructing past hydrology. The dinoflagellate lipid biomarker dinosterol (4a,
23, 24-trimethyl-5a-cholest-22E-en-38-ol) was targeted for this study since it is highly source-specific and
produced by only a limited number of taxa (Volkman, 2005; Volkman et al., 1998, 1993). The hydrogen
isotopic composition of this lipid biomarker is expressed as 8 Hamnoserol (8°H = [CH/"H)sammpte/ CH/"H)vsarow] —
1, VSMOW is Vienna Standard Mean Ocean Water). The 8*Haioswerol proxy has enhanced our understanding
of late Holocene climate in brackish lakes in Palau (Richey and Sachs, 2016; Sachs et al., 2018; Smittenberg
et al., 2011), brackish (Nelson and Sachs, 20106) and freshwater (Atwood and Sachs, 2014) lakes in the
Galapagos Islands, and a freshwater lake on Washington Island in the Northern Line Islands (Sachs et al.,
2021). An eatlier study established that 8*Hainostcrol values in modern lake sediments throughout the SPCZ
region are well correlated with spatial variability in precipitation rates (Maloney et al., 2019), offering an
opportunity to make quantitative estimates of precipitation changes in this region; an approach that was
recently applied to freshwater SPCZ lakes in Samoa and Vanuatu (Sear et al., 2020) and explored in more
detail here.

This work presents new 8*Haioswrol records (Table 1) from two lakes on ‘Uvea (Wallis et Futuna) in
the western tropical Pacific to understand how central SPCZ precipitation varied during the late Holocene.
Duplicate cores from each lake allow for intra- and inter-lake comparisons and provide important lessons
on how unique lake environments influence 8 Huinoswrol values. We also present records of lithogenic runoff
proxies from ‘Uvea, Lake Emaotul (Efate, Vanuatu), and higher resolution records from those published
from Lake Lanoto’o (‘Upolu, Samoa) (Gosling et al., 2020), that complement the 8 Hainosterot tecords in the
same cores, aiding interpretations of precipitation change within the SPCZ.
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Figure 1. Regional setting. (A) Contours and color scale show mean Global Precipitation Climatology Project (GPCP) precipitation rate (mm
d=1) on a 2.5° x 2.5° gtid for the 1979 to 2016 petiod, white dot indicates location of ‘Uvea (Wallis et Futuna), filled green dots indicate locations
of Upolu (Samoa), and Efate (Vanuatu), open green dots indicate locations with 82Hieavax tecords that extend into the MCA from: 1. the West
Sulawesi margin, Indonesia (Tierney et al. 2010), 2. East Java, Indonesia (KKonecky et al. 2013), 3. Atiu, Cook Islands (Sear et al. 2020), and a
runoff record from 4. Apu Bay, Tahaa French Polynesia (Toomey et al. 2016). (B) Google Earth image of sampled ‘Uvea lakes. (C) The upper
panel shows 1-yr symmetrically smoothed running means of GPCP precipitation rates at ‘Uvea (purple), ‘Upolu (black), and Efate (orange) and
sea surface temperatures (dotted cyan line, note inverted cyan right y-axis); specifically, each monthly data point was averaged with the 12
months preceding and 12 months following, repeated three times total. The lower panel shows Pacific basin climate indices: the SPCZi index
(dark gray bars, Salinger et al., 2014) indicates when the position of the main SPCZ axis is relatively eastward (positive) compared to a westward
position (negative), roughly associated with IPO phase (fine light gray bars , Folland et al., 2002), note inverted axis.

2. Regional Setting

‘Uvea is the main island of Wallis (French territory of Wallis et Futuna) located in the southeastern
region of the SPCZ along its central axis (Fig. 1) and influenced by the seasonal and interannual SPCZ
migrations (Alory and Delcroix, 1999) with an average Global Precipitation Climatology Project (Adler et al.,
2018, 2012, 2003) (GPCPv2.3) (1979-2016) precipitation rate of 6.0 mm d . ‘Uvea has a large average
seasonal [DJF—]JJA] precipitation range (5.2 mm d ') and minor average El Nifio-Southern Oscillation
(ENSO) [La Nifia—El Nifio] precipitation variability (0.8 mm d ") (Table A.1). Here El Nifio or L.a Nifia
conditions are defined as periods when the Oceanic Nifio Index, derived from sea surface temperature
anomalies in the Nifio 3.4 region, is above 0.5 °C ot below —0.5 °C following NOAA (2021). Located 480
km to the southeast, ‘Upolu (Samoa) has very similar precipitation conditions with an average GPCP
precipitation rate of 5.6 mm d "', large (5.6 mm d ') seasonal variations, and small ENSO variations where
La Nifa precipitation rates are 0.7 mm d ' wetter than El Nifio conditions. Lake Lanoto’o on ‘Upolu is
situated in a volcanic crater 760 m above sea level (m.a.s.l.) with a maximum depth of 16.4 m, previously
described in detail (Gosling et al., 2020; Parkes, 1994; Sear et al., 2020) and harbors dinosterol-producing



dinoflagellates (Schabetsberger et al., 2021, 2009). To the southwest, Lake Emaotul on the volcanic Efate
Island (Ash et al., 1978; Raos and Crawford, 2004) is ~131 m above sea level and experiences fluctuating
water depths between 0 and 10 m (Hope, 1996; Schabetsberger et al., 2009); the shallower areas of the lake
surrounding the core site were mostly dry between 1994 and 1997 (Sémah and Wirrmann, 2006). Compared
to ‘Uvea and ‘Upolu, average GPCP precipitation rates are lowest on Efate (4.8 mm d") with moderate
seasonal variability where austral summers are on average 3.5 mm d ' wetter than winters. Efate experiences
larger ENSO variations and mean annual precipitation rates at Efate are better correlated with mean annual
Nifio 3.4 region sea surface temperatures than ‘Uvea or ‘Upolu (Fig. A.1). Mean precipitation rates during
La Nifia events are on average 2.0 mm d ' wetter than El Nifio events, occasionally making Efate as wet or
wetter than ‘Uvea and ‘Upolu during strong La Nina periods (Fig. 1). The SPCZ index (SPCZi), a measure
of the November—April mean sea level pressure difference between Suva, Fiji and Apia, Samoa (Salinger et
al., 2014) describes shifts of the SPCZ position and is reflected in precipitation patterns at these sites. All
three islands experience wetter conditions when the SPCZ is shifted westward (La Nifia and/or negative
SPCZi conditions), and drier conditions when the SPCZ is shifted eastward/equatorward (El Nifio and/or
positive SPCZi conditions). The observational record indicates that precipitation more closely aligns with
Nifio 3.4 region sea surface temperature than it does with other climate indices such as the SPCZi and
Interdecadal Pacific Oscillation (IPO) (Folland et al., 2002) (Fig. 1).

‘Uvea and its surrounding barrier reef belong to the 5 to 23-Myr-old Samoa Ridge capped with
Quaternary basaltic flows and pyroclastics less than 0.5-Myr-old. Lac Lalolalo marks an eruptive vent of the
youngest tholeiitic flow (and Lac Lanutavake the second youngest) (Price et al., 1991). Lac Lalolalo (88-m-
deep) and nearby Lac Lanutavake (25-m-deep) are crater lakes that formed from collapse after eruption of
lava and enlarged by phreatic or phreatomagmatic explosions less than a few thousand years ago (based on
<0.3 meters of soil covering the flows) (MacDonald, 1945; Stearns, 1945). Outcrops of fresh olivine-phyric
basalt surround both lakes. Only 2.75 km apart, these lakes experience identical climate conditions but have
different physical and chemical properties (Meisch et al., 2007; Schabetsberger et al., 2009; Sichrowsky et al.,
2014). The present-day photic zones (~6 m in Lac Lanutavake and ~4 m Lac Lalolalo) are freshwater, Lac
Lalolalo becomes brackish below ~10 m and increases in salinity at depth (Maloney et al., 2019; Sichrowsky
et al., 2014). ‘Uvea is a low relief island with a maximum elevation of 151 m at Mt. Lulu Fakahega with
permeable soils that result in no permanent rivers. The rim of Lac Lalolalo is ~40 m.a.s.l. and the lake
surface is ~1 m.a.s.l., the Lanutavake rim is ~67 m.a.s.l. and the lake surface is ~8 m.a.s.1. (Stearns, 1945)
(Fig. A.2). Daily tidal patterns do not influence the surface level of either lake, which slightly decreased (by
~0.4 and ~0.8 cm d ") during our visit, May 9 — 22 (2011), the drier part of the season (Fig. A.3). There has
been no documented damage from tsunamis that have reached ‘Uvea. Its barrier and fringing reefs seem to
play a role in protecting the island from wave heights greater than two to three meters, although evidence
exists for paleotsunamis ~1450 CE and ~0 CE (Lamarche et al., 2015).

Polynesian arrival to ‘Uvea is thought to have started as early as 900 — 800 BCE followed by Tongan
colonization around 1000 — 1100 and 1400 CE (Lamarche et al., 2015; Sand, 2000, and references therein).
Native and introduced agricultural flora (Badré and Hoff, 1995; Kirch, 1978; Meyer, 2017; St. John and
Smith, 1971; Stevens, 2018) and fauna (Bareille et al., 2015; Gunkel-Grillon et al., 2015; Meisch et al., 2007,
Papazian et al., 2007; Thibault et al., 2015) are found on Wallis et Futuna. While impacts of pig farming have
been noted on the soil chemistry on ‘Uvea (Gunkel-Grillon et al., 2015), the forest surrounding Lac Lalolalo



has been carefully managed and protected in the past (Guiot, 1998). During our visit we identified plants
living directly on the shoreline and within reach from our sampling boat in Lac Lalolalo (Table A.2). Lac

Lalolalo and Lac Lanutavake waters harbor dinosterol-producing dinoflagellate genera Peridinium and
Gymmodinium (Schabetsberger et al., 2009), in addition to zooplankton (Meisch et al., 2007; Sichrowsky et al.,
2014), tilapia (Hinds, 1969; Schabetsberger et al., 2009) and, in Lac Lalolalo, native eels (Bareille et al., 2015).
Strontium isotope ratios of otoliths provide clear support that young eels enter Lac Lalolalo from the ocean

presumably through small, hidden underground connections (Bareille et al., 2015) and become trapped in
the lake as they mature. Details about surface sediments from ‘Uvea, ‘Upolu, Efate lakes, including

compound-specific isotope analyses and pollen assemblages, have been recently described (Ladd et al., 2021;

Maloney et al., 2019) and a preliminary assessment of microfossils in ‘Uvea sediment is described in

Appendix A.
Table 1. Sediment core sites and data summary, "7.5." indicates not suitable since Lac Lalolalo 82Hainosterot values do not track precipitation, "n.d." indicates no data.
Water Elevation Mag.
Site Name Latitude Longitude Core D depth at lake 61Hdi|.1nskcml 8?Hinosterol n 8?Hinosterol Precipitation® Suf. Titanium
core site surface min max range range signal data
° ° m m %0 Yo Yo mm d!
Lac Lalolalo, 'Uvea, Wallis —13.30108 183.765917 LALOUCI13 88 1 —283 -227 36 56 ns. v n.d.
Lac Lalolalo, 'Uvea, Wallis —13.30048 183.766000 LALOUC14 88 1 -270 -227 30 42 ns. v n.d.
Lac Lalolalo, 'Uvea, Wallis —13.30168 183.768083 LALOUC22 23 1 =303 —240 7 42 ns. n.d. n.d.
Lac Lalolalo, 'Uvea, Wallis —13.30168 183.768039 LALOUC24 24 1 -292 —242 6 45 ns. n.d. n.d.
Lac Lanutavake, 'Uvea, Wallis —13.32118 183.786033 LATVKUCI 233 13 —294 -279 24 16 1.2 v n.d.
Lac Lanutavake, 'Uvea, Wallis —13.32115 183.786133 LATVKUC4 232 13 -297 =277 29 20 1.6 v n.d.
Lake Lanoto'o, 'Upolu, Samoa' —13.91088 188.172600 LAN14 U2 +L1-1 16.4 760 -290 —255 22 35 29 v v
Emaotul Lake, Efate, Vanuatu' —17.72989 168.415462 VAN? 6 119 —294 —259 41 35 29 v v
!Sear et al. 2020, Maloney et al. 2019
2Cores/sections: G5, G9, L1, L1A, L2, L2A, L3, L3A. Core top sample includes G7 (0-2 cm), G5 (0-2 cm), and a 0—lcm section collected in 1995 (Maloney et al. 2019)
3[P = (8*Hsample + 211) /—12.1], GPCP core top calibration (Maloney et al. 2019)

3. Methods

3.1. Sediment sampling and scanning

Sediment from ‘Uvea (Wallis et Futuna) was collected from Lac Lalolalo and Lac Lanutavake in May

2011 with a hand-operated check valve coring device (Universal Percussion Corer, Aquatic Research, Hope,

ID) with 6.6 cm diameter core liners (2 m maximum length). The uppermost portions (ranging from 0 — 18
cm to 0 — 97 cm) were sectioned in the field at 1 cm intervals (0.5 cm for LATVKUC4) to a depth at which
the sediment was sufficiently consolidated to transport without disturbance to stratigraphy (Table A.3). If

the remaining intact cores were too long for transport, they were cut into two sections, but all ‘Uvea cores

are single drive cores. Cores collected from 88 m water depth in Lac Lalolalo displayed vigorous degassing

in the topmost sediment upon retrieval, mixing stratigraphy in the top 15 to 20 cm. Therefore, the first 15
cm (LALOUC14) or 20 cm (LALOUC13) were sampled in bulk into one bag. Additional cores collected

from ~24 m water depth near the shore of Lac Lalolalo (Fig. A.4) had intact, unmixed sediment-water
interfaces to capture the most recent sedimentary history and the top 16 cm (LALOUC22) or entire 27 cm

core (LALOUC24) were sectioned in the field.

‘Uvea cores were split at the University of Washington or at the LacCore facility at the Limnological

Research Center (LRC), University of Minnesota. Cores were imaged with a DMT CoreScan and analyzed
for magnetic susceptibility at 0.5 cm intervals using a high-resolution point sensor (MS2E) mounted on a

GEOTEK XYZMSCL. Magnetic susceptibility data was not acquired for the uppermost portions of

sediment cores that were sectioned in the field.




Sampling of the sediment-water interface of Lake Lanoto’o (‘Upolu, Samoa) and Lake Emaotul
(Efate, Vanuatu) was conducted with a split core tube in a UWITEC gravity corer, the split sealed with
gaffer tape. On recovery, excess water was siphoned off and Zorbitrol powder gently added to the
remaining 5 cm of water above the sediment to consolidate the uppermost sediments for subsequent
transport and sampling. Interface cores were split in the field and a plastic U-channel was impressed into the
exposed sediment enabling an undisturbed section to be preserved and transported for analysis. The
remaining intact sediment was subsampled in the field at 0.5 — 2 cm intervals. Deeper sediments were
collected with a 120 cm Livingstone-type corer (Geo-Core, Columbus, OH). After transport and extrusion
into PVC tubing, cores underwent magnetic susceptibility analysis at 1.0 cm intervals. Cores were then split
longitudinally and U-channels were taken for micro X-ray fluorescence (uXRF) at 200 pm resolution (500
pum in LAN14-L1-1) at the National Core facility BOSCORF, University of Southampton. The terrestrial in-
wash proxy titanium normalized by incoherence scatter (T1/Inc), as reported in Gosling et al. (2020) and
Sear et al. (2020), was used for Lake Emaotul cores and titanium corrected for water (Ti*) for Lake Lanoto’o
cores following Boyle et al. (2015). In Lake Lanoto’o the gravity core section LAN14-UC2 and Livingstone-
type section LAN14-L1-1 were used as a single composite core. In Lake Emaotul, near core top samples
from two undated gravity cores (VANG7 (0 — 2 cm) and VANGD5 (0 — 2 cm)) as well as a 0 — 1 cm sample
from a core collected in 1995 (Maloney et al., 2019) wetre combined for a single core top mean & Hainosterol
value, and ages from two additional samples from G5 (2 — 4 cm and 4 — 5 cm) are estimates only. Dated
gravity core (VANGY) and Livingstone-type sections (VANL1, VANL1A, VANL2, VANL2A, VANLS3,
VANL3A) wete combined for a single Lake Emaotul record. We used the Ti/Inc data from core sections
from Lake Emaotul to update the composite depths of all samples and data that were previously published
(Sear et al., 2020), in particular all data from section VANL2 were incorrectly inverted in Sear et al. (2020),
the data here represent the correct alignment between sections using the most recent age model which
incorporates new '*C dates as well as two new 8 Huinoswrol values. Note the incorrect alignment of section
VANL2 in Sear et al. (2020) does not impact the broader paleoclimate interpretation from that record.

3.2. Chronology

Age models were developed using "“C dates of tertestrial macrofossils and *'Pb analysis of
sediments as described in Maloney et al. (2019). Briefly, leaf or plant fossils were pre-treated for radiocarbon
analyses with an acid-base-acid procedure (Brock et al., 2010) at the University of Washington before
analyses at Direct AMS (Seattle, WA), or CAMS (LLNL, Livermore, CA). All "*C dates for ‘Uvea cores are
listed in Table A.4 and age control points for all cores in this manuscript are reported in Table B.1. Each
of the four sediment cores from Lac Lalolalo has its own age model and is reported and graphed as an
independent core. The two cores from Lac Lanutavake were aligned to the same depth scale and share the
same age model (Fig. A.5). Radiocarbon ages for Lac Lalolalo, Lac Lanutavake, Lake Lanoto’o (Sear et al.,
2020), and Lake Emaotul (Sear et al., 2020) were calibrated using SHCal20 (Hogg et al., 2020) and the SH1-2
bomb curve extension (Hua et al., 2013). One new radiocarbon date from Lake Emaotul analyzed at the
University of Belfast (UBA) and a date considered an outlier not published in Sear et al. (2020) are included
here. Selected sediment intervals from the uppermost sediment (12 to 90 cm) were analyzed for abundance
of atmosphere derived *'"Pb. All ‘Uvea *""Pb results are reported in Maloney et al. (2019) and ‘Upolu and
Efate results in Sear et al. (2020). Age-depth relationships were constructed using tBACON v2.5.6 package



(Blaauw and Christen, 2011), run settings are specified in Table B.1. For all cores the topmost age at 0 cm

was assumed to be the same as collection date (+ 1 year) and no age control points were omitted from the

age model.

3.3. Lapid isotope analyses

Sediment samples consisted of 1 cm intervals, 0.5 cm for the top 39 cm of LATVKUC4, or a
homogenized 15 cm or 20 cm sample interval for the disturbed core top portions of LALOUC14 and
LALOUCI13. To balance resolution and spatial coverage, typical sampling intervals were every two to six
cm. Lipids were extracted from freeze-dried sediment samples with an Accelerated Solvent Extractor (ASE-
200, Dionex Corp. Sunnyvale, CA, USA) and total lipid extracts were saponified then purified using
aminopropyl gel and silica gel column chromatography according to the procedure specified in Maloney et
al. (2019). The sterol-containing fraction was acetylated, and dinosterol was HPLC-purified (Nelson & Sachs
2013), identified, quantified, and analyzed for *Hainoswerol at the University of Washington according to
previously used methods and instrument settings (Maloney et al., 2019). The average number of sample
injections was at least 2.1 times for a core (up to an average of 3.8 injections for a core), and the pooled
uncertainties of 8 Hainosierol Values from each core were between 4.2 %o and 6.4 %o (Polissar and D’Andrea,
2014; Tables B.3-B.10). All dinosterol sample preparation and analyses from ‘Uvea, ‘Upolu, and Efate
sediment were performed in the same lab, and except for two new Lake Emaotul (Efate,Vanuatu) sediment
samples from core section VANL2, by the same workers during the same period, minimizing the potential
for systematic preparatory artifacts that confound comparisons between sample sets.

3.4. Observational records

The Global Precipitation Climatology Project (GPCPv2.3) gridded satellite-gauge data product
(Adler et al., 2018, 2003) was used to compute average annual, seasonal, and ENSO precipitation rates for
the 1979 — 2016 period (Fig. 1, Fig. A.1, Fig. A.3, Table A.1); estimates of precipitation uncertainty are
from Adler et al. (2012). The Global Precipitation Climatology Centre (GPCC) gauge data product
(Schneider et al., 2018) was used to compare average annual 1951 — 2016 precipitation rates to satellite era
rates (Fig. A.1). GPCP and GPCC precipitation data are provided by the National Oceanic & Atmospheric
Administration/Oceanic & Atmospheric Research/Earth System Research Laboratory Physical Sciences
Division NOAA/OAR/ESRL PSD), Boulder, Colorado, USA, from their website at
http://www.estl.noaa.gov/psd/. The datasets are gridded at a 2.5° x 2.5° scale and based on gauge and/or

satellite observations. Smoothed point data extraction from netcdf files was performed in the R
programming language using a “bilinear” method to average the four grid cells nearest to each lake site using
R (v4.0.5, R Core Team, 2021) with RStudio Desktop (v1.4.1106, RStudio Team, 2021), the raster (Hijmans
et al., 2021) and ncdf4 (Pierce, 2019) packages.

Sea surface temperatures from the Nifio 3.4 region (Rayner et al., 2003) are from
https://psl.noaa.gov/gcos wesp/Timeseries/Nino34/. The SPCZi index is from (Salinger et al., 2014) and
the IPO index is from (Folland et al., 2002), with the updated version available at
http://cola.gmu.edu/c20c/IPO Aug2017 NZ UPDATED FOR C20C+.pdf.

3.5. Water chemistry



Subsurface waters were collected from Lac Lalolalo, Lac Lanutavake, and TLac Lano with a hand-held
Nisken bottle or hand-pump fastened to a weighted tube and filter holder. Samples for water isotope
analysis were stored in glass vials sealed to avoid evaporation. Samples for ion and metal analysis were
stored in 125 ml HDPE Nalgene bottles, kept in a cooler with an ice pack, and frozen at the end of the
collection day. Previously published (Maloney et al., 2019; Sichrowsky et al., 2014) temperature, salinity, and
dissolved oxygen measurements are included for comparison and were made 7 szzu with a Hydrolab Quanta
Water Quality Monitoring System (OTT HydroMet) down to 25 m (the length of the sonde cable) or by
submerging the probe into the Nisken bottle upon its return to the surface from depths >25 m.

Lake water isotopes were measured at University of Hawaii on a Picarro 1.1102-; WS-CRDS with
analytical precision of 0.5 %o for 8°H and 0.04 %o for 8'°O determined using an in-house standard run after
every 10" sample. Previously published tap water, rain events, seawater, and lake water isotope data from
‘Uvea, Lake Lanoto’o (‘Upolu, Samoa), and Lake Emaotul (Efate, Vanuatu) (Maloney et al. 2019) are
included for comparison. The mean precipitation isotope climatology at ‘Uvea was calculated with the
Online Isotopes in Precipitation Calculator version 3.1 (Bowen and Revenaugh, 2003), available at

https://wateriso.utah.edu/waterisotopes/pages/data_access/oipc.html, using data from the Global
Network of Isotopes in Precipitation (IAEA/WMO, 2021), available at https://nucleus.iaca.org/wiset.

Water samples from 6 depths in Lac Lalolalo were thawed, filtered to remove precipitates, and
analyzed for dissolved inorganic nutrients, fluorine, and chlorine using ion chromatography (Dionex
DX120); for trace metals using Inductively Coupled Argon Plasma Mass Spectrometry (Thermo Scientific
61E ICP-MS), and carbonate chemistry with a Radiometer Copenhagen PHMS85 Precision pH meter
equipped with a ABU8O AutoBurette for titration by 0.02 M H,SO, at the University of Washington School
of Forestry Analytical Services Center.

4. Results
4.1. Sediment age

Age models (Table B.1) reveal that sediment from Lac Lalolalo core LALOUC14 extends back to
~166 BCE, with three of nine "*C dates in core LALOUC14 determined to be outliers, likely due to
contributions of pre-aged terrestrial material. Core LALOUC13 had a chronologically harmonious age
model with eight "*C dates. The Lac Lalolalo shallow water cores had four to seven *’Pb samples and one to
two modern "C dates. Core top mixing observed in the LALOUC13 0 — 20 cm sample (approximately 1828
to 2011 CE) and LALOUC14 0 — 15 cm sample (approximately 1565 to 2011 CE) precluded meaningful
*'%Pb analysis in these cores. Lac Lanutavake cores (LATVKUC1, LATVKUC4) did not have enough
material for *’Pb analysis. Sediment cores collected from Lac Lanutavake had laminations of tan and brown
sediment interspersed with thick layers of dark algal gyttja; similarities in color and excellent similarity
between the magnetic susceptibility records in Lac Lanutavake cores allowed them to be visually aligned so
that "*C dates could be used from both cores to create a single composite age model (Fig. A.5). Using a
modified depth scale of LATCKUCI, a total of ten "*C dates were used to create a single BACON age

model applied to both cores. The mean age uncertainty for all 8*Haioswero Samples from Lac Lalolalo was +

102 years and from Lac Lanutavake was + 94 years.
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Figure 2. All downcore sedimentary proxy data from ‘Uvea (Wallis et Futuna), ‘Upolu (Samoa), and Efate (Vanuatu). (A) Magnetic susceptibility

(Mag. Sus.) and 82Hinosterol recotds from ‘Uvea: records from Lac Lalolalo ate from two short shallow water cores (blues: UC22 and UC24) and
two long deep water cores (grays: UC13 and UC14), the periods covered by the mixed core top samples from UC13 (0 to 15 cm) and UC14 (0
to 20 cm) are highlighted by green vertical lines. Records from nearby Lac Lanutavake are from two cores (purples: UC1 and UC4), note there is
no magnetic susceptibility data from the uppermost (field-sectioned) portions of these cotes. (B) The 62Huinosterol record from Lake Lanoto’o
(‘Upolu) (Maloney et al., 2019; Sear et al., 2020) mirrors recent magnetic susceptibility and titanium corrected for water (Ti*) records, diverging
during the MCA. (C) Lake Emaotul (Efate) has a 8?Hainoseerol tecord (Maloney et al., 2019; Sear et al., 2020) that is mitrored by titanium
normalized by incoherence scatter (Ti/Inc) (darker orange) and magnetic susceptibility (lighter orange) (with the exception of the Kuwae ash
signal 1350 to 1450 CE). Error bars show analytical uncertainty from multiple injections (x-axis) and BACON age model uncertainties (y-axis)
which are omitted from magnetic susceptibility and titanium records for clarity. Crosses indicate age control points with the max/min age
estimates as vertical lines behind the crosses (not including three outliers from Lac Lalolalo UC14 and one outlier from Lake Emaotul).
Hortizontal shading indicates the LIA (1450 to 1850 CE) and MCA (950 to 1250 CE).

4.2. Sedimeﬂfdo/ ngim:lem/
All 8*Hainoswerol data can be found in Appendix B Tables B.3 — B.10, ranges are summarized in

Table 1, and mean values for the modern, LIA, and MCA, and total core mean are summarized in Table
A.5. Replicate 8°Hainoswerol recotds from both lakes on “‘Uvea had good intra-lake agreement, but very different
inter-lake results (Fig. 2). From Lac Lanutavake, LATVKUC1 8*Hadioswrot values had a 15 %o range from
—294 to —279 %o (n=24) and LATVKUC4 had a similar 20 %o range from —297 to —277 %o (n=29).

&’ Hainosterot values in LATVKUCI increased by 15 %o from —294 %o in 790 year CE (+114/—74) to its
highest 8*Hainoscerol value of =279 %o in 1199 year CE (+114/—122), returning to relatively lower 8 Hainosterol
values after 1352 year CE (+49/—54) implying a dry petiod during the MCA. *Hainoswerol Values in
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LATVKUCH4 also follow a similar MCA pattern but with fewer samples prior to and during the MCA, and a
less pronounced change out of the MCA into the LIA. Aside from the oldest two samples in LATVKUC4,
&"Hainosterot records appear to echo the magnetic susceptibility records whete overlap occurs: dinosterol with
relatively higher 8”Hainoseerot Values was deposited duting intervals when sedimentary magnetic susceptibility
was low (Fig. A.6). However, within a single core, Lac Lanutavake 8°Hainosterol measutrements wete not
correlated with magnetic susceptibility values from the corresponding sample depths (Fig. A.7).

Compared to Lac Lanutavake, Lac Lalolalo had much higher 8 Haioserol Values prior to the 20™
century, LALOUC13 had a 56 %o range from —283 to —227 %o (n=36) and LALOUC14 had a 42 %o range
from —270 to —227 %o (n=30). The uppermost samples from these deep-water cores consisted of the top
20 c¢m of sediment in core LALOUC13 and top 15 c¢m of sediment in core LALOUC14. The 8 Hainosterol
values from these homogenized core top samples (—283 %o and —270 %o) overlap with mean values of the
intact shallow water short cores that cover the same approximate time periods. LALOUC22 8*Hainosterol
values had a 42 %o range from —303 to —261 %o (n=7) and LALOUC24 had a 45 %o range from —288 to
—242 %o (n=6). Taken together, ranges of 8’Huinoserol values in LALOUC13 + LALOUC22 (76 %o) ot
LALOUC14 + LALOUC24 (60 %0) were ~four times larger than in neighboring Lac Lanutavake. While

duplicate cores from the same lake agree well, the very different 8*Haioserol tecords in Lac Lanutavake
compared to Lac Lalolalo clearly indicate that one or both lakes was not principally controlled by
hydroclimate.

4.3. Runoff proxies

Magnetic susceptibility and titanium runoff signals often reflect in-wash of terrigenous materials
from the surrounding watershed when precipitation is heavy or frequent enough to suspend and carry fine
particles from the proximal environment (Croudace et al., 2019; Hodell et al., 2008; Liu et al., 2011; Rodysill
et al., 2012; Sear et al., 2020). The vertical cliffs surrounding Lac Lalolalo result in a small catchment
(restricted almost entirely to the lake surface) and limit the supply of terrigenous runoff, resulting in
primarily organic sediments, often containing terrestrial plant debris, and a low and noisy magnetic
susceptibility signal (maximum magnetic susceptibility value 26 ST*10 ). Lac Lanutavake is also surrounded
by steep walls, but lower and more gradually sloping than Lac Lalolalo (Fig. A.2, A.4), creating a relatively
more expansive watershed relative to lake diameter. Lac Lanutavake had organic-rich algal gyttja, less plant
debris, and yielded large and detailed magnetic susceptibility signals. LATVKUC1 (magnetic susceptibility
values up to 226 SI*107°) and LATVKUC4 (magnetic susceptibility values up to 316 SI*¥107°) had very
similar magnetic susceptibility patterns (Fig. 2). In addition to these two cores selected for further analysis,
two nearby cores from Lac Lanutavake (Fig. A.4) were analyzed for magnetic susceptibility only:
LATVKUCS3 (with very similar patterns to LAVITKUC4) and closest to the lake edge, LATVKUCG6 which
had a distinct feature (magnetic susceptibility values up to 800 SI*107°) not replicated in the other three
cores (Fig. A.8).

Runoff proxies from Lake Lanoto’o (‘Upolu, Samoa) have been previously reported (Gosling et al.,
2020), but only at low resolution for Ti/Inc, now corrected for water content as Ti* after Boyle et al (2015).
This work presents the high-resolution Ti* records from the late Holocene sections (LAN14-U2 and

LAN14-1.1-1) to compare to 8*Haioswrol records (Sear et al., 2020). Ti* values were highest (~2.5) around the
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MCA, dropping to very low levels (below 0.5) during the LIA, then climbing to 1.0 to 1.5 near the core top.
The magnetic susceptibility signal closely tracked the Ti* pattern with values up to 9 SI¥10°°. Both the
magnetic susceptibility and Ti* records were well-aligned with 8*Hainosterol tecords except during the MCA
(Fig. 2) when lake levels dropped, changing the physical lake basin. Prior to and after this divergence,
magnetic susceptibility and Ti* values were well correlated (R*> = 0.41 and 0.45, p=0.004 and 0.003) with

&’ Hainosterot Values from same depths (Fig. A.7; Section 5.2.1 below).

Lake Emaotul runoff records had Ti/Inc levels that were variable and high (>1.5) in the oldest patt
of the record, falling to ~0.5 during the MCA, climbing slightly to ~1.0 prior to the LIA, then relatively low
and stable from the LIA to the core top (between 0.5 and 0). The magnetic susceptibility signal in this core
was typically small but the largest peak around 1440 to 1465 CE had tephra shards geochemically
fingerprinted to the Kuwae eruption 105 km north of Lake Emaotul (Sear et al., 2020) that occurred ~1452
— 53 CE or potentially 1458 CE (Abram et al., 2020; Plummer et al., 2012) (Fig. 2).
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Figure. 3. ‘Uvea (Wallis et Futuna) lake water chemistry. (A) Hydrogen isotopic composition of Lac Lalolalo (gray), Lac Lanutavake (purple),
and Lake Lano (magenta) water, ‘Uvea tap water and surface seawater endmembers are indicated with arrows, rain samples from ‘Uvea are
indicated with cyan “+” marks, and the annual mean 82Hecipiation estimate at ‘Uvea from the OIPC3.1 (=23 % 1 %) is indicated with a blue
arrow. (B) Salinity values from Lac Lalolalo, Lac Lanutavake, and Lake Lano are bracketed by tap water (salinity = 0) and coastal seawater
(salinity = 31) endmembers. (C) §'80yaer versus 02H e with the global meteoric water line (y = 8x + 10) and Lake Lanoto’o (black) and Lake
Emaotul (orange) samples for reference. Salinity profiles (Sichrowsky et al., 2014), ‘Uvea surface water isotope data, and surface waters from
Lake Lanoto’o and Lake Emaotul have been previously published (Maloney et al., 2019). Analytical uncertainties (omitted for clarity) and are up
to 1.3 %o for 2Hyacer and 0.3 %o for 818 Oyaer. Lac Lalolalo ion and metal concentrations telative to mean seawater values including (D) silicon,
nitrate, phosphate, and fluoride, and (E) sulfate, potassium, sodium, magnesium, and calcium, and chloride (Table A.6).
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4.4. ‘Uvea Lake Water Chemistry

The hydrogen isotopic composition of lake water (Fig. 3; Table B.2) ranged from —5 %o to —10.5
%o in Lac Lanutavake and —2 %o to —27 %o in Lac Lalolalo, values bracketed by a surface seawater sample
collected from the lagoon (2 %o) and tap water (sourced from the island’s aquifer) (—28 %o) endmembers.
The deepest samples in Lac Lalolalo were isotopically similar to the seawater sample, while mid-depths were
very similar to tap water, and surface waters were influenced by evaporation as indicated by their evolution
away from the global meteoric water line (Fig. 3C).

In Lac Lalolalo potassium, sodium, magnesium, and calcium profiles increased with salinity,
implying a contribution of seawater at the deepest depths. However, at 80 m chloride became 1.5 times
more concentrated than seawater (Fig. 3E) and silicon, nitrate, phosphate, and fluoride became 4 (Si) to 95
(PO4) times more concentrated relative to seawater (Fig. 3D). Sulfate was always much less concentrated
than seawater. When water from the deepest depths was retrieved by Niskin bottle, it “boiled” upon
exposure to atmospheric pressure; hydrogen sulfide was not quantitatively measured but easily detected by
odor at depths below (and including) 12 m. Surface nitrate was low, increasing to very high concentrations
at depth, while phosphate was extremely high at all depths (indicating eutrophic to hypereutrophic water)
(Table A.6). Carbonate and bicarbonate data indicate high levels of alkalinity in Lac Lalolalo but titrations
were complicated by changes in pH that occurred between collection in Nalgene HDPE bottles, freezing,
transport, filtering, and measurement, as well as high organic content and high concentrations of additional
ions and should be interpreted as estimates only (Table A.6).

5. Discussion
The large range and very high 8*Hainosterol values in Lac Lalolalo compared to Lac Lanutavake (Fig.
4), combined with the unique geologic setting of Lac Lalolalo indicate that 8*Haioswrol records from Lac

Lalolalo are unlikely to reflect hydroclimate. Pre-modern 6*Hainosterol values from Lac Lalolalo would result in
precipitation rates as low as 1.3 mm d ™', in stark contrast to records from Samoa, Vanuatu, Lac Lanutavake,
and modern values from Lac Lalolalo (3.7 to 7.6 mm d ") and up to 20 %o more *H-enriched (as high as
—227 %o) compared to the driest value (—247 %o) used to create the core top calibration (Maloney et al.,
2019). Below we propose possible alternative influences on Lac Lalolalo’s 8 Hainosterot values and emphasize
the need for redundancy and replication when interpreting paleoprecipitation archives. Meanwhile, Lac
Lanutavake’s 8°Hainoseerol values appeat to record SPCZ hydroclimate and are compared to instrumental,

runoff, and 8°Hainoswerol recotds from Lake Lanoto’o (‘Upolu, Samoa), and Lake Emaotul (Efate, Vanuatu) to

support this interpretation.

5.1. High & Hunsstorw values in Lac Lalolalo sediments

Only 2.75 km apart on an island with little topography, Lac Lalolalo and Lac Lanutavake experience
identical climate conditions. Modern average cote top 6*Huioswerol Values in both lakes are similar, a small ~5
%o difference easily explained by a ~5 %o difference in surface 8 Hiuewarer values (Maloney et al., 2019).
However, Lac Lalolalo has pre-modetrn 8*Hainosterol Values up to 50 %o higher than Lac Lanutavake’s highest
& Hainosterot value (Fig. 2). Major physical, chemical, and/or biological changes must have occurred in Lac

Lalolalo to cause such contrary past 8*Haoswrol Values including 1) changes in salinity and/or past lake water
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isotope composition, 2) shifts in dinoflagellate ecology or metabolism, or 3) post depositional alterations to
8" Hainosterol Values.

Lac Lalolalo’s deep modern 8*Hiewaer Values, salinity, and several major ion concentrations (K, Na,
Mg, and Ca) approach mean seawater values (Fig. 3). However, the 80 m sample also contains ions and
elements that far exceed values found in mean Pacific seawater (Fig. 3). High levels of fluoride and chloride
indicate volcanic inputs of HCl and HF, and our preliminary assessment of high alkalinity could result from
volcanic inputs of dissolved inorganic carbon or hydrolysis of Lac Lalolalo’s fresh olivine volcanic rocks
(Rouwet et al., 2015). High levels of phosphates and nitrates could also result from accumulation of volcanic
inputs (Gonzalez-Vega et al., 2020; Katl et al., 1988), and the potentially high levels of bicarbonate likely
enable phosphate accumulation without precipitation (Toner and Catling, 2020). Sulfate levels are very low
compared to seawater, likely from bacterial sulfate reduction (forming the hydrogen sulfide smelled below
12 m); high levels of hydrogen sulfide might also come from seawater-rock reactions or magmatic gas inputs
during lake formation (Butterfield et al., 2004 and references therein).

Lac Lalolalo’s fresh and oxygenated photic zone is the only probable dinosterol-producing region
given the strong oxycline at 10 m and the fact that dinosterol-producing dinoflagellates are obligate acrobes.
However, it is conceivable that this lake was not always meromictic and/or that surface waters were
previously exposed to seawater. The major ion composition of deep lake water provides evidence of past
strong volcanic activity which could have impacted water *H/"'H ratios if volcanic inputs were large enough
to mix deep salty and relatively *H-enriched water to the surface through vigorous release of gas and
hydrothermal water. Additionally, high temperature reactions between some rocks and water can cause 'H
to preferentially partition into the mineral phase (Saccocia et al., 1998). Furthermore, in contrast to the
assumption that ‘Uvea craters were enlarged by explosions caused by ground water (Stearns, 1945), it is
more likely that Lac Lalolalo was “born” salty since a phreatic explosion violent enough to create a lake of
this size was almost certainly influenced by seawater. If Lac Lalolalo’s modern photic zone was seawater in
the past, surface water would be ~12 %o higher compared to our 2011 visit. A salinity change from 0 to 30
would have a concomitant dinosterol *H-enrichment of 30 %o (Nelson and Sachs, 2014; Sachs and Schwab,

2011). At this hypothetical “seawater extreme” condition, higher 8*Hukewacer values plus increased salinity
could contribute a 42 %o increase in 8 Hainoseerol values, which would account for the bulk of the anomalously

high 8”Hainosterol values in Lac Lalolalo’s pre-modern samples.

It is unlikely that tsunamis or storm surge contributed to past surface salinity given Lac Lalolalo’s
elevation and distance from shore, and there are no large below-surface connections between the lake and
the ocean, as evidenced by the lack of tidal influence (Fig. A.3). However, the presence of eels in the lake
whose otoliths have geochemical fingerprints of ocean water (Bareille et al., 2015), imply passages large
enough for elvers (young eels) to transit from the ocean to the lake. Small open passageways between the
lake and ocean (likely indirectly via the water table), offer another possible mechanism to introduce seawater
to Lac Lalolalo’s surface, especially if the island’s fresh groundwater diminishes sufficiently during a
prolonged drought to allow saltwater intrusion. During the last few thousand years as minerals precipitated
and likely constricted, closed, and sealed subsurface seawater connections, Lac Lalolalo basin morphology
likely became less permeable to groundwater, seawater from below the Ghyben-Herzberg lens, volcanic
degassing, and hydrothermal waters resulting in the hydrological conditions observed today.
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Shifts in species composition (e.g., Sessions et al., 1999; Zhang and Sachs, 2007) may also alter the
isotopic composition of dinosterol through time. This could occur in unison with changes in salinity if
dinoflagellates shifted from a marine to the freshwater community found today. Additionally, environmental
shifts may alter the preferred metabolism of metabolically flexible dinosterol-producing dinoflagellates, and
a shift from photoautotrophy to heterotrophy can result in large *H-enrichements up to 165 %o in green
algae (Estep and Hoering, 1981) and 140 %o in bacteria lipids (X. Zhang et al., 2009). Other factors that
could cause relative *H-enrichement of dinosterol in this tropical location include low light (Sachs et al.,
2017) if turbidity was higher, or low growth rates (Sachs and Kawka, 2015; Z. Zhang et al., 2009) if nutrient
concentrations were lowet. Both remain additional possible influences on past higher 8 Hainosterot Values in
Lac Lalolalo.

A final possible explanation for very high 8*Hainosterol values in Lac Lalolalo compared to Lac
Lanutavake is post depositional alterations of 8*Haioswrol Values. Schwab et al. (2015) found *H-entichement
in sedimentary 8*Hainosterol Values was correlated with higher eutrophication. Lac Lalolalo is phosphate-rich,
nitrate-rich (except for the surface), and has a shallow Secchi depth — all indicating eutrophic or
hypereutrophic conditions, so it is conceivable that post-depositional degradation altered 6*Hainosterol Values in
these sediments. Since more recent sediments are in line with expected modern values, this process would
only be applicable to the pre-modern sediments. Regardless of the mechanism(s) for past high 8*Hainosterol
values in Lac Lalolalo, the clear differences between Lac Lalolalo and Lac Lanutavake imply that one (or
both) of the records cannot be used to make interpretations about past precipitation variability, and
highlight the importance of targeting replicate sites to ensure proper interpretation of paleohydroclimate.
Therefore precipitation rates calculated from Lac Lalolalo 8*Hainoswerol values prior to ~1950 are not reported
(Tables B.5 to B.8).

5.2. Hydroclimate from Lac Lanntavake (‘Uvea, Wallis), Lake Lanoto’o (‘Upolu, Samoa), and Lake Emaotul (Efate,
Vannatn)

Given the large differences between neighboring lakes on ‘Uvea, and the conclusion that Lac
Lalolalo is not reliably recording past precipitation rates, this section considers additional proxies and
overlapping instrumental data to establish if Lac Lanutavake’s sediment records can be considered a robust

recorder of precipitation. Lac Lanutavake *Hainosierol and magnetic susceptibility records together with
&’Hainosterot and runoff records from Lake Lanoto’o (Samoa) and Lake Emaotul (Vanuatu) provide support
for the construction of regional precipitation histories for the SPCZ. We propose that 8 Hainosterot Values at all

three sites track 8"Hukewater values controlled by hydroclimate and 8 Hainoseerol Values provide estimates of
GPCP-like precipitation rates through the application of a regional core top calibration (Maloney et al.,

2019). The 6*Hainoswerol records and runoff proxies at all three sites indicate a drier MCA relative to the mean
background conditions (Fig. 2, Fig. 4A, Fig. 5, Fig. 6, Fig. A.0).
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Figure 4. All 32Hginosterol values and corresponding precipitation rates ([P = (82Hample + 211) / —12.1], Maloney et al., 2019) from “‘Uvea (Wallis
et Futuna), ‘Upolu (Samoa), and Efate (Vanuatu). (A) Boxplots of all individual §2Hginosteror data points from Lac Lalolalo’s two shott cores
(blues: UC22 and UC24) and two long cores (grays: UC13 and UC14) (n = 80); Lac Lanutavake’s two cores (UC1 and UC4, purples, n = 53);
Lake Lanoto’o (black, n = 22), and Lake Emaotul (orange, n = 41). The vertical dotted line separating Lac Lalolalo indicates pre-modern Lac
Lalolalo 82Hginosterol Values are not primatily influenced by climate and therefore do not have corresponding precipitation rates before ~1950.
Gray outline of boxplots is median, uppet/lower (75/25%) quartiles, whiskers tepresent data within 1.5 x interquartile range of uppet/lower
quartiles. (B) Bar plots of Lac Lanutavake, Lake Lanoto’o, and Lake Emaotul mean MCA, LIA, and modetn 82Hinosterol values and
corresponding precipitation rates (individual data points as open circles) compared to whole core means represented by horizontal line across all
periods (data summarized in Table A.5). Green “+” symbols mark gridded GPCP gridded precipitation rates (1979 to 2016 average) (Table
A.1). Average analytical uncertainty for 82Hainoseerot values is 4.7 %o (not shown); uncertainties in gridded precipitation are 1.4 mm d-! (‘Uvea and
‘Upolu) and 0.9 mm d-! (Efate) and uncertainties of reconstructed precipitation (including errors in calibration and analytical uncertainty) are up
to 2.5 mm d~!with a mean of 2.2 mm d~! (not shown). Lake Lanoto’o and Lake Emaotul data from Sear et al. (2020) and Maloney et al. (2019).

5.2.1. Runoff records support hydrological interpretations of & Hnsern values

Runoff proxies are independently sensitive to precipitation and support interpretations of 6*Hainosterol
records. Lac Lanutavake is surrounded by more gradual sloping lake walls than Lac Lalolalo with more
readily delivered terrigenous material to the lakebed, but likely only during heavy precipitation (Fig. A.3,
A.8). In Lac Lanutavake, magnetic susceptibility and 8 Hainosterot records from duplicate sediment cores
display similar patterns throughout most of their temporal overlap (apart from the oldest two *Hainosterol
values from UC4), where high magnetic susceptibility signals are coincident with *H-depleted values,
providing support that both are responding to hydroclimate in this lake (Fig. A.6). In particular, the very
low magnetic susceptibility response during the MCA when &*Hainoseerot Values were relatively higher indicates
a period of reduced precipitation.

In Lake Emaotul (Efate, Vanuatu) the Ti/Inc and magnetic susceptibility records (with the
exception of the Kuwae ash magnetic susceptibility response Fig. 2) very closely tracked variability in
&’ Hainoseerot values (Fig. 2, Fig. A.7), providing additional support for hydrological controls on all three
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proxies at this site. Lake Lanoto’o (‘Upolu, Samoa) is situated atop a volcanic peak (760 m.a.s.l.) with a
limited catchment (0.23 km?), a setting important to consider when interpreting the runoff proxies from this
lake. In Lake Lanoto’o the magnetic susceptibility and Ti* signals closely track 8 Hainoseerot Values in the
youngest sediment then diverge from the 8*Hainoscerol tecord during the MCA. During the MCA the highest
&’ Hainosterot Values imply low precipitation rates while high magnetic susceptibility and Ti* signals conversely
suggest high terrigenous inputs. A submerged terrace extending ~10 m out from the current lake shoreline
at ~1 m depth offers a nuanced explanation for this disagreement. A drier climate during the MCA likely
caused lake level to drop, exposing the lower terrace and effectively increasing the surface area of the lake’s
watershed (~5% increase in area for a 1 m water drop). A lower lake and larger watershed would decrease
the transport distance from shoreline to depocenter so that any precipitation, even less frequent or less
intense, would contribute a stronger signal in Ti* and magnetic susceptibility by contributing relatively more
terrestrial sediment compared to higher lake-level conditions that submerge more of the catchment.

Linear regressions (Fig. A.7) indicate correlations between 6*Haioswrol Values and corresponding
runoff records in Lake Emaotul (Efate, Vanuatu) (excluding the Kuwae ash event in the magnetic
susceptibility record, R*=0.19, p=0.009, n=34), and R*=0.31, p<0.001, n=36 for Ti/Inc, the largest residuals
occur when 6*Hainoserol values indicate the driest conditions, which were perhaps accompanied by lake
desiccation (and hence reduction of terrestrial magnetics and Ti). Lake Lanoto’o (‘Upolu, Samoa) 8*Haiosterol
values also correlated strongly with corresponding runoff records prior to and after the inferred lower MCA
lake level (R*=0.65, p=0.003, n=17 for Ti* and R*=0.41, p=0.004, n=18 for magnetic susceptibility). These
cotrelations give us confidence that both 6*Huinoserol Values and runoff proxies ate sensitive to hydroclimate
at these sites. There is no significant correlation in Lac Lanutavake data (R*=0.01, p=0.65, n=25) (Fig. A.7).
Increased sampling resolution plus magnetic susceptibility data from the upper portions of Lac Lanutavake
cores might reveal a stronger correlation. It is also possible that the response of lake water *H/"H ratios may
be delayed relative to the more immediate response of the magnetic susceptibility record, or the absolute
signal of 8"Hainosterol may be too small to reveal a cotrelation if precipitation remained relatively stable on
‘Uvea.

5.2.2. Modern & H st values track instrumental precipitation
The overall mean modern (1850 to present) reconstructed precipitation rate (6.3+2.3 mm d ') from

Lac Lanutavake 8°Haioswerol samples (Fig. 4, Table A.5) agrees well with ‘Uvea’s mean GPCP value (6.0£1.4
mm d ') (Table A.1). Furthermore, Fig. 5 illustrates how the variability captured in Lac Lanutavake’s
uppermost six samples echoes the pattern of a smoothed GPCP record within age uncertainties. Smoothing
the GPCP record with a 3.5-year running mean approximates how the precipitation signal is reflected in
sediment samples of 0.5 to 2 cm thickness that integrate 1 to 8 years of accumulation (average 3.5 years for
sites examined here during 1979 to 2016). There are only two (Lake Lanoto’o) or five (Lake Emaotul)
samples that overlap with the GPCP record, but their reconstructed precipitation values also approximately
match the smoothed instrumental record (Fig. 5, Table A.1, A.5). Comparing the modern petiod 8*Hainostcrol
values to the GPCP observational record reveals how slow sediment accumulation rates, low resolution
sectioning/sampling, and large age model uncertainties restrict our lacustrine precipitation reconstructions
to interannual or longer timescales.
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Four aspects of the core top calibration need to be considered when interpreting precipitation
estimates generated from 8"Hainosierol data. First, §*Hainoserol values most directly reflect 8*Huewaer values since
biomarker lipids source hydrogen from environmental water with a biosynthetic isotopic fractionation (e.g.,
Dirghangi and Pagani, 2013; Englebrecht and Sachs, 2005). The 8°Hiuevarer values measured were only
snapshots in time (with a seasonal range of up to 20 %o), so were not directly comparable to the time-
integrated 8*Hainoswrol signal in core top sediments (which may represent up to 20 yeats). Second, biosynthetic
isotopic fractionation values from core top and lake water samples increase with precipitation rate (Maloney
et al., 2019), potentially a result of increased nutrient delivery at wetter sites enhancing algal growth rate
which can increase biosynthetic isotopic fractionation (Ladd et al., 2018; Sachs and Kawka, 2015). If higher
precipitation rates influence growth rate through nutrient delivery, any increased isotopic fractionation
serves to amplify the hydrological signal and is embedded in the calibration and downcote 6*Hainoscerol Signal.
Third, in lakes where 8 Hukewarer teflects hydroclimate, P—FE (not just P) would better represent the controls
on 8 Hainosterol. However, evaporation rates are similar throughout the SPCZ (Maloney et al., 2019; Yu et al.,

2008), more accurate evaporation estimates are not currently available for the core top sites, and the P—E
spatial pattern is dominated by P in the tropical Pacific (Schanze et al., 2010). Therefore, applying the
calibration assumes that both the P—E relationship and the mean trajectory/soutce of P is constant through
time. Finally, the calibration uses the GPCPv2.3 data set so all estimated precipitation rates should be
considered “GPCP-like”; using different rainfall products for a calibration would result in different slopes,
intercepts, and uncertainties. Uncertainties in modetn 8°Hiuewaer and evaporation make it difficult to
quantitatively reconstruct 8 Hiuewarer, biosynthetic isotopic fractionation between dinosterol and lake water,
or P—E. Therefore this work reconstructs precipitation rates and the agreement at all three sites between
GPCP precipitation rates and reconstructed precipitation rates indicates that the core top calibration

skillfully captures precipitation rates.

5.2.3. Variable Little Ice Age & H jinssirn values

After carefully considering all possibilities, the most internally consistent explanation of our multi-
proxy dataset from Lac Lanutavake is that it primarily represents a hydroclimate signal, and that it can be
interpreted as such together with similarly robust hydroclimate records from Samoa and Vanuatu.
Precipitation rates reconstructed from Lac Lanutavake’s 8"Hainostero values during the LIA fluctuated between
6 to 7 mm d"'. Wettest conditions occurred in the early LIA and immediately after the LIA, creating a “u-
shaped” pattern (Fig. 5), with the average of all LIA 8°Huinoswrol values slightly lower (i.e., wetter) than the
core mean (Fig. 4B). A more pronounced mid-LIA drying pattern appears in the Lake Lanoto’o and Lake
Emaotul 8*Hainosterol tecords, with corresponding reconstructed precipitation rates fluctuating between 4.3 to
5.8 mm d ' and mirrored by runoff records in the same cores (Fig. 2). Simple linear regressions from the
driest LIA point to present indicate only Lake Lanoto’o had a significant trend towards wetter modern
conditions for all proxies measured (Fig. A.9). High-resolution coral (Linsley et al., 2006) and cave records
(Maupin et al., 2014; Partin et al., 2013) from various locations in the SPCZ also hint at a drier LIA
compared to the present, but the changes were too small to confidently attribute to precipitation, or were
additionally influenced by factors unrelated to precipitation (e.g., ocean currents, Dassié et al., 2018). To the
west of the SPCZ a very clear transition from a drier LIA to wetter modern conditions was observed in
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Lake Lading (8°S, 113° E) (East Java, Indonesia), interpreted as a strengthening of the Walker circulation
leading to wetter conditions (Konecky et al., 2013). Changes in Walker circulation strength could also
explain the slightly (~1.5 mm d™") wetter conditions in the late-I.IA/modern compared to a dry mid-LIA in
Lake Lanoto’o by changing the shape, size, or intensity of SPCZ precipitation. However, this would have to
occur without largely changing precipitation on ‘Uvea and Efate unless non-climatic factors mute
precipitation signals at these locations. A recent reevaluation of tropical Pacific climate changes during the
LIA find support for a strengthened Pacific Walker Circulation, but additional records from the central and
eastern tropical Pacific are needed (Atwood et al., 2021).

_295 n 70
= 'Uvea Lac Lanutavake UC1 65
= 'Uvea Lac Lanutavake UC4 -285
e 'Upolu Lake Lanoto'o 6.0
=== Efate Emaotul Lake Jss
_ __ =275
300 S oo 65
) .
= —
wn -
> 60 ©
-290 & _og0 E
s 155 £
% o
g -280 & -2r0
s -285
%) Ea)
> o
£ o70l =\ : S E 275
° 3 -
g o
2
f -260 4 -265
NUO A4
-250 1
3 P e I L L B R B B R A
A /,—‘ 1950 1970 1990 2010 :
_-1 Year CE
-240 : . : o ol |
500 1000 1500 2000
Year CE

Figure 5. 62Hinosterol records from Lac Lanutavake (‘Uvea, Wallis et Futuna), Lake Lanoto’o (‘Upolu, Samoa), and Lake Emaotul (Efate,
Vanuatu) with corresponding reconstructed precipitation rates ([P = (82Hqmple + 211) / —12.1], Maloney et al., (2019)). (A) SPCZ precipitation
records during the Common Era, shading around solid lines indicates 32Hainosterol Value analytical uncertainty, uncertainties associated with
reconstructed precipitation rates (including errors in calibration and analytical uncertainty) are up to 2.5 mm d~!in these cores; for clarity
uncertainty for only one sample from each core is shown as a thin vertical line, average age model uncertainty is indicated with a horizontal
green bar, shaded gray vertical bars indicate MCA and LIA, and horizontal dashed lines are mean gridded GPCP precipitation rates (1979 to
2017) at each location, these have estimated errors of 1.4 mm d~! (‘Uvea and ‘Upolu) and 0.9 mm d-! (Efate) (not shown) (T'able A.1). (B) The
same data for the 1950 to 2017 period with 3.5-year running mean gridded GPCP precipitation time series shown as thin black lines (3.5 years is
the average accumulation time represented by each sample that overlaps with gridded GPCP data). Thin error bars represent age model
uncertainty (x axis) and analytical uncertainty of 82Hainosterol Values (y axis); thick hotizontal bats represent the time integrated by each sample (1
to 8 years). The thick vertical green bar represents the average reconstructed precipitation rate error (+ 2.2 mm d=1), and the thin green vertical
bar represents the average GPCP precipitation rate error (+ 1.2 mm d=1). 82Hainosterol tecords from Lake Lanoto’o and Lake Emaotul from Seat
et al. (2020); core top samples are from multiple core tops (Maloney et al., 2019).
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5.2.4. Drying of ‘Uvea, ‘Upolu, and Efate during the Medieval Climate Anomaly

Three *Hainoswerol records indicate MCA drying relative to mean conditions throughout the SPCZ,
with the smallest change in Lac Lanutavake on ‘Uvea (Fig. 4B, Fig. 5). The driest MCA values from Efate,

Vanuatu (4.0+1.8 mm d ') and ‘Upolu, Samoa (3.7£1.7 mm d ') were 1.4 to 1.5 mm d "' drier (17 to 19 %o
higher) compared to their core means. Lac Lanutavake’s driest MCA value (5.7£2.2 mm d ") was only 0.6

mm d ' drier (8 %o higher) compated to its mean, 0.8 to 0.9 mm d ' less drying compared to Lake Emaotul
and Lake Lanoto’o (Fig. 4B). There are two possible explanations for the smaller change in Lac Lanutavake
including 1) a muted response to drying due to a potential connection to ‘Uvea’s aquifer, and 2) a relatively
stable precipitation rate through time at ‘Uvea compared to ‘Upolu and Efate.

All 53 samples from Lac Lanutavake have less variability around the mean compared to 41 samples
from Lake Emaotul and 22 samples in Lake Lanoto’o (Fig. 4). Modern lake water °H/"H profiles indicate

two distinct water masses in Lac Lanutavake: a photic zone influenced by evaporation with higher 8 Hiuewater
values (=5 %o) and bottom water with lowet 8"Hukewawer values (=10 %o) approaching ‘Uvea’s aquifer values
(=28 %o) (Fig. 3), suggesting a (past and/or present) connection between Lac Lanutavake and ‘Uvea’s
groundwater. The degree to which Lac Lanutavake is a surface expression of ‘Uvea’s aquifer might play a
role in muting lake water isotopic variability (and therefore vatiability in 8*Haioserol measurements) through
time. Mixing between Lac Lanutavake’s surface waters and ‘Uvea’s aquifer could dampen the
depletion/enrichment effects of precipitation/evaporation on 8°Hiuewawr Since groundwater does not
experience extensive evaporative entichment, groundwater recharge is biased towards heavy ("H-depleted)
rainfall events/seasons (e.g., Li et al., 2018), and groundwater *H/'H ratios from Tutuila (American Samoa),
an island with similar geology to ‘Uvea, are stable around —20 %o despite large (~60 %o) seasonal shifts in

& Hprecipitation (Shuler et al., 2019). Since Lac Lanutavake’s magnetic susceptibility records more cleatly indicate
a dry MCA, it is possible that a lake-groundwater connection at this site results in a dampening of 8" Hukewater
(and therefore 8" Hainoseerol) values.

Alternatively, ‘Uvea’s location along the central SPCZ axis may be responsible for the smaller MCA
drying signal detected in Lac Lanutavake compared to Efate and ‘Upolu. Using ENSO variability as an
example, today both ‘Uvea and ‘Upolu occupy a climatic null zone which experiences little precipitation
variability associated with ENSO compared to Efate (Vanuatu) whose rainfall patterns closely track SST's in
the Nifio 3.4 region (Fig. 1, Fig. A.1). It is possible that ‘Uvea has remained in a null zone throughout the
last 2000 years while the zone may have passed over ‘Upolu. A recent coral record from Samoa provides
evidence of a shifting null zone during the past 600 years (Tangri et al., 2018), and even precipitation gauge
records indicate that ‘Upolu’s precipitation has been correlated with ENSO in the past, but not during the
satellite era (Fig. A.1). If ‘Uvea’s location precludes it from experiencing large ENSO variability, it is
conceivable that ‘Uvea could also be the least sensitive location to longer timescale variability. Indeed, Lac
Lanutavake’s 8°Haioswerol Values ate relatively steady throughout the entire 2000-year record, and available
gridded instrumental data clearly indicates that ‘Uvea experiences less seasonal and interannual variability
than ‘Upolu and Efate (Fig. 1). This, combined with the responsive magnetic susceptibility signals, leads us
to favor ‘Uvea’s central position as an explanation for its lower variability during the MCA (and potentially
LIA), as opposed to possible time-varying inputs of groundwater. Long-term monitoring of lake water
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chemistry in Lac Lanutavake and other lakes on ‘Uvea could help validate the magnitude of past
precipitation change.

From the MCA to the present, Lake Lanoto’o and Lake Emaotul have nearly identical precipitation
rate estimates and similar patterns of variability (i.e., where the thick solid orange and black lines overlap in
Figure 5). Prior to the MCA, precipitation rates were similar in Lake Emaotul and Lac Lanutavake ~0 to
900 CE (i.e., where the thick solid orange and purple lines overlap in Figure 5). This overlap implies that
Efate was as wet as ‘Uvea before the MCA and drier like ‘Upolu after the MCA. This is unexpected given
the higher modern climatological precipitation rate on ‘Uvea and ‘Upolu versus Efate (thin dashed
horizontal lines in Figure 5), and the observations that Efate is rarely as wet as ‘Upolu and ‘Uvea (for
instance during some La Nifa events, Figure 1). Comparing the precipitation rate reconstructions from all
three locations indicates that the precipitation estimates inferred from 6*Haioserol values may be most useful
in a relative sense (comparing variability at a single site) as opposed to an absolute sense (comparing values
between sites hundreds of kilometers apart). Tracking additional lake-specific physical and ecological factors
that influence 8*Hukewater, Such as the extent of vegetation cover over shallow lakes that can act as a barrier to
evaporation (Ladd et al., 2021; Maloney et al., 2019), may be necessary to confidently compare reconstructed
precipitation rates across space. Another consideration is that evaporation rates and/or the observed
relationship between precipitation amount and the isotopic composition of precipitation may vary through
time. If this happened, then the application of a core top calibration could over- or under-estimate
quantitatively reconstructed pre-instrumental precipitation rates. This is another reason why it is important
to consider runoff proxies that do not rely on the stationarity of isotopic relationships as part of a multi-
proxy approach. Finally, if pre-modern SPCZ precipitation rates are accurately captured by the
reconstructed patterns presented here, this could result from local scale precipitation shifts (e.g., Atwood et
al., 2020), highlighting the need for multiple records from each region.

5.3. Late Holocene SPCZ Precipitation 1 ariability
Three SPCZ 6*Hainoserol tecords from Lac Lanutavake (‘Uvea, Wallis et Futuna), Lake Emaotul

(Efate, Vanuatu), and Lake Lanoto’o (‘Upolu, Samoa) offer an opportunity to understand long term drivers
of SPCZ GPCP-like precipitation rate variability. Each core has unique high-frequency 6*Huioswerol changes,
different ranges in reconstructed precipitation rates, and distinct correlations with available runoff data.
These differences likely result from the diverse environmental settings of each lake, variable sampling
intervals, changes in the source and transport of precipitation, local precipitation/evaporation rate shifts,
and large-scale changes in SPCZ position or intensity that differentially impact each location. Site and proxy
replication is required for interpreting local versus regional scale precipitation rate changes. While all records
from ‘Upolu indicate a drier mid-LIA, duplicate 8"Hainosterol tecords from ‘Uvea’s Lac Lanutavake and records
from Efate’s Lake Emaotul are relatively stable across the LIA (Fig. A.9). Currently there is no site or proxy
replication during the LIA from ‘Uvea, making it difficult to confidently interpret local versus large scale
SPCZ behavior. Additional records that capture LIA runoff in Lac Lanutavake, or cores from ‘Uvea’s Lake
Lano, would be valuable for understanding the nature of SPCZ variability during the LIA before invoking
detailed ocean-atmospheric forcings during this period.

Where long-term trends do agree across several sites, especially during the MCA when multiple
proxies at each site indicate a dry period, a large-scale change in SPCZ intensity or position can more
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confidently be considered. Below our SPCZ runoff and *Haioserol tecords are compared to other
paleoclimate records across the Pacific to understand possible mechanistic changes in SPCZ shape and
strength.

Spatially extensive paleoenvironmental records that capture the MCA in Figure 6 show
hydroclimate anomalies relative to their means to accommodate different absolute responses to
precipitation. The similarities among these records indicate that a relatively drier MCA occurred in the
SPCZ and beyond, highlighted by a gray vertical bar from 950 to 1250 in Figure 6. To the west of the
SPCZ, a sustained MCA dry period was found in Indonesian lake sediment (Konecky et al., 2013), marine
sediment (Tierney et al., 2010) (Fig. 6B-C), speleothems (Griffiths et al., 2016), and drying inferred from a
cultural sequence in Papua New Guinea (Shaw et al., 2020). Dry conditions during the MCA in the SPCZ
and Indonesia are noteworthy in light of the coincidence of SPCZ zonal events and Makassar straight
salinities (Linsley et al., 2017) suggesting common mechanisms for the changes in and near the SPCZ. Along
the southeast margin of the SPCZ, a lake sediment record indicates the Southern Cook Islands were also
drier (Sear et al., 2020) (Fig. 6D) while a runoff record from French Polynesia indicates an overall wetter
MCA (Fig. 6E), with two periods of relative drying within the MCA ~ 950 to 1050 and 1150 to 1250 CE
(Toomey et al., 2016). Far to the east of the SPCZ, a period of drought is inferred from drying out of lakes
on Easter Island during the MCA (Rull, 2021).

A dry MCA at these locations could represent a reduction in rainfall intensity, a reduction in SPCZ
extent, or a northeastward shift of the mean SPCZ position such that it collapsed towards the equator into a
more zonal position. An equatorward-shifted SPCZ is an orientation supported by drought atlases based on
tree-ring networks from an Australia-New Zealand-Indonesia cluster compared to a Mexico-southern
United States-western Guatemala cluster (Higgins et al., 2020). While this drought atlas is based on sites far
from the SPCZ regions and contains no tropical tree ring data, which brings into question the applicability
of its conclusions to SPCZ sites, the two largest westward/equatorward shifts in the Higgins et al. (2020)
reconstructed SPCZ index occur during the MCA (gold sections in Fig. 6A) and may reflect orientations
similar to zonal SPCZ positions observed during some strong El Niflo events (1982/83 and 1997/98), as
well as the 1991/92 moderate event (Vincent et al., 2011). It is important to note that the two largest
eastward/poleward shifts in the tree-ring data also occur during the MCA (green sections in Fig. 6A),
raising the possibility that the MCA may be more appropriately considered a period of greater and more
intense variability between very dry and very wet conditions. Yet very wet MCA conditions are not evident
in the SPCZ lake records. Sear et al (2020) postulated a northeastward shift of the SPCZ based on the drier
conditions inferred from the Emaotul and ‘Upolu records with relatively wetter conditions in French
Polynesia from Apu Bay (Toomey et al. 2016). The relative drying observed in Lac Lanutavake’s magnetic
susceptibility and 8"Hainosterol tecords (Fig. 6F-G), while minor, lends support to this pattern of change.

Brown et al. (2020) synthesized the current understanding of the physical mechanisms responsible
for modern SPCZ position and strength. Equatorward propagation of Rossby waves from the Southern
Hemisphere’s subtropical jet trigger diagonally oriented convection; the sum of this convective activity
results in the mean SPCZ position which is strongest during the austral summer when the zonal sea surface
temperature gradient and oceanic heat content are greatest (Matthews, 2012; van der Wiel et al., 2016, 2015;
Widlansky et al., 2011). SPCZ precipitation is also directly forced by heating and tropical convection over
the Maritime Continent (Kodama, 1999; Matthews et al., 1996). Finally, moisture-laden low-level air
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Figure 6. Comparison of Lac
Lanutavake 82Hinosterol and magnetic
susceptibility records to the SPCZ
Index, biomarker records, and a
runoff record from the southwestern
Pacific. Values at the top of each panel
(more negative isotope values, higher
magnetic susceptibility values, and
natural logarithm ratios closer to zero)
indicate periods of relatively higher
precipitation. (A) A 50-year gaussian
filter applied to the SPCZ index
(dotted black line Salinger et al., 2014)
and the SPCZ index reconstructed
from tree rings (teal and gold
segments, Higgins et al., 2020) reflects
the relative position of the SPCZ (note
inverted axis), (B) 82Hyayx from Csg #-
alkanoic acid from tertestrial leaf wax
inputs measured in marine sediments
from the W. Sulawesi margin of
Indonesia (Tierney et al., 2010), (C)
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‘Uvea (this study), and 8?Hadinosterol
records from Samoa (Sear et al., 2020)
(H), and Vanuatu (Sear et al., 2020) (I).
Error bars indicate uncertainty in age
models (x-axis, when provided) and
analytical uncertainty (y-axis); note
different y-axis scales.
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supplied by the Southeastern Pacific’s subtropical high contributes to the formation of the SPCZ (Lintner
and Neelin, 2008; Takahashi and Battisti, 2007a, 2007b). The diagonal SPCZ orientation results from the
combination of these ocean-atmosphere forcings that respond to variations in the background state on
observed intraseasonal to interdecadal timescales. Variability in the same forcings may also be responsible
for the long-term centennial-scale precipitation changes documented in the sediment cores presented here,
possibly even driven by changes in extra-tropical modes of variability such as Multidecadal Atlantic
Variability and the IPO (Wang et al., 2017; Zhang et al., 2019). Evidence for MCA drying in the central
Pacific (Wyman et al., 2021), east Pacific (Atwood and Sachs, 2014; Conroy et al., 2008; Nelson and Sachs,
2016), and Mesoamerica (Bhattacharya et al., 2015; Curtis et al., 1996; Hodell et al., 2005; Medina-Elizalde et
al., 2010; Metcalfe et al., 2010), supports the suggestion of a Pacific-Atlantic teleconnection (e.g. Fig. 6 in
Wyman et al. 2021). Available paleoprecipitation records indicate the ocean-atmosphere mechanisms
responsible for past hydroclimate variability in the tropical Pacific are not always coherent (Atwood et al.,
2021; Higley et al., 2018; Sear et al., 2020) so continued development of multiproxy records in and around
the SPCZ should help clarify how and why SPCZ precipitation varied prior to the instrumental record.

6. Conclusion

This study presents a multi-proxy, multi-record dataset based on 8*Haiosero and magnetic
susceptibility data spanning the last 2000 years, with full record replication in two individual basins. Records
include sediment sequences from two crater lakes, Lac Lalolalo and Lac Lanutavake, on the island of ‘Uvea
(Wallis et Futuna) and updated 6*Hainoserol tecords and lithogenic runoff proxies from Efate (Vanuatu) and
updated runoff proxies from ‘Upolu (Samoa). The assessment of moisture changes on ‘Uvea is complicated
by contradictory 8*Hainoseerol tesults in Lac Lalolalo and Lac Lanutavake. We propose that Lac Lalolalo, the
youngest and largest volcanic crater lake on ‘Uvea, only recently evolved to its current state characterized by
fresh surficial water and deeper saline, nutrient-rich, alkaline water. Changes in lake morphology, volcanic
hydrochemistry, ecology, or biomarker degradation may explain Lac Lalolalo’s evolution from high to low
&’ Hainosterot Values in a manner unrelated to climate. Lac Lanutavake 6*Haioswrol records display much smaller

changes through time, and we consider this record to reflect hydroclimate. Independent runoff records
support interpretations of past change based on *Huioserol Values; the coherent variations in 6*Haiosterol

values and magnetic susceptibility in Lac Lanutavake indicate 8°Hainoseerot values reflect precipitation and
reveal a dry MCA. The ‘Upolu and Efate runoff records also indicate a dry MCA as their previously
published 8*Huioswrol records have indicated. During the LIA, conditions appeat to be drier than modern on
‘Upolu, but ‘Uvea and Efate had greater variability and no coherent LIA precipitation change. Multi-proxy
analysis of multiple records from the same region are highly valuable for interpreting hydroclimate
variability. A large spatial distribution of hydroclimate records is key for understanding regional versus local
precipitation changes throughout the SPCZ domain and helps reveal mechanisms responsible for natural
tropical precipitation change. The available data imply that these three sites do capture large scale regional
variability when they agree, and together they suggest the SPCZ was either less intense (indicating a less
vigorous rising limb of the Pacific Walker Circulation), or shifted equatorward away from these sites
(resembling the position observed during some strong and moderate El Nifio events) during the LIA and
MCA compared to the modern, with the driest conditions of the last ~2000 years occurring at some point
within the MCA. The mechanisms responsible for the SPCZ shape and size today may be useful for
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understanding why the SPCZ changes on longer timescales once common patterns of change are
established. A larger network of sites that record past precipitation conditions should help distinguish how
the shape and/or intensity of the SPCZ changed in the past.
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Section A.l1. Sedimentary microfossil survey

A preliminary assessment of diatom and chironomid presence was performed using sediment
recovered along the entirety of the core barrel edge from LALOUC13 and LATVKUC4 during core
splitting. Diatom sample preparation followed (Battarbee et al., 2001) and chironomid sample preparation
followed (Walker, 2001). The concentration of chironomid head-capsules was very low in both Lac Lalolalo
and Lanutavake yielding less than 10 head-capsules per gram of dry sediment. Diatom concentration was
low (c. 10%) in Lac Lalolalo sediments and dominant taxa were mainly Nitzschioid taxa (tentatively
identified as Nitzschia frustulum/ perminuta and Nitzschia palustris) as well as some large petiphytic taxa such as
Pinnularia borealis. In Lac Lanutavake the diatom concentration was low-moderate (c. 20%), and the
predominantly periphytic/benthic identified taxa belong to the Gomphonema group (tentatively identified as
Gomphonema gracile and Gomphoneis ¢f. minuta). Given the low concentrations of microfossils in these
sediments, they were deemed unsuitable for stable isotope analysis on chironomids and diatoms. Both lakes
had high amounts of dark orange/brown minerals that obfuscated the diatoms.
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Table A.1. Mean gridded GPCPv2.3 precipitation rates (mm d-!) (Adler et al., 2018) and estimated precipitation errors (o) (Adler
et al,, 2012) for the 1979-2016 period and during specified intervals at lake sites. El Nifio (La Nifia) conditions are taken as
petiods when the Oceanic Nifio Index, derived from sea surface temperature anomalies in the Niflo 3.4 region, was above (below)

0.5 °C (www.estl.noaa.gov

psd/data/climateindices/list )

Island Mean | o | SD | DJF | SD | JJA | SD | [DJF-JJA] | EINido | SD | LaNifia | SD | [Nina—Nido]

‘Uvea, Wallis 6.0 1.4 3.7 8.6 43 3.4 1.9 52 59 3.5 6.7 4.3 0.8

‘Upolu, Samoa 5.6 1.4 3.4 8.4 3.7 2.8 1.3 5.6 5.5 3.1 6.2 3.9 0.7

Efate, Vanuatu 4.8 0.9 3.1 6.5 35 3.0 1.7 35 4.1 2.8 6.1 35 2.0
Table A.2. Vascular plants surrounding Lake Lalolalo shoreline. N= Native; A = Alien

Family Genus species Origin

Acanthaceae Ruellia prostrata A

Apocynaceae Albyxia sp. N

Apocynaceae Cerbera manghas N

Asclepiadaceae Hoya australis N

Aspleniaceae Asplenium nidus N

Aspleniaceae Aspleninm polyodon N

Blechnaceae Stenochlaena palustris N

Calophyllaceae Calophyllum inophyllum N

Capparaceae Capparis spinosa subsp. cordifolia N

Combretaceae Terminalia catappa A

Davalliaceae Davallia solida N

Davalliaceae Nephrolepis hirsutula N

Ebenaceae Diospyros samoensis N

Elaeocarpaceae Elaeocarpus angustifolins N

Euphorbiaceae Acabypha grandis N

Euphorbiaceae Homalanthus nutans N

Euphorbiaceae Macaranga harveyana N

Lecythidaceae Barringtonia asiatica N

Leguminosae Adenanthera pavonina A

Leguminosae Entada phaseoloides N

Leguminosae Inocarpus fagifer N

Leguminosae Mucuna gigantea N

Loganiaceae Geniostoma ct. rupestre N

Malvaceae Talipariti tiliacenm N

Melastomataceae Clidemia birta A

Meliaceae Agadirachta indica A

Meliaceae Dysoxcylum mollissimum N

Moraceae Ficus obligna N

Myrtaceae Syzyginm clusiifolinm N

Orchidaceae Bulbophyllum sp. N

Pandanaceae Pandanus tectorins N

Passifloraceae Passiflora foetida A

Polypodiaceae Microsornm ct. grossum N

Polypodiaceae Pyrrosia lanceolata N

Psilotaceae Psilotum nudum N

Pteridaceae Antrophyum plantagineum N

Rubiaceae Alidia cochinchinensis N

Rubiaceae Morinda citrifolia A

Rutaceae Micromelum minutum N

Sapindaceae Sapindus ct. saponaria N

Verbenaceae Premmna serratifolia N

Verbenaceae Stachytarpheta ct. urticifolia A

Zingiberaceae Alpinia gerumbet A
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Table A.3. Sediment collection and sampling details.

. Field- Total 14 Deepest
Site Name Latitude Longitude Core ID Collection San}ple sectioned sediment Deepest 7C dinosl:erol
date technique* 3 age control
material  core length sample
° ° YYMMDD cm cm cm cm
Lac Lalolalo, 'Uvea, Wallis —13.30108 183.765917 LALOUCI3 110516 ucC 97 161.5 152.25 152.5-153.5
Lac Lalolalo, 'Uvea, Wallis —13.30048 183.766000 LALOUCI14 110517 uC 40 168 156.5 156-157
Lac Lalolalo, 'Uvea, Wallis —13.30168 183.768083 LALOUC22 110519 ucC 16 38 13.5 12-13
Lac Lalolalo, 'Uvea, Wallis —13.30168 183.768039 LALOUC24 110519 uc 27 27 8 10-11
Lac Lanutavake, 'Uvea, Wallis —13.32118 183.786033 LATVKUCI1 110518 uC 18 143 106.3 138-139
Lac Lanutavake, 'Uvea, Wallis —13.32115 183.786133 LATVKUC4 110519 ucC 38.5 77.5 67.5 72.5-73.5
Lake Lanoto'o, 'Upolu, Samoa' —13.91088 188.172600 LANI14 U2+ L1-1 140930 GC+L 0 302 299.5 83-84
Emaotul Lake, Efate, Vanuatu' —17.72989  168.415462 VAN? 150910 GC+L 0 360 338.3 349.9-350.9

'Sear et al. 2020, Maloney et al. 2019
ZCores/sections: G5,G9, L1, L1A, L2, L2A, L3, L3A. Coretop sample includes G7 (0-2 cm), G5 (0-2 cm), and a 0—1cm section collected in 1995 (Maloney et al. 2019)
*UC = Universal Corer, GC = UWITEC gravity core, L = Livingston

Table A.4. 1“C dates from “Uvea terrestrial macrofossils. Depths from LATVKUC1 were adjusted to match a combined age
model based on magnetic susceptibility trace (see Fig. A.5), see Table B.1 for age models using these and previously published

210Pb age control points.

0,

Lab Sample ID Core intsearlvmalilfjm) f:drji(sit?:itze(gﬁi A)CI;Z?)?H + MCage Error(lo)
Lac Lanutavake
D-AMS 022790* LATVKUCI1 14-15 14.5[18.18] 96.9 0.52 255 43
D-AMS 022791* LATVKUCI1 36 - 37 36.5 [44.77] 92.3 0.35 640 30
D-AMS 017995 LATVKUCI1 88.5 88.5[91.05] 85.2 0.24 1288 23
D-AMS 022792 LATVKUCI1 102 -103 102.5[105.09] 82.8 0.33 1514 32
D-AMS 017996 LATVKUCI1 133 133 [136.81] 81.2 0.25 1672 25
CAMS 153012* LATVKUC4 2-4.5 3.25 142.4  0.51 >Modern
D-AMS 006998* LATVKUC4 26 26 94.9 0.25 420 21
D-AMS 006999 LATVKUC4 38 -38.5 38.25 92.3 0.28 644 24
CAMS 153013 LATVKUC4 44.5 44.5 89.3 0.32 905 30
D-AMS 009275 LATVKUC4 67.5 67.5 84.5 0.24 1355 23
Lac Lalolalo
CAMS 153008 LALOUCI13 36.5 36.5 96.7 0.35 265 30
D-AMS 022795 LALOUCI13 46 — 47 46.5 94 .4 0.87 464 74
D-AMS 022796 LALOUCI13 56 - 57 56.5 94.8 0.54 426 46
D-AMS 022797 LALOUCI13 66 — 67 66.5 95.4 0.36 379 30
D-AMS 022798 LALOUCI13 76 — 77 76.5 92.4 0.40 634 35
D-AMS 017993 LALOUCI13 104 104 89.2 0.41 920 37
D-AMS 022799 LALOUCI13 127 - 128 127.5 83.5 0.47 1450 45
CAMS 153009 LALOUCI13 155 155 82.9 0.30 1505 30
D-AMS 026255 LALOUC14 15-16 15.5 95.0 0.36 414 30
D-AMS 022805 LALOUC14 18-19 18.5 953 0.56 391 47
D-AMS 022806 LALOUCI14 27 -128 27.5 81.1 0.35 1685 35
D-AMS 022807 LALOUC14 33-34 33.5 78.1 0.48 1986 49
D-AMS 017997 LALOUCI14 53 53 85.0 0.29 1309 27
D-AMS 026256 LALOUC14 72.5 72.5 77.4 0.42 2060 44
D-AMS 026257 LALOUC14 112 112 79.8 0.32 1817 32
D-AMS 017998 LALOUC14 125 125 79.4 0.21 1856 21
D-AMS 026258 LALOUCI14 161 — 162 161.5 71.6 0.34 2683 38
D-AMS 009276* LALOUC22 1-2 1.5 106.5 0.26 >Modern
D-AMS 009277* LALOUC22 13-14 13.5 99.3 0.24 56 19
D-AMS 026259 LALOUC24 0-1 0.5 124.3  0.38 >Modern

*Previously published in Maloney et al. (2019)
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Table A.5. Mean 62Huinoserol values and cotresponding precipitation values for modern, LIA, and MCA, and total core petiods
with standard deviations and mean precipitation error.

Modern: 1850-present LIA: 1450-1850 MCA: 950-1250 Total core mean
Site mean |SD | mean | SD [error | n [ mean |SD | mean | SD |error | n | mean |[SD [ mean SD error [ n | mean | SD |mean | SD | error | n
mm | mm | mm mm | mm | mm mm mm | mm mm | mm | mm
Y%o | %o d-1 a1 | an Y%o | %o d-1 a1 | gn Y%o | %o d-1 a1 d-1 Yo %o P I
Lac
Lanutavake. | =288 | 5 | 6.3 |04 |22 (12|—-289 |4 | 64 |03 |22 |14|—-283|4 | 6.0 02 [21]5[—-288| 4 63 (04| 23 |53
‘Uvea
Lake
Lanoto’o, | —281| 5 | 57 |04 |21 |4 [—-271|4 | 50 |03]20]|3 [—-268|11| 47 03 [20]3[-274| 8 52 10720 |22
‘Upolu
Lake
Emaotul, =272 7 [ 50 [0.6 20 |7 [-271[6 | 49 [05]20 [11|-270] 6 | 4.9 05 [20]6 [—276| 10 | 54 |09 2.1 |41
Efate

Table A.6. Lac Lalolalo (‘Uvea) ions, metals, and (for reference) environmental field data from hand-held monitoring system
submerged into a Nisken bottle or measured 7 situ down to 25 m (Maloney et al., 2019; Sichrowsky et al., 2014). All values are in
mg L7, "nd" indicates not detected, "TR" indicates trace; some metals were not detected (Cd, Cu, Fe, Mo, Al, Pb) or not
detected/trace at all depths (Ct, P, Zn, Ag). Titration data should be considered preliminary. Also shown are the mean Pacific
seawater values (Nozaki, 1997) used to calculate relative % for main text Fig. 3D-E.

Field data Titration (0.0245N H,SO,)
Depth | Salinity Temperature pH pH pH pH831%end pH4.52"end sample CO,” HCO;
(m) (°C) in situ  Niskin lab (mL) (mL) (mL)
4 0.87 29.7 8.4 7.1 8.2 0 0.50 10 74
15 1.1 29.0 6.8 6.9 8.0 0 0.81 10 121
35 1.9 27.4 7.0 8.3 0 1.46 10 219
50 35 27.5 6.8 8.8 0.13 1.27 10 19 152
70 215 27.8 6.4 8.1 0 12.93 10 1933
80 31.5 27.5 6.5 8.5 5.14 9.35 5 1513
IC ICP-AES
Depth
(er‘r’l; F C NO;y PO SOY|As B Ba Ca K Mg Mn Na Ni S Se Si
4 053 768 070 0.61 375|011 008 TR 15 7 32 0.09 251 003 15 nd 8

15 0.63 700 1.89 0.81 26.5]0.14 0.09 0.02 19 8 38 0.18 303 0.03 15 TR 7
35 079 1413 251 271 225|nd nd nd 29 19 64 TR 544 nd 16 nd 13
50 065 1228 070 360 192 | nd nd nd 28 21 57 TR 467 =nd TR nd 12

70 1.2 19292 822 1730 216 (TR 17 nd 74 174 731 TR 6071 TR 44 3.6 TR
80 36 29987 11.39 27.07 88.5 |38 27 =nd 353 294 1092 0.61 8995 0.97 194 TR 11
seawater | 1.22 19351 1.86 0.285 2713 4.5 412 399 1284 10784 1.8
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Figure A.1. Mean annual (August to July) GPCC gauge and GPCP satellite-gauge precipitation rates (both 2.5° x 2.5° grid) on
‘Uvea (purple), ‘Upolu (black), and Efate (orange) versus Nifio 3.4 region sea surface temperatures (SST). The 1951 — 2016 period
(GPCC gauge data extends back to 1951 at ‘Uvea) is shown in panel (A), GPCC is split into early (1951 — 1978) (B), and late (1979
—2016) (C), to compare to the GPCP (1979 — 20106) satellite-gauge record (D). Precipitation rates on Efate are always well
cotrelated with Nino3.4 SSTs, while precipitation rates on ‘Upolu are best correlated will Nino3.4 SSTs 1951 — 1978, and
precipitation rates on ‘Uvea ate never well correlated with Nifio 3.4 SSTs. Solid regression line indicates correlation significant
below the p = 0.01 level, dashed lines indicates correlation significant below the p = 0.05 level, dotted lines indicates correlation

not significant.
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Figure A.2. Lake setting. Note the near-vertical bare cliffs of Lac Lalolalo compare to the more gradual sloping lake walls of Lac
Lanutavake and Lac Lano. The more gradual sloping lake walls of the smaller lakes can also be seen on the topographic map
(https://www.openstreetmap.org/#map=14/-13.2883/-176.2305&layers=C ).
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Figure A.3. Precipitation rates, ocean tidal cycle, and lake water levels during our visit. (A) Mean monthly gridded GPCP

Water level (cm)

Water level (m)

precipitation rates during our May 2011 visit to ‘Uvea indicated by a green dot, a relatively drier part of the seasonal cycle. (B)
Lake location compare to ocean tide location (=13.3056°, —176.2531° (blue star) from 136 m water depth (Egbett and Erofeeva,

2002), https:

tpxows.azurewebsites.net/). (C) Lake water level readings (dots) compared to the ocean tidal cycle (thin blue line)

indicates that there was no tidal influence on lake levels which slightly decreased during the length of observations (Lac Lalolalo’s

water level fell by ~5 cm over 12 days (gray dots) and Lac Lanutavake’s water level fell by ~3.5 cm over 4 days (purple dots))

likely due to evaporative loss from the lake surface and/or reduction of the island’s water table. Note the uppet panel of (C) is on

a centimeter scale to highlight the minor lake level changes and the lower panel is on a meter scale.
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Maps data: Google Earth, ©2021 CNES / Airbus

A o PRI
# Maps data: Google Earth, ©2021 CNES / Airbus 1

Figure A.4 Sediment core locations from Lac Lanutavake (top) and Lac Lalolalo (bottom).
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Figure A.5 The similarities between magnetic susceptibility (MS) responses in cotres from Lac Lanutavake (A) were used to move
both cores onto the same depth scale by changing the total width of each 0.5 cm interval (from 0.3 to 0.63 cm) (B) in UC1 to
match UC4 which remained unchanged (C). #C and ?1°Pb based BACON age models for Lac Lanutavake (tuned depths were
used from UCI to create a single age model), in all cases the top of the core was assumed to have an age equal to collection date
(D). Panel E shows the accumulation rate of sediment in the combined age model.
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Figure A.6. Compatison between Lac Lanutavake (‘Uvea, Wallis et Futuna) 8?Hainoseerol and magnetic susceptibility (Mag. Sus.)
recotds from sediment cores UC1(bottom panels) and UC4 (top panels). Green segments indicate increased precipitation/less
evaporation leading to relatively 2H-depleted 8*Huinosterol values and high magnetic susceptibility signals from terrestrial runoff;
brown segments indicate drier periods. Vertical shading represents the MCA and LIA, error bars indicate age model uncertainty
(not shown for magnetic susceptibility records) and analytical uncertainty in 8?Hainoseerot values. Note, magnetic susceptibility data
for the uppermost portions of the cores is not available (these were sectioned in the field: top 18 cm at 1cm intervals for UCT and
the top 38.5 cm at 0.5 cm intervals for UC4).
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Figure A.7. 8?Hainoseerol values versus runoff data from Lac Lanutavake (‘Uvea, Wallis), Lake Lanoto’o (‘Upolu, Samoa), and Lake
Emaotul (Efate, Vanuatu). Magnetic susceptibility (Mag. Sus.) data is the average of two readings (the same 1cm interval as

8 Huinosterol and the intetval immediately preceding), error bars indicate the difference between the two readings. The regression
analysis for Lac Lanutavake (A) combines cores UCT (20 points light purple) and UC4 (5 points dark purple) (note thete is no
magnetic susceptibility data from the upper 18 cm (UC1) and 38.5 cm (UC4) portions of these cores that were sectioned in the
field). (B) Ti* data from Lake Lanoto’o is the average of 51 data points per cm in LAN14-U2, and 21 data points per cm in
LAN14-L1-1, and (D) Ti/Inc from Lake Emoatul is the average of 50-51 data points per cm from L1, L1A, 1.2, L2A, L3, L3A
and error bars for Ti* and Ti/Inc are the standard deviations of all data points in each interval. Lake Lanoto’o Ti* (B) and
magnetic susceptibility (C) plots only include 62Hinosterol values before and after runoff versus 62Hainosterol values become
anticorrelated due to exposed sediment at a lower lake level. In Lake Emaotul two exceptionally high magnetic susceptibility
values (E) resulting from the Kuwae eruption data are not included. Solid regression lines indicates correlation significant below
the p = 0.01 level, dotted line indicates correlation not significant.
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Figure A.8. Magnetic susceptibility signals from all cores taken from Lac Lanutavake (‘Uvea, Wallis et Futuna). UC1 and UC4 are
same as main text Figure 2. UCG is the sediment core taken close to the steepest cliffs on the northern side of the lake captures a

large magnetic susceptibility event with signals >twice the size as those found in UC1, UC4 (and nearby UC3) which were located
20 to 34 m to the southwest of UCG. The large unteplicated event in UC6 might be the result of mass erosion of the northern cliff
wall (and gradual settlement of suspended material throughout the rest of the lakebed). This suggests that magnetic susceptibility

signals in Lac Lanutavake may only record erosion events after very intense precipitation.
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Figure A.9. Testing for changes between LIA and modern in 8?Hainosterol data and runoff data. Top panel: Lac Lanutavake (‘Uvea,
Wallis et Futuna) UC1 and UC4 (note there is no magnetic susceptibility data in the upper portion of these cotes sectioned in the
field), middle panel: Lake Lanoto’o (‘Upolu, Samoa), bottom panel Lake Emaotul (Efate, Vanuatu), note the highest magnetic
susceptibility in Lake Emaotul prior to the LIA is from the Kuwae volcanic eruption and there is no runoff data from the
interface core G9. Filled circles/black line indicates data points included in regression, selected to include the driest point duting
the LIA onwards to modern data. Solid regression line indicates correlation significant below the p = 0.01 level, dotted lines
indicate correlation not significant. Light gray vertical bar represents the LIA (1450 to 1850).
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