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Abstract A diatom record from Moss Lake, Wash-
ington, USA spans the last 14,500 cal year and
revealed Holocene climate change in the Pacific
Northwest (PNW), including evidence for periodici-
ties related to ocean-atmosphere teleconnections and/
or variations in solar output. Three main climate
phases were identified: (i) Late Pleistocene to early
Greenlandian (until 10,800 cal year BP, spanning
GI-1, GS-1), with a cold climate and low diatom
abundance; (ii) early Greenlandian to Northgrippian
(10,800-7500 cal year BP), shifting to a warmer cli-
mate; and (iii) late Northgrippian and Meghalayan
from 7500 cal year BP onwards, with a cooler, moist
climate. These climate shifts are in good agreement
with the pollen record from the same core and other
regional studies. Fluctuations in Discostella pseudos-
telligera and Aulacoseira taxa suggest climate cycles
of different frequency and amplitude throughout the
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record. Spectral and wavelet analyses revealed perio-
dicities of approximately 1400 and 400-500 years.
We interpret the~1400-year and~400-500-year
cycles to reflect alternating periods of enhanced (and
reduced) convective mixing in the water column,
associated with increased (and decreased) storms,
resulting from ocean—atmosphere teleconnections in
the wider Pacific region. The ~ 1400-year periodicity
is evident throughout the Late Pleistocene and late
Northgrippian/Meghalayan, reflecting high-amplitude
millennial shifts from periods of stable thermal strati-
fication of the water column (weak wind intensity) to
periods of convective mixing (high wind intensity).
The millennial cycle diminishes during the Greenlan-
dian, in association with the boreal summer insolation
maximum, consistent with suppression of ENSO-like
dynamics by enhanced trade winds. Ocean—atmos-
phere teleconnection suppression is recorded through-
out the PNW, but there is a time discrepancy with
other records, some that reveal suppression during the
Greenlandian and others during the Northgrippian,
suggesting endogenic processes may also modulate
the Moss Lake diatom record. The large amplitude of
millennial variability indicated by the lake data sug-
gests that regional climate in the PNW was charac-
terised over the longer term by shifting influences of
ocean—atmosphere dynamics and that an improved
understanding of the external forcing is necessary for
understanding past and future climate conditions in
western North America.
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Introduction

Ocean—atmosphere interactions have a major influ-
ence on global climate. In the Pacific Northwest
(PNW) of North America, the climate is influenced
by multiple ocean—atmosphere teleconnections that
vary seasonally, annually and decadally. Important
teleconnections that prevail in the Pacific region
are the Pacific Decadal Oscillation (PDO), El Nifio-
Southern Oscillation (ENSO) and the Northern
Annular Mode (NAM), which can have severe and
wide-reaching influences on ecosystems (Mantua
et al. 1997; lizumi et al. 2014). Furthermore, across
the PNW, the North Pacific High (NPH) and the
Aleutian Low (AL) modulate the strong seasonality
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in the region. The position and strength of the AL
exert the strongest climatic influence on the PNW and
generate storm systems that are carried across North
America (Stone et al. 2016). There is a strong rela-
tionship between the AL and the phase of the afore-
mentioned teleconnections (Rodionov et al. 2007).
For example, wet periods often occur during La Nifa
events and negative PDO phases when the AL weak-
ens and shifts westward, which causes the meridional
flow to weaken and the zonal flow to intensify, rout-
ing storm tracks into the continental interior (Rodi-
onov et al. 2005) and impacting the PNW (Fig. 1,
bottom right). In contrast, during El Nifio events and
positive PDO phases, the AL intensifies and shifts
eastward and enhances the meridional flow, leading to
a more northern storm track that impacts Alaska and
generates warmer winter temperatures in the PNW
(Rodionov et al. 2005; Stone et al. 2016) (Fig. 1, bot-
tom right). On longer timescales, the position and
intensity of the AL has shifted, and this has been
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Fig. 1 Left: Location of Moss Lake and an inset map of Moss
Lake (top left) indicates the coring location. Right: location of
Moss Lake in relation to the PNW, and bottom right: Position
and influence of the Aleutian Low on storm tracks (adapted
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from Stone et al. 2016); Eastern/strong Aleutian Low sends
storms north to Alaska (left) and Western/weak Aleutian Low
sends storms to the continental interior; to southern Canada
and the PNW (right)
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associated with variations in sea surface temperatures
in the North Pacific (Stone et al. 2016) that can influ-
ence PNW climate and continental ecosystems (Bar-
ron and Anderson 2011).

Our understanding of ocean—atmosphere telecon-
nections stems primarily from historical observations.
However, investigations of paleoclimate change in
climatically sensitive regions can expand our knowl-
edge and understanding of internal (ocean—atmos-
phere teleconnections) and external (solar variabil-
ity) climate drivers across longer timescales. In the
PNW, reconstructions of climate and environmental
change have commonly been attained from terres-
trial records, especially pollen records (Whitlock
1992; Prichard et al. 2009; Courtney Mustaphi and
Pisaric 2014). The palynological records highlight the
complexity of inferring past climate change because
palynological signals are influenced by other fac-
tors such as fire, soil development and local vegeta-
tion dynamics. Nevertheless, the prevailing regional
vegetation and climate shifts in the Holocene were
determined from these studies (Electronic Supple-
mentary Material [ESM] Fig. S1). The climate was
cold and dry until 12,000 cal year BP, with a shift
from Pinus-dominated forests to Pseudotsuga. Warm-
ing occurred throughout the Greenlandian, reaching
maximum warmth~8000 cal year BP. During that
time, the forest assemblage became more diverse,
with the establishment and increases in Tsuga and
Cupressaceae. These taxa increased rapidly from
5000 cal year BP, as the climate cooled and became
moister. The observed changes occurred on sub-
orbital (multi-millennial) scales, with little evidence
to constrain fluctuating or cyclical changes associated
with ocean—atmosphere teleconnections and solar
variability.

Lakes are sensitive to climate and environmental
changes, and lacustrine sediments have been used to
reconstruct past Holocene climates (Galloway et al.
2013). Diatoms are especially valuable for infer-
ring past climate conditions, as diatom communities
respond to variations in pH, salinity, nutrient status,
lake level (Saros et al. 2012), the duration and timing
of ice cover (Lotter and Bigler 2000), water column
stability, and thermal stratification (Saros et al. 2012;
Stone et al. 2016, 2019). Since these factors may be
influenced by temperature and precipitation (Riihland
et al. 2003), diatoms also provide indirect evidence
of past climate changes. Diatom records have an

advantage over some other bioindicators because of
their short lifespans and rapid generational turnover,
which makes them ideal for recording abrupt climate
changes. Studies in alpine lakes in southern Brit-
ish Columbia, Canada, reported diatom-inferred cli-
mate shifts that were not observed in pollen records
(Bennett et al. 2001; Karst-Riddoch et al. 2005).
Diatoms have the potential to record the influence
of ocean—atmosphere teleconnections on climate, as
storms may cause convective mixing of the epilim-
nion, which affects the thermal structure of the lake
and thus influences important lake properties such
as nutrient status and light availability (Stone et al.
2016).

Previous paleoclimate studies in the region eluci-
dated that ocean—atmosphere interactions occur on
the full range of timescales, from seasonal to mil-
lennial (Moy et al. 2002; Ersek et al. 2012; Jiménez-
Moreno et al. 2019). Many of those studies suggested
associations with the PDO (Barron and Anderson
2011), ENSO (Moy et al. 2002; Anderson et al. 2005;
Kennett et al. 2007; Steinman et al. 2014, 2016;
Jiménez-Moreno et al. 2019) and the AL (Stone et al.
2016). Several studies also proposed solar activity
variation as a driver for change in the Pacific cli-
mate system (Moy et al. 2002; Marchitto et al. 2010;
Ersek et al. 2012; Gavin et al. 2011; Galloway et al.
2013). Indeed, the Northwest Pacific region might
be an important global amplifier for solar variabil-
ity (Emile-Geay et al. 2007). Specific to the PNW,
Ersek et al. (2012) and Steinman et al. (2014, 2016)
indicated millennial-scale climate change and sug-
gested that the changes arise from mechanisms simi-
lar to ENSO and/or PDO. Extreme transitions in the
climatic and hydrological phases also appear to cor-
relate with variations in solar activity, with extreme
cold and wet events correlated to high solar forcing
(low global '°Be flux and '*C production) and vice
versa, which then influences winter storm tracks
(Ersek et al. 2012; Steinman et al. 2014). However,
the wider environmental impact of these transitions is
poorly understood. Therefore, this study investigated
the extreme events that appear to reoccur on millen-
nial timescales and persist for 100s of years (Ersek
et al. 2012).

There remains a need for highly resolved (multi-
centennial-scale or better) and robustly dated paleoen-
vironmental sequences from the PNW to test for past
evidence of ocean—atmosphere teleconnections and
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their variations throughout the Holocene. Here we
present a new Holocene diatom record from Moss
Lake (N 47° 41" 35.7" W 121° 50" 48.6"), in the foot-
hills of the Cascade Mountains in the state of Wash-
ington, USA (Fig. 1). We compare our findings with
the pollen-based record of vegetation history in the
surrounding conifer forest, obtained from the same
core (Egan et al. 2016). This area is sensitive to the
influences of the ENSO, PDO, AL and NPH. The
area experiences wind anomalies associated with
winter storm tracks that are modulated by the posi-
tion of the AL (Stone et al. 2016). Moss Lake has a
diameter of approximately 200 m, a maximum depth
of 4.5 m and a catchment area of 0.62 km?. The lake
is a freshwater, slightly acidic, oligotrophic lake, typi-
cal of the region. The site is located at an elevation
of 158 m.a.s.l., in a mixed conifer forest within the
Tolt River Basin (Fig. 1). Moss Lake appears to have
developed in a former glacial depression (Rigg 1958),
evidenced by basal glaciomarine deposits (Fig. 2).
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Thus, this lake is suitable for reconstructing environ-
mental change from the time of regional deglaciation
to present.

The aims of this study were to determine whether
Moss Lake was sensitive to and recorded extreme
millennial- and multi-centennial-scale macro-climate
signals, and to elucidate the potential internal and/or
external controls on the diatom assemblage and lake
system. It was not the goal of this paper to determine
the specific mechanisms that drive the climate sig-
nals (such as ENSO, PDO, AL), but rather, to explore
the possibility that the lacustrine diatom assemblage
recorded ocean—atmosphere teleconnections and mil-
lennial/multi-centennial-scale  climate variability.
To our knowledge, this study yielded one of the first
records of Late Glacial and Holocene climate-related
environmental change in the region derived from lake
sediment variables, and one of the few sites in the
PNW that offers insights into rapid Holocene climate
changes.
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Materials and methods

A 4-m core was collected in May 2014 from the
deepest part of Moss Lake (4.5 m established with
an echo sounder) with a modified Livingstone corer.
Core retrieval began at 200 cm because of the excep-
tionally loose, unconsolidated nature of the material
above, and coring stopped at 6 m sediment depth,
when we encountered gravelly clays. The core was
extruded into plastic guttering, wrapped in cling film
for transport, and stored in the cold room (dark, 4 °C)
at The University of Manchester, UK.

Stratigraphic analyses and chronology

Stratigraphic and chronological data presented here
were originally provided in Egan et al. (2016), where
details of the methods can be found. Magnetic sus-
ceptibility was measured at room temperature and
low frequency (0.47 kHz) using the MS2C scan-
ner of a Bartington Instruments Ltd MS2 meter, to
determine allochthonous inputs. Measurements were
taken for 10 s for each 1-cm section. Organic matter
and carbonate content (an indicator of potential hard-
water effect on radiocarbon dating) were estimated by
loss-on-ignition (LOI), i.e., heating of dry sediment
at 550 °C for organic matter content and 925 °C for
carbonate content (Dean 1974). Samples were taken
every 1 cm throughout the sequence.

Accelerator mass spectrometry (AMS) radiocar-
bon dates were obtained for eight bulk sediment sam-
ples (pre-treated with HCl) from Moss Lake (Egan
et al. 2016). There was a lack of identifiable macro-
fossils or macro-charcoal fragments suitable for dat-
ing, thus bulk sediments were used. We infer from
the negligible carbonate content that significant hard-
water dating errors are unlikely. Radiocarbon dates
were calibrated to calendar years (cal year BP) using
OxCal v.4.4 (Bronk Ramsey 2021), and the IntCal20
calibration curve (Reimer et al. 2020). Bayesian mod-
elling was used to create an age-depth model using
a P_sequence deposition model in OxCal v.4.4. The
model included an “event-free depth scale” (Staff
et al. 2011) for the instantaneous deposition of a
4-cm-thick tephra layer and interpolated ages every
1 cm (Egan et al. 2016). There are three visible tephra
deposits in the core. The tephras were geochemically
identified on the JEOL-JXA8600 electron micro-
probe at the Research Laboratory for Archaeology

and the History of Art, University of Oxford (Egan
et al. 2016). They are geochemically attributed
to Glacier Peak (485 cm,<1 cm thick), Maz-480
(480 cm,<1 cm thick) (a potentially Late Pleisto-
cene eruption of Mount Mazama), and the climactic
Holocene eruption of Mount Mazama (324 cm, 4 cm
thick). The age of the Mount Mazama tephra is well
constrained to 7682-7584 cal year BP (Egan et al.
2015), strengthening the age-depth model and adding
confidence in the radiocarbon-based chronology.

Diatom analysis

Contiguous samples were taken every 5 cm, rep-
resenting one sample for every~100-200 years of
sediment accumulation, ideal for determining the
nature, timing and duration of multi-centennial and
millennial-scale climate changes. Diatom prepara-
tion followed standard procedures, described in Egan
et al. (2019). Diatom concentration was determined
by adding microspheres (2 ml of 5.01x 10° per 0.01 g
dry weight of sediment). Samples were diluted and
mounted using Naphrax®. Diatoms were identified
and counted at X1000 magnification. Identification
was aided by the website “Diatoms.org” (Spaulding
et al. 2021) and identification keys (Krammer and
Lange-Bertalot 1991, 1999a, b). A minimum of 300
diatom frustules was counted per sample. Psimpoll
v.4.27 was used for the diatom diagram and the num-
ber of zones and their placement were determined
using the broken stick model and optimal splitting by
information content (Bennett 2007).

Diatom-based proxy for wind-driven convective
mixing

An index representative of convective mixing within
the lake, and representing storm influence on the area,
was created using the ratio of planktonic Discostella
pseudostelligera (Hust.) Houk and Klee 2004 and
tychoplanktonic Aulacoseira taxa, D. pseudostel-
ligera: Aulacoseira (D:A). The ratio was calculated
using the following equation: D:A=Aulacoseiral
(Aulacoseira+ D. pseudostelligera). It is recognised
that storms can generate mixing within the epilim-
nion, which affects the depths of the thermocline and
thus thermal stratification of the lake (Wang et al.
2012; Stone et al. 2016, 2019). Changes in the ther-
mal stratification of a lake influence physical and
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physico-chemical properties of the water, which can
influence the structure and composition of the plank-
ton. Studies by Saros et al. (2012) and Stone et al.
(2016, 2019) reported on the influence of mixing
depths on different diatom species and recognised
that Discostella and Aulacoseira species are par-
ticularly effective indicators of convective mixing.
The ecological characteristics of the D:A ratio sug-
gest changes in convective mixing within the lake in
response to the intensity and frequency of storms. A
higher occurrence of Aulacoseira taxa should occur if
there is increased wave action and convective mixing,
enabling surface water to mix with nutrient-rich water
from below and enabling the diatoms to remain sus-
pended in the water column (Wang et al. 2012), whilst
higher abundances of D. pseudostelligera reflect a
stable water column that is thermally stratified and
has shallow mixing depths of~4 m (Saros et al.
2012). D. pseudostelligera should predominate under
stable climate conditions with weak winds (Stone
et al. 2016), whereas Aulacoseira taxa should pre-
dominate in well-mixed water under windier condi-
tions. In this record, fluctuations in the relative abun-
dance of D. pseudostelligera and Aulacoseira taxa
reflect changes in the intensity of wind-driven mixing
that influence thermal stratification of the water col-
umn, which in turn may be generated from westerly
storm tracks associated with the position of the AL
(Fig. 1) and other ocean—atmosphere teleconnections.
The shallow lake bathymetry and open-lake setting
make the site ideal to record mixing, as increases in
wind intensity can easily disturb the water column.
It is important to note that Aulacoseira taxa and
D. pseudostelligera have temperature preferences,
too, with D. pseudostelligera preferring warmer
(Descamps-Julien and Gonzalez 2005) temperatures.
Aulacoseira taxa have wider temperature preferences
and are highly influenced by nutrient concentrations
(Bennion et al. 2012). It is possible that these diatoms
responded to temperature changes associated with
the ocean—atmosphere teleconnections, as the storm
tracks, directed toward the north during El Nifio, pos-
itive PDO and intense AL, generate warmer winter
temperatures for the PNW, thus causing an increase
in D. pseudostelligera. However, given uncertain-
ties about the Aulacoseira taxa, and the small size of
Moss Lake, it is more likely that these diatoms were
influenced by wind-driven mixing, which also corre-
lates well with nutrient concentrations.

@ Springer

Time series analysis determined if significant peri-
odicities were recorded in the lake mixing index of
Moss Lake. For the purposes of removing orbital-to-
sub-orbital-scale trends prior to spectral analyses, the
D:A ratio was detrended by fitting a 3™-order poly-
nomial model in PAST v4.03 (Hammer et al. 2001).
The order of the model was chosen to ensure removal
of “cycles” that are longer than half of the period
covered.

RedFit spectral analysis of the detrended D:A
series was used, as this method is suitable for irregu-
larly spaced and noisy data (Schulz and Mudelsee
2002). RedFit undertakes a spectral analysis using
the Lomb-Scargle Fourier transform, and the result-
ing spectrum is bias-corrected using spectra com-
puted from simulated first-order autoregressive (AR1)
series and the theoretical AR1 spectrum. The ARI1
process provides a good null hypothesis for a "red-
noise" origin of variability in a paleoclimate time
series. RedFit estimates the AR1 parameter from une-
venly spaced times series data, without interpolation,
and by comparison with the spectrum of the time
series, permits identification of significant cyclicities
that are inconsistent with the AR1 process (Schulz
and Mudelsee 2002). For the RedFit calculations, a
Welch’s Overlapping Segment Averaging (WOSA)
approach was used, with selection of the “Welch”
window, which provides a good compromise between
smoothing and peak detection, three overlapping seg-
ments, and an oversampling factor (ofac) of ten. The
maximum frequency (hifac) was set to the Nyquist
frequency, which is the highest frequency informa-
tion that can be obtained from real data and is defined
as 1/(2xsample interval) (Weedon 2003), in this
case f=0.0025, yielding a lower limit for detectable
periodicities of ~400 years. A Monte Carlo simula-
tion (1000 runs) was executed to determine the sig-
nificant peaks with respect to red noise. The critical
“false alarm” level of 1—(1/n) was calculated, where
n is number of observations in each overlapping seg-
ment, which is recommended for exploratory analyses
to reduce the possibility of false positives (Thomson
1990). RedFit analysis was implemented in the R
package dpIR v1.7.2 (Bunn et al. 2021).

Wavelet analysis is a complementary approach to
spectral analysis using RedFit because the local time-
scale decomposition enables the tracking of spec-
tral characteristics as a function of time, and hence
permits the detection of non-stationarity in the time
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series (Torrence and Compo 1998). The detrended
D:A data were interpolated to an even spacing of
200 years (close to the average sample spacing of
194 year) and zero padded to reduce edge effects.
The Morlet wavelet was applied and the wavelet
spectrum produced details of all the found frequen-
cies, and their amplitude at each data point confined
within a specific time interval (Weedon 2003). Signif-
icance testing was based on Monte Carlo simulations
against a red-noise AR(1) null hypothesis. Significant
periodicities at the 90%, 95% and 99% are reported
visually on the wavelet diagram and the ‘“cone of
influence” illustrates areas where the detection of
significant periodicities may be diminished because
of proximity to the ends of the time series. Wavelet
analysis was performed using the R package Wavelet-
Comp v1.1 (Roesch and Schmidbauer 2018).

Periodic behaviour was further modelled using
sinusoidal regression using the “search” function in
PAST v4.03 (Hammer et al. 2001) to determine the
optimum frequency, amplitude, phase and signifi-
cance of one or multiple sinusoids. Graphical visuali-
sation of low-frequency changes in the detrended D:A
ratio and other paleoclimate proxies was achieved by
applying a second-order Butterworth lowpass filter
with frequency cut-off 1/500 year, implemented in
the R package signal v0.7-7 (signal developers 2013).
Datasets were padded to 500 year beyond the ends
of the time series with the long-term mean value to
avoid edge effects.

Results
Stratigraphy

Three major stratigraphic units (Fig. 2; MLCsl-
3) were identified (Egan et al. 2016). MLCs-1
(590-495 cm) has low LOI and high magnetic sus-
ceptibility values, and consists of clays and gravels.
Faceted stones are present within the two gravel units,
indicative of glacial origin. MLCs-2 (495-355 cm)
consists of gyttja, has greater LOI values (60%);
magnetic susceptibility decreases and remains
low. MLCs-3 (355-200 cm) shifts to silty gyttja.
At 230 cm there is a sand layer that coincides with
lower LOI and increased magnetic susceptibility.
Carbonate content is <0.04% throughout. Within the
tephra deposits, LOI declines to 5% and magnetic

susceptibility increases, most notably around the
Mazama tephra layer at 324 cm.

Radiocarbon dates

Sediment zones MLCs-2 and MLCs-3 yielded
dates extending from the Late Pleistocene
(16,070-14,000 cal year BP) to the Meghalayan
(3528-2515 cal year BP) (Fig. 2, ESM Table S1)
(Egan et al. 2016). The most recent sediments were
not collected and are thus missing from the age
model. The chronology within the Holocene is well
constrained, most notably at the time of tephra depo-
sition from Mazama, with an error of +200 years.

Diatoms

One hundred diatom taxa were identified. Of those,
17 common taxa had relative abundances>5% in at
least three sediment samples, and data from those
taxa are reported here. Four significant zones were
identified through statistical zonation (Fig. 3, ESM
Table S2). Diatom concentration was 0 g~' dry
weight from 600 to 490 cm. Diatoms first appeared
at 490 cm, associated with the transition to zone
MLCs-2 (Fig. 2). The first diatom zone, MLCd-1, has
diatom concentrations between 1x 107 and 10x 10’
frustules g~! dry weight, and is dominated by D.
pseudostelligera, with a peak abundance of 70%. In
MLCd-2, there is a slight increase in diatom concen-
tration to between 1x 107 and 12x 107 frustules g~
dry weight, and the dominance shifts from planktonic
to tychoplanktonic diatoms, primarily Pseudostauro-
sira brevistriata (Grunow) Williams and Round 1988
and Staurosira venter (Ehrenberg) Cleve and Moller
1879, which represent up to 70% of the assemblage.
In MLCd-3, the concentration decreases to between
1%x107 and 4x 107 frustules g~' dry weight and is
dominated by D. pseudostelligera, with peak abun-
dance of 70%. Tychoplanktonic species decrease in
MLCd-3, and D. pseudostelligera increases. After the
Mazama tephra layer, tychoplanktonic taxa increase,
and D. pseudostelligera decreases. MLCd-4 has the
highest diatom concentrations (between 1x 10’ and
18x 107 frustules g~! dry weight), and is more vari-
able in terms of species composition, with shifting
dominance between tychoplanktonic taxa and plank-
tonic D. pseudostelligera.
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Fig. 3 Holocene diatom record from Moss Lake and diatom summary based on percentages. Diatom zones (MLCd-#) are numbered

1-4. Ages based on the age-depth model

Throughout the assemblage, there are notable
shifts of D. pseudostelligera, tycoplanktonic Aula-
coseira taxa, P. brevistriata and S. venter (Fig. 3),
indicating a suitable data set for time series analysis.
However, as described in the methods, we focused
on the D:A ratio for time series analysis. Although P.
brevistriata and S. venter prefer cooler temperatures
(Riihland et al. 2003), they have broad climate and
environmental tolerances, so the environmental inter-
pretation of changes in their abundance is less certain.

Down-core changes in the D:A ratio reveal fluc-
tuations throughout the Late Glacial and Holocene
(Fig. 4). Both the ratio and the polynomial model
illustrate three stratigraphic intervals among which
there are distinct differences in the assemblages
(Fig. 4c). Between 14,200 and 10,800 cal year
BP, high D:A ratios predominate, with superim-
posed high-amplitude, millennial-scale fluctuations.
Between 10,800 and 7500 cal year BP (Greenlan-
dian and early Northgrippian), intermediate D:A
ratios with low-amplitude, high-frequency fluctua-
tions are apparent. Finally, after 7500 cal year BP
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(Northgrippian and Meghalayan), millennial-scale
fluctuations of high amplitude become more pro-
nounced, with a high D:A ratio.

Spectral analyses

RedFit analysis (Fig. 5) shows a highly significant
periodicity of 1386 years, which exceeds the critical
false alarm significance level of 96.7%. The wave-
let analysis (Fig. 6a) reveals that periodic behav-
iour was most pronounced in the Late Pleistocene
and earliest Greenlandian (MLCd-1) and again in
the Northgrippian to Meghalayan (MLCd-3 and 4),
weakening in much of the intervening Greenland-
ian. This near-1400-year oscillation dominates the
wavelet results, as seen in the average wavelet power
(Fig. 6b). The best-fit sinusoidal model (Fig. 6¢) has
a period of 1375 years (R’=0.33, p=6.5x107),
high amplitude (0.17). Comparison of the sinusoidal
model and the lowpass-filtered time series (Fig. 6c)
highlights a constant phasing of the millennial fluc-
tuation between the Late Pleistocene (MLCd-1) and
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late Northgrippian and Meghalayan (MLCd-3 and
4). A second best-fit sinusoidal model was derived
for the intervening time period, which has a period
of 450 years (R*=0.32, p=0.03) and lower ampli-
tude (0.12). The 400-500-year fluctuations are most
pronounced in the Greenlandian and early North-
grippian (11,500-8500 cal year BP), MLCd-2. This
multi-centennial variability is partly reflected in the
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Stable, stratified, less windy

3rd order; ¢ subjective cycle zones illustrating different intensi-
ties and durations of cycles. The shading indicates the inferred
changes in turbulent mixing of the water column

wavelet diagram (Fig. 6a), with weak periodicity
(>90% confidence) near 11,000 cal year BP. How-
ever, this variability is close to the Nyquist frequency,
meaning that it may be difficult to distinguish from
sample noise; this variability is also affected by regu-
lar interpolation prior to the wavelet analysis, result-
ing in a weaker signal than detected by the sinusoidal
regression.
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Fig. 5 RedFit spectral analysis results (Welch window and
three overlapping segments), showing the bias-corrected
spectrum of the detrended D:A time series (black line), theo-
retical red-noise AR(1) spectrum (red line) and Monte Carlo
confidence limits (green lines). The spectral peak at period
1386 year is inconsistent with a red-noise origin at the 99%
confidence limit, exceeding the critical false-alarm level
(96.7%), which takes into account the number of observations
in each. (Color figure online)

Discussion
Long-term environmental changes at Moss Lake

The sedimentological and diatom records from Moss
Lake reveal major climate changes during the last
14,200 years, spanning much of the Late Glacial
interstadial (GI-1), the Younger Dryas (GS-1) (BA-
YD) and the Holocene (Figs. 2 and 3). Diatom zone
MLCd-1 (14,200-10,800 cal year BP) (Fig. 3) repre-
sents the onset of deglaciation, with a shift from gla-
cial clays to organic sediments and the introduction
of diatoms during the Bglling—Allergd interstadial.
Diatoms were absent before that time either because
it was not an aquatic environment then, consistent
with an origin of Moss Lake as a glacial depression
that filled with water following deglaciation (Rigg
1958), or because cold conditions prevailed, with a
long period of ice cover and shorter growing season
that would have prevented diatom growth (Karst-
Riddoch et al. 2005). Epipelic species are in relatively
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high abundance in MLCd-1 (Fig. 3), as they colo-
nised clastic inputs following deglaciation, evidenced
by the higher magnetic susceptibility in MLCs-1
(Fig. 2). The two tephra deposits identified [MLC-
T480 and MLC-T485, Egan et al. (2016)] may have
contributed to the epipelic abundance, as these life-
forms can colonise tephra deposits (Egan et al. 2019).
Evidence of the Late Glacial climate oscillation (BA-
YD) was identified in pollen records from Moss Lake
(Egan et al. 2016), with a shift from a Pinus-domi-
nated woodland (90%) starting at 14,200 cal year BP
during the Bglling—Allergd interstadial (Two Creeks
Interval in the USA), to a forest dominated by Pseu-
dotsuga menziesii (70%) by 11,800 cal year BP, the
Younger Dryas stadial (Fig. 7). This shift in vegeta-
tion occurred throughout the PNW (Whitlock 1992;
Prichard et al. 2009; Courtney Mustaphi and Pisaric
2014).

MLCd-2 covers the period 10,800-7800 cal year
BP, the Greenlandian and early Northgrippian. It was
a period of warming and catchment stability, evi-
denced by the pollen record with P. menziesii domi-
nating and an increase in LOI (70% organic matter).
D. pseudostelligera dominates and is most stable in
this zone, showing an increasing trend from 20 to
50%, supporting the inference for warmer climate and
indicating thermal stratification of the water column
(Riihland et al. 2003), a consequence of catchment
stability. This was a known period of warming in
North America (Whitlock 1992; Prichard et al. 2009;
Courtney Mustaphi and Pisaric 2014; Egan et al.
2016). P. brevistriata and S. venter also dominate,
but because of their complex taxonomy and ecologi-
cal response (Schmidt et al. 2004), it is not possible
to ascertain a climate signal from these species, and
because of the thermal stratification of the water col-
umn, it is likely these species acted as benthic taxa,
uninfluenced by climate.

From 7800 to 7000 cal year BP (MLCd-3), dur-
ing the early Northgrippian, the diatom assemblage
became more diverse, with the emergence or re-
emergence of epipelic species Adlafia aquaeductae
(Krasske) Lange-Bertalot 1998, Brachysira brebisso-
nii Ross 1986, and Nitzschia palea (Kiitzing) Smith
1856. Warmer environments create more amenable
conditions for diatom growth (reduced alkalinity,
increased nutrient availability, increased DOC, longer
growing seasons and an increase in habitat avail-
ability) (Karst-Riddoch et al. 2005). The increase
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Fig. 6 Result of wavelet analysis, bandpass filter and sinu-
soidal regressions, showing: a wavelet diagram for detrended
and 200-year interpolated D:A time series, annotated with the
cone of influence and 90%, 95% and 99% confidence limits
(dotted, dashed and solid white lines, respectively); b average

in diversity of a diatom flora is recognised to follow
increasing vegetation abundance and the develop-
ment of forests (Bradbury et al. 2004), specifically the
development of a more closed conifer forest at Moss
Lake, indicated by the further increase of Tsuga het-
erophylla and emergence of Cupressaceae (Fig. 7,
MLCp-3). The gradual decline in LOI suggests there
was a decrease in organic input to the lake, likely
related to more stable soils within the closed-forest
system. This catchment stability, and thus stronger
thermal stratification, is reflected in the peak of D.
pseudostelligera. which could indicate shallow mix-
ing depths that enabled the growth of this species
(Saros et al. 2012).

MLCd-4 (7000-3000 cal year BP) corresponds
to a known period of climate cooling and increasing

wavelet power; ¢ 500-year lowpass filter (gold line) and best-
fit sinusoid (green line, period=1375 year) for the detrended
(not interpolated) D:A data; d best-fit sinusoid (red line,
period =450 year) for the partial time window 11,600 cal year
BP to 8500 cal year BP. (Color figure online)

moisture in the region (Whitlock 1992; Courtney
Mustaphi and Pisaric 2014) and reflects possi-
ble terrestrialisation of the lake and forest devel-
opment within the catchment. Terrestrialisation
is evidenced by the increase in organic matter in
MLCs-3 (Fig. 2) and the corresponding growth of
Tsuga heterophylla, Cupressaceae and Equisetum in
MLCp-3, which were low in abundance before this
time (Fig. 7). Increases of tychoplanktonic S. ven-
ter and P. brevistriata further support terrestrialisa-
tion, as they are indicative of marsh environments
(Bradbury et al. 2004). Overall, the pollen and dia-
tom reconstructions indicate both catchment- and
climate-related changes, but with the diatom record
revealing more variability of a cyclical nature.
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Millennial variability in the Pacific Northwest

A highly significant ~ 1400-year oscillation is prom-
inent in the Late Glacial (14,200-11,500 cal year
BP) and much of the Northgrippian and Megha-
layan (8500-3000 cal year BP). Associated shifts in
climate conditions, which affected convective mix-
ing, are inferred, with alternating episodes of water
column stability and convective mixing. It is impor-
tant to stress here that because of the lack of quanti-
tative framing for the specific teleconnections, it is
impossible to determine exact forcings, and mecha-
nisms such as ENSO and PDO are suggested as
possibilities. Millennial-scale peaks in wind-driven
convection and mixing are shown in Fig. 8 (vertical
dashed lines). The periodicity and duration of the
mixing phases correlate well with climate changes
recorded in speleothems from southwestern Oregon
(Fig. 8b). Ersek et al. (2012) reported statistically
significant fluctuations in the OCNO02-1 speleothem
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the lithological, diatom and climate zones identified in this
paper. Pollen zones have been identified and are referred to in
the text as MLCp-1, MLCp-2 and MLCp-3

8!3C values (precipitation and biomass proxy) at
1500-year and 500-year periodicities, as well as a
2000-year periodicity in 8'%0 (temperature proxy).
The high-resolution 8'3C record displays a series
of high-amplitude negative excursions interpreted
as extreme cold-wet events, which correspond well,
within age-model and resolution uncertainties,
with millennial-scale peaks in wind-driven convec-
tion at Moss Lake (Fig. 8b). The comparison of the
low-frequency component of the records supports
a coherent linkage between enhanced wintertime
precipitation and increased windiness in the PNW,
likely associated with the shifting position and
intensity of the wintertime storm tracks. This mil-
lennial oscillation, to our knowledge, has not been
documented previously in biotic lake proxies in the
region, although a 1400-year cycle was reported
from lake records and peatland initiation dates in
adjacent interior western Canada (Campbell et al.
2000).
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Fig. 8 Millennial climate
fluctuations at Moss Lake
in the Pacific context, show-
ing: a perihelion season and
orbital forcing parameters
(Berger 1978); b speleo-
them stable carbon isotope
data from Oregon Caves
National Monument (Ersek
et al. 2012); ¢ Moss Lake
diatom-based convective
mixing proxy (detrended
D:A ratio, this study); d
North Pacific sea surface
temperature anomalies, off
Japan (residuals from 3rd
order polynomial fitting)
(Isono et al. 2009); e com-
parison of the Moss Lake
wavelet power at period
1375 year (blue dotted line,
this study) and long-term
peat absorption at Lynch’s
Crater, Northern Australia
(pink line, Turney et al.
2004); f sediment record
of flooding activity at

Lake Pallcacocha, Ecuador
(Moy et al. 2002); g TSI
data (total solar irradiance)
(Steinhilber et al. 2012).
Bold linesinb, ¢, d, f, g
show a consistent lowpass
filtering to highlight mil-
lennial-scale dynamics in
the records. Yellow shaded
interval corresponds to the
boreal summer insolation
maximum and weakening
of millennial activity at
Moss Lake. Dashed vertical
lines correspond to minima
in the Moss Lake D:A ratio
and coherent cold-wet-
windy millennial episodes
in the PNW. (Color figure
online)
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In terms of climatological mechanisms underpin-
ning the millennial fluctuations, a prevailing Western
position and weakly developed Aleutian Low (Fig. 1)
may have contributed to wet and windy phases. Both
Moss Lake and the Oregon Caves National Monu-
ment sites are located within a geographical sector
where wintertime precipitation is negatively corre-
lated with the PDO (Ersek et al. 2012), supporting a
common response to past variability linked to wider
atmospheric dynamics over the North Pacific and a
potential linkage to ENSO dynamics in the tropical
Pacific. Ersek et al. (2012) highlighted the similar-
ity between centennial and millennial periodic com-
ponents in the Oregon speleothems and those in a
climate simulation of the Pacific Ocean—atmosphere
system (Emile-Geay et al. 2007). Based on present-
day teleconnections, colder, wetter, windier episodes
in the PNW may have been associated with weaker or
less frequent El Nifio events. Considering these tel-
econnections on a much larger spatial scale, we also
note a good match between the 1500-year Holocene
fluctuations reported in mid-latitude North Pacific sea
surface temperatures (Isono et al. 2009) and the PNW
records (Fig. 8b—d). This match further supports a
wider pattern of millennial dynamics linked to PDO-
like variability in the coupled Pacific Ocean—atmos-
phere system. Cooling in the high-resolution MDO1-
2421 record off Japan, in opposition to warming on
the Californian Pacific margin, reflects variation in
the North Pacific sub-tropical gyre system (Isono
et al. 2009; Barron et al. 2003). SST cooling anom-
alies at this location are linked to weakening of the
Kuroshio Extension jet associated with a weaker sub-
arctic gyre or stronger subtropical gyre (Isono et al.
2009), which in turn may be associated with PDO-
like dynamics, as well as the North Pacific Gyre
Oscillation (NPGO). Overall, these records point to
a coherent pattern of millennial fluctuations during
much of the Holocene.

Upon visual inspection, a potential linkage to mil-
lennial ENSO-like dynamics is also supported by the
significant non-stationarity in the Moss Lake oscil-
lation during the Greenlandian. The absence of sig-
nificant millennial fluctuations at Moss Lake around
the peak in boreal summer insolation (Fig. 8, yel-
low shading) is consistent with modelling of ENSO
under different insolation conditions (Clement et al.
2001), whereby the maximum hemispheric asym-
metry in insolation, experienced when perihelion is
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in summer to early autumn (Fig. 8a), enhances the
cross-equatorial zonal temperature gradient, increas-
ing the trade winds and suppressing El Nifio events.
These dynamics may underpin a semi-precessional
timescale of strengthening and weakening ENSO-
like dynamics according to changes in the hemi-
spheric insolation gradient, occurring twice within
each precession (19/21 k year) cycle (Tudhope et al.
2001; Turney et al. 2004). The power of the mil-
lennial oscillation at Moss Lake (Fig. 8d) matches
closely the long-term variability in the peat humifi-
cation record at Lynch’s Crater in Northern Australia
(Fig. 8e), a proxy for hydrological changes linked to
past millennial ENSO activity (Turney et al. 2004).
Notably, we observe a common strengthening of the
signals at times of reduced insolation gradient, dur-
ing spring and autumn perihelion. The diminish-
ment of ENSO activity during the Greenlandian was
reported previously at Laguna Pallcacocha in Ecuador
(Moy et al. 2002). A common pattern of weak mil-
lennial variability between Moss Lake and Laguna
Pallcacocha is observed (Fig. 8f), with diminished
amplitude of changes during the Greenlandian, pre-
ceded and followed by phases of enhanced millen-
nial variability in both records. We note that recent
research raises questions around the interpretation
of the Pallcacocha record in terms of the connection
and phasing between high-precipitation events, flood-
ing frequency, and El Nifio/La Nifia states at the site,
and indeed within complex climatological patterns
over Ecuador (Schneider et al. 2018). Nevertheless,
the correspondence between millennial fluctuations
in PNW climate and flooding episodes at Pallcac-
ocha is striking and points to significant temperate-
tropical interactions on millennial timescales, even
if the dynamics may not be directly comparable to
interannual ENSO patterns. We recognise also that
a wider debate has emerged around whether ENSO
dynamics were weakest during the Greenlandian
or Northgrippian (Carré et al. 2021). Nevertheless,
without attempting to infer a single unifying pattern
of ENSO dynamics for all areas and timescales, we
note several other records that demonstrate either a
Greenlandian weakening/absence of ENSO activity
and/or a late Northgrippian and Meghalayan increase
in ENSO-like intensity (Kennett et al. 2007; Barron
and Anderson, 2011; Jiménez-Moreno et al. 2019).
Our findings of strong millennial variability during
the Late Pleistocene at Moss Lake are also consistent
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with ENSO-teleconnected dynamics detected in the
Late Pleistocene in eastern North America (Ritten-
our et al. 2000), prior to the summer insolation maxi-
mum. Alternatively, the diminished millennial signal
observed in the Greenlandian at Moss Lake may be
partly controlled and/or exacerbated by local factors,
in particular, terrestrialisation of the lake during the
Greenlandian and early Northgrippian.

The underlying forcing and pacing of Holocene
millennial variability remain debated, and a full eval-
uation is beyond the scope of this discussion. How-
ever, we note a close match in frequency/periodicity
with North Atlantic ice-rafting episodes, typically
discussed as a 1470-year cycle, but more specifi-
cally as 1374 +502 year for the Holocene (Bond et al.
1999). Thus, it is possible that the PNW dynamics
could be influenced by high-latitude and North Atlan-
tic dynamics. Climate modelling by Liu et al. (2014),
for example, supports teleconnections between
deglaciation and meltwater pulses, atmospheric CO,
changes, and ENSO amplitude. However, we do not
find a consistent phasing with specific Holocene epi-
sodes of ice-rafting (Bond events) and note that other
studies highlight the non-stationarity of this oscilla-
tion in the Bond datasets and suggest a mixed ori-
gin (averaging of ~1000- and ~2000-year cycles) for
the ~ 1400 year cycle. We also note a fundamental
difference between the high amplitude and magnitude
of Greenlandian (early Holocene) climate anomalies
in the North Atlantic realm (e.g., 8.2-ka and 9.3-ka
events) and weakening of millennial dynamics at
Moss Lake and in other Pacific records (Fig. 8). This
difference points instead to a likely Pacific origin for
climate fluctuations in the PNW.

Several studies suggest that centennial and mil-
lennial fluctuations in the Pacific Ocean—atmosphere
system may be driven by changes in solar irradiance
forcing (Emile-Geay et al. 2007; Marchitto et al.
2010), and indeed that ENSO dynamics may repre-
sent a major factor for amplification of weak solar
forcing changes within the Earth system. In their
study of the high-resolution Oregon speleothem
records, Ersek et al. (2012) proposed an association
of cold-wet events with intervals of high solar activ-
ity, mediated by ENSO-like responses to changes in
solar forcing in the tropical Pacific. When the Moss
Lake D:A ratio is compared to the Holocene total
solar irradiance (TSI) Record (Steinhilber et al.
2012), it is evident that there are some similarities in

the records. For example, D. pseudostelligera abun-
dances spike close to 7500 cal year BP, 6000 cal year
BP and 4500 cal year BP, corresponding with solar
irradiance declines (grand solar minima) (Fig. 8g,
Steinhilber et al. 2012), consistent with the pattern
reported by Ersek et al. (2012). However, consistent
phasing across the records at millennial timescales is
not observed, and indeed a 1400-year or 1500-year
cycle is generally not detected in direct solar proxies
(Debret et al. 2007). This points to a complex influ-
ence of solar forcing on the climate system, involving
slow changes in the ocean system, integration of forc-
ing over long time periods and non-linear response
dynamics. During the Greenlandian, the forcing for
the weak, ~450-year oscillation may also reside in
solar variability. Steinhilber et al. (2012) revealed sig-
nificant periodicities of 350 and 500 years in the TSI
reconstruction, which also vary in amplitude through-
out time and are prominent during times of solar
minima.

Conclusions

The diatom record from Moss Lake agrees with the
previously published pollen record that revealed
long-term (sub-orbital-scale) climate and vegetation
shifts during the onset of the Holocene, with a cold
and dry climate in the Late Pleistocene (GI-1, GS-1),
shift to warmer conditions in the Greenlandian, maxi-
mum warmth in the Northgrippian, and cooler and
moist conditions in the Meghalayan. Importantly,
the diatom assemblages reveal sensitive limnological
responses to Holocene climate-driven environmental
changes in the PNW that were not evident in the pol-
len record and have not been previously documented
in aquatic-based paleoecological studies. We pro-
pose that the D. pseudostelligera:Aulacoseira ratio
is a meaningful ecological indicator for wind-driven,
convective mixing at Moss Lake. Time series analy-
ses on the D:A ratio identified a dominant millennial
periodicity near 1400 years, which is interpreted to
reflect, in large part, wind intensity changes concep-
tually linked to coherent PNW climate variability and
wider Pacific Ocean—atmosphere teleconnections.
The wavelet analysis highlights a marked change
in the dominant timescale of climate variability in
the Late Pleistocene (high-amplitude events, 1400-
year periodicity), Greenlandian/early Northgrippian
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(low-amplitude events, ~450-year periodicity) and
the late Northgrippian/Meghalayan (high-amplitude
events, 1400-year periodicity). The record from Moss
Lake reveals near-identical periodicities to those
reported from the speleothem record in southwestern
Oregon (Ersek et al. 2012) and consistent patterns
of millennial-scale variability over the Holocene.
These similarities in frequency and amplitude point
to a common influence of storm-track variations over
the PNW, associated with past ENSO-like dynamics.
The weakening of millennial variability at Moss Lake
during the Greenlandian is consistent with semi-
precessional forcing of ENSO-like dynamics in the
wider Pacific region. However, several other records
indicate suppression of ocean—atmosphere telecon-
nections during the Northgrippian, suggesting that
other drivers may be influential in the PNW, or that
the sensitivity of the lake record to different climate
oscillations may change over time because of catch-
ment-scale endogenic processes. Furthermore, there
is a possibility that the ~450-year periodicity is an
artefact of sample noise, so caution is taken with this
interpretation. This study successfully demonstrated
millennial and multi-centennial-scale ocean—atmos-
phere teleconnection variability in Washington, con-
tributing to our understanding of ocean—atmosphere
interactions throughout the Holocene. Further studies
with high analytical resolution in the wider PNW can
enhance knowledge of past ocean—atmosphere tel-
econnection variability and further elucidate the sen-
sitivity of different natural systems and climate proxy
variables. Whilst this approach has proven useful in
a shallow lake, deeper lakes with strong temperature
gradients merit further investigation.
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