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e Arctic lakes are climate change senti-
nels. Their sediments show natural cli-
matic fluctuations and anthropogenic
influences.

e High-resolution climate variability from
NE Greenland based on lake sediments
properties.

e Changing air temperatures were
controlled by a mix of regional climatic
changes and local landscape feedbacks.
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ARTICLE INFO ABSTRACT

Guest Editor: Sergi Gonzélez-Herrero The High Arctic plays a vital role in Earth’s climate system, and its ecosystems are highly sensitive to global
climate change. High Arctic lakes are valuable sentinels of climate change, as their sediments integrate long-term

Keywords: natural climatic fluctuations and anthropogenic influences. Here, we present a high-resolution ~5000 year-

NE Greenland reconstruction of NE Greenland climate variability from Aucella Lake (74°N, 20°E) based on physical, chemical,

Aucella Lake

Arctic lakes
Paleolimnology
Climate variability
Multiproxy analysis

and biological properties of lake sediments. We use CT-scans, hyperspectral imaging, organic matter, XRD, and
diatom analyses to show that changing air temperatures were controlled by a mix of regional climatic changes
and local landscape feedbacks. The latest Mid-Holocene (~5.0-3.8 cal. ka BP) was characterized by relatively
warmer conditions, while the onset of the Late-Holocene was marked by abrupt temperature decreases that
coincided with the beginning of glacial advances elsewhere (~3.8-3.4 cal. ka BP). From ~3.4-2.4 cal. ka BP, the
sedimentary record indicated progressive warming, with temperature peaking during the Medieval Climate
Anomaly, although temperature rises were punctuated by abrupt, short-lived cold periods. From ~1.1-0.05 cal.
ka BP, the influence of landscape factors over the system diminished. Sedimentary indicators suggested a
transition towards a colder, more humid climate, coinciding with the beginning of the Little Ice Age, that was
characterized by a marked decrease in air temperature that reached minimum values at the end of this period.
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The last 50 years at Aucella Lake were marked by abrupt temperature rises, consistent with recently observed
anthropogenic global warming. Our results illustrate the importance of high-resolution multiproxy studies for
accurately characterizing lake linkages to their environment and climate.

1. Introduction

The High Arctic region is a crucial component of Earth’s climate
system, and its ecosystems are highly sensitive to global climate change
(Anderson et al., 2017; Post et al., 2009; Saros et al., 2019). Both
instrumental observations and future climate models reveal that the
region is undergoing rapid warming, and it is expected to experience
some of the most intense changes in response to climate warming by the
end of the century (Preusser et al., 2008; Saros et al., 2019). According
to >40 years of weather data, after 1994 CE mean June air temperatures
increased by 2.2 °C in West Greenland and mean winter precipitation
doubled from 21 to 40 mm, while since 2006 CE mean July air tem-
peratures have increased by 1.1 °C (Saros et al., 2019). However, much
remains to be understood about the drivers of Arctic amplification,
climate variability and feedbacks (Lund et al., 2017; Pithan and Maur-
itsen, 2014; Serreze and Barry, 2011). Arctic climate change is non-
uniform both spatially and temporally (Miller et al., 2010); to project
future climate scenarios accurately it is therefore essential to contextu-
alize present-day warming within a long-term perspective and thus
decipher natural climatic fluctuations from anthropogenic influences.
This is of paramount importance since the Greenland Ice Sheet may
contribute between 5 and 33 cm to sea level rise by 2100 CE (Asch-
wanden et al., 2019). Furthermore, a detailed understanding of the
short- and long-term temporal and spatial evolution of Greenland
climate, mainly related to Greenland blocking, might help to provide
insights describing the spatial and temporal evolution of the North
Atlantic Oscillation (NAO), the major regional pattern of wintertime
variability in the Northern Hemisphere (Davini et al., 2012; Hanna et al.,
2016). According to some studies, an increasing trend of Greenland
blocking in summer and a more variable blocking in winter may led to
enhanced early winter NAO variability, mainly at the southern node of
this climate mode (Hanna et al., 2015).

Lakes are considered to be sentinels of environmental changes as
their physical, chemical, and biological properties respond rapidly to
climate-related changes (Adrian et al., 2009; Catalan et al., 2013; Saros
et al., 2019; Williamson et al., 2009). Lakes sensitively capture climate
signals and environmental changes in the surrounding landscape and
atmosphere (Goosse et al., 2018). Remote lakes, which are not directly
influenced by anthropogenic factors (e.g. point sources of pollution,
land-use changes and resource exploitation in their catchments), are
often found at higher elevation and latitude and are among the most
sensitive of such ecosystems (Carpenter et al., 2007; Pham et al., 2008;
Williamson et al., 2008). Lake sediment properties offer continuous
terrestrial paleoenvironmental archives that may be interpreted in the
context of long-term climatic changes (Rosenzweig, 2007).

Although sediment sequences reconstructing local and regional Ho-
locene climate have been published from several ice-free regions of
Greenland, the spatial coverage is still incomplete, and temporal reso-
lution is still coarse for many sites. Previous studies have shown spatial
variation in Holocene temperature changes, and the timing of some
critical events needs to be better constrained (Briner et al., 2016;
Gajewski, 2015 and references therein). Moreover, most high Arctic
Holocene climate reconstructions deal with temperature changes, and
hydroclimate records should be a priority in order to reconcile ice sheet
extension inferred from cosmic-ray exposure ages and geomorphological
features with models of ice sheet evolution (McFarlin et al., 2018).

We sought to fill several of these knowledge gaps in a study of the
remote Aucella Lake at 74° N, with the following objectives: (i) to refine
our understanding of the timing and patterns of regional environmental
and climate variability in NE Greenland; (ii) to produce a high-

resolution geochemical, biological, and physical reconstruction from a
remote lake on continuous permafrost terrain; and (iii) determine the
climatic context driving glacial oscillations in the area. To achieve these
goals, our specific objectives were to address the following questions:

- What was the natural climate variability in this area during the
last several millennia?

- Were any observed climate oscillations synchronous with those
recorded in other NE Greenland regions?

2. Study area

Aucella Lake (911 m a.s.l.; 74° 31.5044' N, 20° 26.5231’' W), is a
~3.4 ha lake located near the top of the Aucellabjerg Mountain plateau
(911 m), within the Wollaston Foreland peninsula in the SE corner of
Northeast Greenland National Park (Fig. 1).

The lake’s steeply sloped, glacial inherited catchment depression has
an approximate area of 16.9 ha, and the lake has no defined inflowing
streams. An NW outlet drains the lake, fed by a perennial snow patch of
0.06 km? area (Docherty et al., 2018) (on the north-facing slope), and
descends through the Aucellabjerg slope forming the Aucellaelv stream,
building an alluvial fan at the Zackenberg Valley bottom, and ultimately
joining the main flow of the Zackenberg River. Geologically, while the
Aucellabjerg Mountain slopes are composed of Cretaceous to Jurassic
sedimentary rock units (mudstones, sandstones, and conglomerates)
(Henriksen et al., 2009), the mountain plateau and the Aucella Lake
catchment area expose Paleogene reddish-brown basalts (dominantly
silica-oversaturated tholeiites) (Henriksen et al., 2009). The climate in
this area is a polar tundra (Bonow and Japsen, 2021), with a mean
annual air temperature (MAAT) recorded between 1996 CE and 2015 CE
at Zackenberg Research Station weather station (situated at the valley
bottom, at 700 m lower elevation) of —9.0 °C, and an average annual
precipitation of 367 mm (Kottek et al., 2006) of which only 10 % falls as
rain during the summer months (June to September) (Hgjlund Pedersen,
2017). Whereas the large lowland valley areas include moist to dry
tundra dominated by shrubs with grasslands and fens (Hasholt et al.,
2008), the variety and size of the plants decreases at higher elevations,
with vegetation practically non-existent in the Aucella Lake catchment.
The whole area is underlain by continuous permafrost with a thickness
measured in the valley bottom ranging from 200 to 400 m and a spatially
variable active layer that fluctuates between 45 and 80 cm thick (CAVM
Team, 2003). The latest deglaciation studies in the area show that no
glaciers have been present on the Zackenberg Valley bottom since the
Early Holocene (ca. 10.5 ka; Garcia-Oteyza et al., 2022). However,
cosmogenic surface exposure dating indicated that ice reached the
landscape surrounding the lake during most of the last glacial cycle,
arriving >800 m above the current valley floor during the maximum
advance (ca. 80-50 ka) and probably also during the Last Glacial
Maximum (Christiansen et al., 2010, 2008).

3. Methodology
3.1. Sediment coring

Fieldwork was carried out on July 26th, 2018. Sediment coring was
carried out at the deepest known point (74° 31.3047' N, 20°26.1528' W)
in the lake (~15 m) after using satellite images to establish target re-
gions from catchment topography. One gravity core, AUC02 (83.6 cm)
was recovered from the deepest part of the central basin (Fig. 1C), to
avoid potential reworked sediment or sediment gravity flows from the
margins, using a UWITEC gravity corer with a core diameter of 60 mm.
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The water-sediment interface of both cores was immediately fixed using
sodium polyacrylate (Tomkins et al., 2008); tubes were completely
sealed at both ends and transported vertically in order to prevent
disturbance and were then stored at +4 °C until they were opened for
sampling in the laboratory.

3.2. Chronology

The chronological framework of the sedimentary sequence of
Aucella Lake was constructed based on nine AMS radiocarbon dates
exclusively measured on moss fragments, including a date of the core’s
surface in order to establish the presence/absence of a carbon reservoir
effect in the lake. AMS radiocarbon samples were prepared at the
Radiochronology laboratory of the Centre d’études nordiques, Laval
University (Quebec City, Canada) and analyzed at the W. M. Keck Car-
bon Cycle Accelerator Mass Spectrometer Facility (Irvine, United
States). The final age-depth model (see Section 4.1) was constructed
Bayesian age-depth modeling in the R package rbacon (Blaauw and
Andrés Christeny, 2011), with ages calibrated using the IntCal20 cali-
bration curve (Reimer et al., 2020). In this study, our O cal. ka BP (or
‘present’) corresponds to 2018 CE.

3.3. Data and laboratory analysis

The sediment core (AUC02) was split lengthwise, with one half
stored as an archive (in the cold room of the Geosciences Institute of
Barcelona (GEO3BCN - CSIC) at +4 °C); the other half was used for non-
destructive high-resolution analysis and subsampled at 1 cm resolution
and stored in the same cold room until subsampling for destructive
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analysis.

3.3.1. Non-destructive analysis (CT-scan, XRF, hyperspectral imaging)

Before opening, all cores were scanned using a computerized 3D X-
ray computed tomography Siemens Somatom 64 scanner (CT-scan) at
the Institut National de la Recheche Scientifique, Centre Eau Terre
Environnement (INRS-ETE) in Quebec City (Canada), to identify sedi-
mentary structures (St-Onge et al., 2007). The sediment elemental
composition (by X-Ray Fluorescence, XRF analysis) was then deter-
mined (Supplementary Fig. 1) using the ITRAX XRF Core Scanner at
INRS-ETE with a resolution of 0.5 mm, a voltage of 1100 pA and a
counting time of 10 s for eleven light elements (Al, Si, S, Cl, K, Ca, Ti, V,
Cr, Mn, Fe) and seventeen heavy elements (Ni, Cu, Zn, Ga, Br, Rb, Sr, Y,
Zr, Nd, Ba, Ce, Nd, Ta, Pb, Ra). The rest of the following analysis were
performed only on the longest sediment core (AUCO02). The cores were
scanned using a hyperspectral scanner at the Aquatic Paleoecology
Laboratory (LPA) in Laval University (Quebec City, Canada), equipped
with visible-near infrared (VNIR) and shortwave infrared (SWIR) cam-
eras (SPECIM, Ouluy, Finland) covering the spectral ranges between 400
and 1000 nm and 1000-2500 nm, and having spatial resolutions of ~70
pm and ~180 pm, respectively. Hyperspectral images were used to infer
high-resolution profiles of mean grain size distribution and total chlo-
rophyll a (including degradation products) following the methodology
established in Ghanbari and Antoniades (2022).

3.3.2. Destructive analyses (organic matter, XRD, diatoms)

Sediment samples were taken every centimetre for analysis of
organic geochemical variables, including sediment organic matter (total
organic carbon (TOG), total nitrogen (TN) and their stable isotopes °N

3y Zackenberg
fi | Research
Station

Fig. 1. Map of (A) study area within NE Greenland (B) Aucella Lake location in the Zackenberg area. (C) Picture of Aucella Lake with the location of AUC02

coring location.
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and 13C) as well as for mineralogical determinations. In both cases,
samples were dried at 60 °C for 48 h and ground by hand using an agate
mill. TOC, TN, §'3C and 8'°N were determined using a Finnigan DEL-
TAplus elemental analyzer-continuous flow-isotope ratio mass spec-
trometer (EA-CF-IRMS) at the Centres Cientifics i Tecnologics of the
Universitat de Barcelona (CCiTUB). Mineralogy was determined by X-
ray diffraction using a Bruker-AXS D5005 X-ray diffractometer in the
following conditions: wavelength of 1.5405 A and ultrafast PSD detector
between the angles of 4° and 60° 2theta, at GEO3BCN (Barcelona,
Spain). Identification and quantification of the different mineralogical
species present in the crystalline fraction were carried out following a
standard procedure (Chung, 1974). 40 subsamples for diatom analysis
were taken at ~2 cm intervals throughout the core. Diatom subsamples
were processed with 33 % hydrogen peroxide (H202) and HCI (1 M)
following the method described in Battarbee et al. (2001). At least 300
valves were counted at 1000x magnification with a light microscope
and species are expressed as relative abundances (%) for each taxon.
Taxonomic identifications mainly followed Krammer and Lange-
Bertalot (1986, 1988, 1991a, 1991b), although basionyms were upda-
ted to follow current accepted nomenclature (https://www.algaebase.
org/).

3.4. Data treatment

Statistical treatment of the datasets was performed in the R software
environment v2022.12.0 + 353 (R Core Team, 2022), together with the
packages ‘rioja’ (Juggins, 2022), ‘vegan’ (Oksanen et al., 2020) and
‘factoextra’ (Kassambara and Mundt, 2020). Only elements that had
average values >300 cps in the XRF analyses were included, in order to
ensure that the signal-to-noise ratio was high enough to characterize
short- and long-term chemical variations with confidence (i.e., K, Ca, Ti,
Mn, Fe, Cu and Sr). All variables were standardized and transformed
prior to statistical analysis. Only diatom taxa representing >1 % of the
total diatom sum were used in statistical analyses, and those with >4 %
of the total diatom sum in at least one sample were plotted strati-
graphically. Simpson’s Index of diversity and principal component
analysis of the Hellinger-transformed diatom relative abundance data
were used to summarize the main trends in diatom assemblages (Leg-
endre and Birks, 2012; Legendre and Gallagher, 2001). We also per-
formed a stratigraphically constrained cluster analysis for each separate
data group (XRF, XRD, mean grain size, organic geochemistry, chloro-
phyll, and diatoms) using constrained incremental sums of squares
(CONISS; Grimm, 1987) (Supplementary Fig. 2).

We applied multivariate ordination methods to reduce the
complexity of the large multi-proxy data set in order to identify under-
lying system dynamics, which required data pre-treatment. First, we
averaged XRF data to the TOC resolution and carried out a PCA to reveal
the relationships between the organic and inorganic sediment fractions.
Second, we performed two redundancy analyses (RDA): one between the
mineralogical composition of the sediments (explanatory variable) and
the geochemical elements (response variable) to identify the possible
provenances of the chemical elements; the second used the diatom
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assemblages as a response variable with the geochemical parameters as
the environmental matrix (Supplementary Fig. 1A). To support (visual)
identification of the main lithostratigraphic core units, we also con-
ducted a constrained cluster analysis with measured datasets down-
sampled to 2-cm resolution and ran a broken stick model to identify the
number of significant units.

4. Results
4.1. Age-depth model

Nine radiocarbon dates were determined from Aucella Lake sedi-
ments (Table 1).

Moss fragments in the surface layer of the sediment core returned an
age of 1265 + 20 cal a BP. The water-sediment interface was clear and
sharp, with no indication of sediment loss or mixing, therefore, a deltaR
value equal to the age of the core surface was applied to the rest of our
radiocarbon ages. A slump between 42 and 45 cm core depth was
identified from visual inspection and confirmed by two anomalously old
radiocarbon ages that were excluded from model construction; this
section of the core was also assumed to have been deposited concur-
rently for the purposes of the age-depth model. The sample at 44.5 cm
was rejected as it represented a stratigraphic inversion. The age-depth
model (Fig. 2) was thus constructed using a final dataset of six l4c
reservoir corrected ages using the Bacon R script and showed that the
AUCO02 core represents ~5000 years of sediment deposition, with
limited variation in sedimentation rates throughout the core.

4.2. Lake stratigraphy and sediment characteristics

The core was divided into three main different lithological units (A,
B, C). Zones inside unit B (BI, BII, BIII and BIV) and C (CI and CII) were
established by visual identification (Figs. 3 and 4).

4.2.1. Unit A (83.6-68 cm depth) — age ~5.0-3.8 cal. ka BP

The sediments were mainly composed of centimetre-thick laminated
light and dark brownish clays with macrofossils. Geochemically, there
were peaks in several elements including K, Ca, and Ti in lowest part of
the record, followed by a decrease and subsequent rise. Mn/Fe values
remained high throughout the unit. Low values for grain size, and the
dominance of clay minerals such as kaolinite, biotite/muscovite and,
punctually, montmorillonite, highlighted the clay-rich nature of these
sediments. In agreement with the visually evident macrofossils (mosses),
organic indicators, including TOC, TN, and chlorophyll, had high values
in this section (Fig. 4). Diatom assemblages were defined by the presence
of Staurosira venter, followed by Pseudostaurosira pseudoconstruens, and
other common taxa included Staurosirella pinnata, Sellaphora seminulum,
Sellaphora rectangularis, Rossithidium lineare (although decreasing
through the unit), and Achnanthidium minutissimum (Fig. 3). The tran-
sition to Unit B was clear both visually and in the CT-scan image, which
had a sediment density boundary change from clay-rich to more sandy
sediment.

Table 1

14¢ dates of samples from the sediment core AUC02. Samples in italics were not included during the construction of the final age-depth model.
Sample ID Midpoint Dated Lab Number e 14C age + Reservoir

(for age model, cm) Material (%o0) (BP) corrected '*C yr BP

AUC 1802-0-1 0.5 Moss UCIAMS-247345 —26.8 1265 20
AUC 1802-11-12 11.5 Moss UCIAMS-240752 —-27.9 2425 15 1160 + 25
AUC 1802-29-31 30.0 Moss UCIAMS-240751 n/d 3255 15 1990 + 29
AUC 1802-56-57 56.5 Moss UCIAMS-240750 —26.4 4390 15 3125 + 38
AUC 1802-70-71 70.5 Moss UCIAMS-240744 —25.3 4820 20 3555 + 38
AUC 1802-78 78.0 Moss UCIAMS-221357 —25.2 5430 20 4165 + 43
AUC 1802-42-43 42.5 Moss UCIAMS-240753 —28.1 120 15
AUC 1802-43-44 43.5 Moss UCIAMS-261723 —-28.1 Modern 2.1
AUC 1802-44-45 44.5 Moss UCIAMS-261724 —24.8 4460 15
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Fig. 2. Age-depth model for AUC02 based on bacon (Blaauw and Andrés Christeny, 2011). Right plot: shows the distribution of the radiocarbon dates in blue,
assuming slump at 42-45 cm depth (grey rectangle). The age-depht model is shown in grey-scale, where darker hues indicate more certain areas. The red dashed
curve shows the mean model and the dashed grey curves the 95 % confidence intervals. Left upper plot shows the MCMC (Markov Chain Monte Carlo) iterations of
the run showing a stationary distribution with little structure among iterations. Left middle plot shows prior (green curve) and posterior (grey filled curve) dis-
tribution accumulation rates. The mean accumulation rate was 50 yr/cm. Left lower plot: shows the prior (green) and posterior (grey) probability distributions for the

memory (i.e. autocorrelation strength).

4.2.2. Unit B (68-13 cm depth) — age ~3.8-1.1 cal. ka BP

Unit B’s limits were marked by clusters in all proxy datasets,
although the precise depths varied slightly. Overall, this unit was made
up mainly of silty clays and sands in which four zones were
distinguished:

4.2.2.1. Zone BI (68-59 cm depth) - age ~3.8-3.4 cal. ka BP. This zone’s
base started with sediment composed of well-laminated green/Gy silt.
Geochemically, visible peaks were present in almost every element
except for Sr, while Mn/Fe showed a slight decrease overall and less
variability. The silty nature of the sediments was highlighted by a grain
size increase, although with lower variability than in the previous unit,
as well as by an abrupt change in the CT-scan. The organic parameters
TN, TOC, and chlorophyll decreased markedly (Fig. 4). A peak of diatom
diversity and richness appeared, and diatom assemblages in this zone

were formed by increases in Encyonema silesiacum with the appearance
of Encyonema procerum, Adlafia sp. B, Amphora copulata and Navicula-
dicta sp. A (Fig. 3).

4.2.2.2. Zone BII (59-39 cm depth) - age ~3.4-2.4 cal. ka BP. This zone
was generally characterized by a massive brown silt sediment structure
with macrofossils, although several centimetre-thick laminations were
present at ~47 cm and ~41 cm core depth. A mass movement between
42 and 45 cm depth was identified based on visual evidence of perturbed
sediment within a laminated unit, as well as by three anomalous
radiocarbon ages within the zone (Table 1). As such, these 3 cm were
removed from the record for the construction of the chronology as well
as for paleoecological interpretations. All biogeochemical proxies
showed trends in zone BII similar to those in BI. Mineralogically, zone
BII was characterized by the presence of a montmorillonite peak and the
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highest values of kaolinite and plagioclase (Fig. 4). Diatom assemblages
were strongly dominated by Staurosirella lapponica, S. pinnata, Pseudos-
taurosira pseudoconstruens and Staurosira venter (Fig. 3).

4.2.2.3. Zone BIII (39-31 cm depth) - age ~2.4-2.0 cal. ka BP. Sedi-
ments were millimetre-thick orange/greenish laminations. All elements
showed a decreasing trend except K, which displayed values higher than

the zone below. There was an abrupt increase in grain size upwards
beginning at ca. 37 cm depth, followed by a gradual upwards decline.
Organic matter indicators did not change significantly with respect to
the zone below (Fig. 4). Diatom assemblages were diverse, with no
clearly dominant taxa, a marked decline in the relative abundance of
Staurosira venter, and a peak in the abundance of Adlafia sp. B (Fig. 3)
and in Simpson’s index.
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4.2.2.4. Zone BIV (31 - 13 cm depth). - age ~2.0-1.1 cal. ka BP. This
zone was composed of light and dark brown millimetre-thick silty clay
laminations. Light element trend values decreased, with K doing so more
markedly. In contrast, for Mn/Fe there is a slight increase on trend
values and no major changes for the rest of heavy elements. Grain size
increased gradually upwards in this section to ~15 cm depth and
declined thereafter, although this trend was superimposed on significant
variability, highlighting the unit’s silty clay nature. Plagioclase, quartz,
kaolinite, and biotite/muscovite displayed overall decreasing trends,
while organic matter indicators and chlorophyll showed increased their
values and variability with respect to unit BIII below (Fig. 4). Zone BIV
was marked by the return to dominance of Staurosira venter and Sell-
aphora seminulum, as well as by the decrease of Pseudostaurosira pseu-
doconstruens and the disappearance of Staurosirella lapponica (Fig. 3).

4.2.3. Unit C (13-0 cm depth) - age ~1.1 cal. ka BP - present

4.2.3.1. Zone CI (13-3 cm depth) - age ~1.1-0.3 cal. ka BP. CT-scan
results indicated that this zone was mainly composed of millimetre-thick
laminae, although they were not visually evident and could be observed
as brown clay sediment with macrofossils. Geochemical indicators did
not display significant trends, apart from Mn/Fe values that increased
upwards and had increased variability. Grain size decreased upwards in
terms of both values and variability. The most significant peaks of
montmorillonite appeared in this zone, along with the disappearance of
nontronite and kaolinite and increases in the percentages of quartz and
plagioclase. There was an increasing upward trend observed in TN, TOC,
5'°N and chlorophyll, and a decreasing trend for 5!3C (Fig. 4). Diatom
assemblages were strongly dominated by Sellaphora seminulum, with
declines in most other taxa except Adlafia sp. B and Pseudostaurosira
pseudoconstruens (Fig. 3).

4.2.3.2. Zone CII (3-0 cm depth) - age ~0.3 cal. ka BP - present. This
zone contained abrupt changes, with a visually notable decline in the
quantity of macrofossils, and an orange hue in the upper centimetre.
Elements including K, Ca, Ti, Cu, and Sr peaked in this zone, while Mn/
Fe abruptly decreased. Mean grain size increased slightly, reflecting the
silty clay nature of the sediments, and kaolinite reappeared along with a
corresponding decrease in quartz. 5'°N, TN, and TOC decreased, chlo-
rophyll decreased abruptly, and 5'3C increased upwards to the sediment
surface (Fig. 4). No large changes in the diatoms assemblages were
recorded, only small increases in Naviculadicta sp. A, Pseudostaurosira
pseudoconstruens and Staurosirella lapponica.

4.3. Multivariate analysis

4.3.1. Diatom assemblages

In terms of abundance, three diatom species dominated throughout
the core and the main diatom zones were defined according to their
shifts: Staurosira venter and Sellaphora seminulum and Pseudostaurosira
pseudoconstruens (Fig. 3). The first two axes of the diatom PCA were
significant according to the broken stick; the first explained 47.2 % and
the second explained 18.2 % of the total variance. The three taxa with
the strongest influence on the first axis were Sellaphora seminulum,
Staurosira venter and Adlafia sp. B, while for the second axis they were
Pseudostaurosira pseudoconstruens, Staurosira venter and Sellaphora sem-
inulum (Fig. 5A). We focused our interpretations on PCAl since it
independently explained almost half the variance in the dataset.

4.3.2. Biogeochemical composition of the sediments

The first axis of the PCA of the XRF/organic matter data explained
73.6 % of the total variance (Fig. 5B) and was negatively associated with
the lighter elements (i.e., Fe, Ti). The RDA of the XRF data with the
mineralogical composition of the sediments as the constraining matrix
showed the possible provenance of light and heavy elements obtained by
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the XRF. This RDA (Supplementary Fig. 1A) had one significant first axis
that explained 87.8 % of the total variance. Ca, Ti, Fe, Mn, Sr, Cu, and K
were mainly grouped with clays composed of moscovite/biotite, high
513C and kaolinite.

The first axis of the RDA constraining the diatom variance to the
environmental dataset (Supplementary Fig. 1B) explained 34.8 % of the
total variance and indicated that the three lower diatom clusters were
associated with terrigenous inputs into the system and with an assem-
blage dominated by Staurosirella taxa. In contrast, the genus Sellaphora
increased greatly in the three upper clusters of the record, where its
interplay with Staurosira venter determined diatom zonation, and high
abundance values of Sellaphora taxa were more strongly associated with
high values of the internal ecosystem parameters such as 5'°N.
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5. Discussion

Interpretations of the PCA axes synthesize the local limnological and
paleoenvironmental response to climate-related processes in Aucella
Lake and its catchment. After understanding the baseline behavior of our
ecosystem, we then compare our interpretations with other proxy data,
both local and regional, and with globally known cold and warm pe-
riods, to compare local NE Greenland environmental change with that
observed at larger scales.

5.1. Linking datasets: limnological processes

The first axis of the diatom PCA reflected climate-related processes
(Fig. 5). Taxa associated with strongly ice-dominated polar lakes,
including Staurosira venter, Staurosirella pinnata, Staurosirella lapponica,
and Pseudostaurosira pseudoconstruens (Bouchard et al., 2004; Finkelstein
and Gajewski, 2008; Kuhn et al., 1981), were strongly associated with
the positive end of the axis. Conversely, the negative end was influenced
by more diverse assemblages and epiphytic taxa such as Sellaphora
seminulum (Emson et al., 2018), Encyonema minutum and Amphora cop-
ulata (Antoniades et al., 2008). The richness curve, which paralleled
trends in PCA axis 1, further reinforced the dependence of this axis on
climate, as longer ice-free seasons increase microhabitat diversity and
therefore diatom diversity in high Arctic lakes (Smol, 1983). As such, the
positive scores on the first diatom PCA axis represented cold water
conditions with thicker and longer-lasting ice cover, while the negative
scores were linked to longer ice-free summers that implied melting of the
surrounding ice caps during wetter and/or warmer periods. The lack of
planktonic diatoms in our sediments, similar to that observed in other
Arctic lakes, may result from ice-free conditions that are too brief for
their development, and/or from the high relief of the catchment pre-
venting the wind-induced mixing of the lake required for diatom
resuspension in the photic zone (Bouchard et al., 2004; Finkelstein and
Gajewski, 2008; Paull et al., 2008).

The first diatom PCA axis divided the record into two clear sections
(Fig. 2): the first (~5.0-2.4 cal. ka BP) showed positive values reflective
of greater lake ice thickness and duration, and the second (~2.4 cal. ka
BP — present) had predominantly negative values that indicated less
severe ice conditions, albeit interspersed with some excursions towards
more positive values. Richness and Simpson’s index reinforced the
linkages between diatom diversity and climatic changes, showing rises
during periods of shorter ice cover duration shown by the first axis and
the rise in water temperature of the Roman Warm Period (RWP) period.
The sampling resolution of the diatom analyses (2-cm) implied an
average interval of ~125 years, and these inferences therefore better
capture long-term climate trends than high-frequency variations.

Sediment geochemistry was closely linked to catchment system dy-
namics, such as surface run-off during the ice-free season and ice cap
melting periods, as confirmed by the RDA between the mineral species
and the XRF, TOC and TN datasets (Supplementary Fig. 1A). Ca, Ti, Fe,
Mn, and Sr were grouped mainly with clays derived from the catch-
ment’s primarily volcanic rocks, whereas the negative end of this axis
was mainly triggered by changes in sediment biomass indicators TOC
and TN. The absence of well-developed soils and vegetation around the
lake and, therefore, of terrestrial organic matter in the basin, indicates
that the majority of sediment organic matter was related to algal pro-
cesses, a hypothesis also supported by the coincidence with low C/N
ratios and 5'3C values. The association of montmorillonite with this
negative end provides further evidence that lake primary productivity
was associated with relatively warm conditions, since this clay is formed
by the pedogenic alteration of pre-existent catchment rocks by hydro-
lysis under relatively warmer conditions (Fagel and Boés, 2008). The
almost opposing trends of inorganic elements and lacustrine organic
matter along the first RDA axis can be interpreted in terms of surface
run-off. During relatively cold conditions, Aucella Lake may have
remained partially ice-covered in summer, allowing the input of fine and
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non-chemically altered terrigenous particles from the catchment,
whereas in relatively warm periods the lake was ice-free, permitting the
input of previously formed soil clays into the lake as well as enhancing
algal organic matter production. The thickness and duration of lake ice
cover, as well as the amount of surface run-off in summer, are influenced
by changes in air temperature (Sanchez-Lopez et al., 2015). As such,
variations along this first RDA axis reflect temperature changes. As the
geochemical distribution in the RDA is almost the same in the PCA
(almost opposing trends of inorganic elements and TOC) and the XRF
data has better resolution than the RDA axis, the first axis of this is
interpreted in terms of air temperature fluctuations.

The first XRF PCA axis (Fig. 4) shows a relatively warm period be-
tween ~5.0 and 3.8 cal. ka BP, during which ice cover was relatively
thinner and/or less persistent and algal diversity was high, as shown by
diatom diversity measures and PCA scores (Fig. 4). At 3.8 cal. ka BP,
temperatures decreased abruptly, which coincided with the first
decrease in algal diversity (Fig. 6A). Air and water temperatures
remained relatively cold until ~3 cal. ka BP when air temperature
started to gradually increase in consonance with the water temperature.
Water temperature peaked at the onset of the RWP at ~2 cal. ka BP,
while the air temperature peak occurred during the Medieval Climate
Anomaly (MCA). The Little Ice Age (LIA) was marked by an abrupt air
temperature decrease that reached minimum values at the end of this
period. The Industrial Period was marked by a steep air temperature
increase, thin ice lake covers and/or longer ice-free seasons, and a sig-
nificant increase in diatom diversity.

The relationship between environmental factors in the RDA (Sup-
plementary Fig. 2B) and the genus Staurosirella (a cold-tolerant and post-
glacial pioneering taxon; (Smol, 1983) suggests its association with
more turbulent environments, and with more movement or entry of
material into the system. We hypothesize that the lower part of the core
represented by the first three diatom clusters reflects a more turbulent or
unstable environment dominated by more rapid changes, likely related
to the dynamics of proximal factors such as the snow patch in the
catchment area.

5.2. Local limnological and paleoenvironmental history

Other sediment core studies from the same area have documented
changing conditions that were generally controlled by a mix of regional
climatic changes and local landscape feedbacks (Bennike et al., 2008).
Climate variability is regional (seasonal, inter-annual, and inter-
decadal), while landscape factors, such as the behavior of the peren-
nial snow patch inside the catchment area can be considered to be local
(Hernandez et al., 2015). Previous local studies suggested that this snow
patch existed consistently in the uplands on Aucellabjerg Mountain from
the early to mid-Holocene (Cable et al., 2018), which includes the early
part of our sedimentary record, and that the winter snow patch size is an
important driver of stream physico-chemical habitat in an Arctic region
with low glacial cover (Docherty et al., 2018). Given that the sensitivity
of the snow patch to changes in snowline elevation is primarily influ-
enced by summertime temperatures (Oerlemans, 2001), the direct
relationship between our temperature variation axis and the July inso-
lation curve (Fig. 4) indicates that the evolution of Aucella Lake
observed in our sediment core reflects summertime climate (Fig. 6).

Our air temperature record indicates that generally warm conditions
prevailed during the mid-Holocene at Aucella Lake (~5.0-3.8 cal. ka
BP) (Fig. 6, zone A). There were low, but present, inputs of terrigenous
material to the system, showing that the lake became seasonally ice free
during this period. Oxic conditions were present during the first thou-
sand years of our record, with chlorophyll indicating high biomass, with
at least the lake littoral zone thawing which allowed some nutrients to
enter the system. Chlorophyll values suggest a lower snow accumulation
above the lake ice cover and therefore dry conditions in the mid-
Holocene. The input of newly formed clays, combined with high
biomass variables, are related to higher rates of organic matter
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Fig. 6. Conceptual model of the of Aucella Lake evolution for each core zone.

productivity due to short periods of ice cover duration relative to other
NE Greenland lakes (Smol, 1983). The rapid transition at ~3.8-3.4 cal.
ka BP was the most abrupt in our record and was recorded by every
proxies, although to a lesser extent by diatom assemblages. The abrupt
change visible in terrigenous elements indicates enhanced delivery to
lake sediments, and thus a more humid and colder climate that increased
the transport of primary and non-chemically altered rock fragments
from the catchment to the lake. Moreover, this increased input of
terrigenous particles from around the lake increased turbidity and hin-
dered light penetration, with a resulting decrease in diatom diversity
and a longer ice-cover duration. During the next millennium (~3.4-2.4
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cal. ka BP) (Fig. 6, zone BII), the sedimentary record was indicative of
progressively warming conditions with high inputs of weathered
terrigenous material, sustained by the continued domination of the snow
patch as a landscape factor. Limited lake ice allowed high-continuous
entry of material, as reflected by the fine grain size, and the continuity
of low chlorophyll values suggests the presence of significant snow cover
on the lake, in addition to high turbidity. Throughout the period
~2.4-2.0 cal. ka BP (Fig. 6, zone BIII), with the onset of the RWP, the
diatom index and axis curves show (Fig. 2), on the one hand, a decrease
of species diversity together with a significant change in the trend of
PCA axis, on which more negative values show a shift to colder condi-
tions with thicker and/or more persistent ice cover on the lake. This shift
reflects a regime change that occurred in the system, when it ceased to
be dominated by landscape factors (with large inputs of weathered
terrigenous due to the activity of the snow patch) and began to record
signals more dominated by regional climate variability. This is rein-
forced by an abrupt air temperature oscillation.

The sedimentary record then indicates a progressive transition to a
warmer and drier climate at ~2.0-1.1 cal. ka BP (Fig. 6, zone BIV)
peaking at the MCA. The highest temperatures coincided with a drop in
grain size and terrigenous inputs, as well as an increase in chlorophyll
values and the highest values of diatom diversity, suggesting longer ice-
free periods during summer. Over the next several centuries, from
~1.1-0.3 cal. ka BP (Fig. 6, zone CI), the influence of landscape factors
over the system diminished, and sedimentary indicators suggested a
transition towards a colder, more humid climate that coincided with the
LIA; air temperatures reached their minimum values at the end of this
period. Diatom assemblages also had low diversities during this period,
most likely linked to an increase in the duration and/or thickness of ice
cover. An abrupt change was recorded during the last 50 years of the
record (Fig. 6, zone CII), with increased diatom diversity and warmer
conditions marked by thin ice covers and/or long seasonally ice-free
periods, and an abrupt air temperature increase which almost reached
the MCA peaks/relative trends. A parallel shift towards increasing mean
grain size and high chlorophyll values imply rising temperatures and a
potentially more turbulent environment that reflect recent warming as
observed at high latitudes.

5.3. Local to supra-regional inferences proxy correlations

The closest multiproxy lake study to our site is located at the bottom
of the Zackenberg Valley (at ca.8 km distance), and extends to 9.0 cal. ka
BP (Bennike et al., 2008). The authors inferred an overall trend of
declining summer temperatures and longer-lasting snow cover from 5.5
cal. ka BP to the present, unlike the trends we observed in Aucella Lake
for the last 5.0 cal. ka BP. The Aucella Lake abrupt change recorded
~3.8 cal. ka BP was not observed in the Renland Ice Core oxygen isotope
record (ca. 400 km south from Zackenberg), which may indicate that
this abrupt shift was associated with landscape factors. The importance
of local influences (size, depth, morphology and chemistry of the
catchment) for the sedimentary record and lake biology has already
been noted from NE Greenland sites (Bennike et al., 2008). A high-
resolution record of proglacial Madsen Lake, ~20 km to the W,
showed three phases of enhanced glacial activity during the last two
millennia, with two phases between ~1.3-0.8 cal. ka BP and a third
phase at ~0.7 cal. ka BP (Adamson et al., 2019). The Aucella Lake core
records the onset of Late Holocene climatic deterioration at ~2.5 cal. ka
BP, early for NE Greenland and preceding the Madsen Lake record, and
also shows temperature minima coincident with the first two phases of
glacial advance (~1.2 and ~0.8 cal. ka BP) recorded in this nearby study
(Adamson et al., 2019). This suggests that remote (high latitude and
altitude) Aucella Lake is highly sensitive and therefore a sentinel of
climate change. The third phase recorded at Madsen Lake differs from
the previous ones, representing more a reflection of regional climatic
changes associated with the LIA onset (Catalan et al., 2013). The
maximum glacial extent in the area occurred before ~0.5 cal. ka BP,
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effectively during the beginning of the LIA, when an increase of nivation
processes in Zackenberg Valley was recorded (Adamson et al., 2019),
after which temperatures increased.

There have been several studies from the Aucella Lake region that
have examined paleo-records from lacustrine and continental shelf
sediments. Research has focused on areas to the north (Christiansen,
1998) and the south of our study area (Davies et al., 2022; Klug, 2009;
Pados-Dibattista et al., 2022; Schmidt et al., 2011; Wagner et al.,
2008Db). Records from these two regions broadly agree with the structure
of a cold Early Holocene, a warmer Mid-Holocene with a Holocene
Thermal Maximum ending at ~5.5 cal. ka BP, and a relatively cold Late
Holocene (Axford et al., 2017; Cremer et al., 2001a, 2001b; Klug and
Wagner, 2008; Kolling et al., 2017; Levy et al., 2014a; Lowell et al.,
2013; Lusas et al., 2017; Medford et al., 2021; Wagner et al., 2000, 2005;
Wagner and Melles, 2002). Around 6.2 cal. ka BP, sub-surface waters on
the Central Northeast Greenland shelf started to cool (Klug, 2009). After
~5.5 cal. ka BP a distinct cooling commenced with an increase in sea ice-
extents (Pados-Dibattista et al., 2022) showing a Neoglacial average
cooling of 0.6-0.8 °C per thousand years from ~5.5 to ~0.5 cal. ka BP
that was more intense between ~4 to ~3.5 cal. ka BP and became
progressively colder throughout the late Holocene (4.2 cal. ka BP-
present) (Klug, 2009; Klug and Wagner, 2008). In some cases, the re-
cords also show greater productivity in the early and middle Holocene
than in the late Holocene (Axford et al., 2017; Pados-Dibattista et al.,
2022). Across the entire set of records, there is no strong consensus on
the timing of the Neoglacial or other events such as the LIA. The closest
to our study area was reported as the onset of the Neoglaciation at
~3.2-3.5 cal. ka BP glacial advance was reported as the onset of the
Neoglaciation (Lusas et al., 2017) accompanied by a reconstructed
negative temperature anomaly (Medford et al., 2021) and a cooling of
the sub-surface water on the central Northeast Greenland shelf at 3.2 cal.
ka BP (Axford et al., 2017). A shift towards more arid conditions at was
recorded ~2.7 cal. ka BP, when the atmospheric circulation over North
Atlantic significantly changed (Pados-Dibattista et al., 2022), with the
first signs of glacial regrowth at ~2.6 cal. ka BP (Wagner et al., 2008a)
appearing initially in high-elevation interior locations. Diatom analyses
suggested that some areas of NE Greenland were seasonally ice-free
during much of the Holocene, with perennial ice cover developing
only after 1.8 cal. ka BP (Cremer et al., 2001a, 2001b). A gradual change
towards colder temperature conditions began after 1.8 cal. ka BP, as
registered in other regions (Levy et al., 2014b). There is no consensus
about the timing of the LIA, although most records have indicated cold
events or glacial advances prior to or around ~700 cal. ka BP, including
at ~1.3 cal. ka BP (Lusas et al., 2017) and ~1.0-0.8 cal. ka BP (Adamson
et al., 2019; Medford et al., 2021), with a subsequent period of ice-
marginal retreat at ~0.5 cal. ka BP (Adamson et al., 2019; Lusas et al.,
2017; Medford et al., 2021).

5.3.1. Greenland correlations

We compared our XRF-inferred temperature first vector and the first
diatom PCA axis with Greenland temperature records: the temperature
reconstructions from the nearest coastal ice core, from Renland Ice Cap
(Medford et al., 2021), and the high-resolution XRF-inferred tempera-
ture reconstruction from a SE Greenland lake (Vinther et al., 2008).
Moreover, we compared our temperature change record to regional
changes in summer and winter solar insolation at 65°N (Balascio et al.,
2015).

There was spatial and temporal thermal heterogeneity between the
different records. The Renland ice-core temperature record showed a
general cooling trend for the 5000 years of data, which differed from the
response of our diatom assemblages, possibly due to the different
sensitivity of the proxies employed to reconstruct this lake process.
Although Aucella Lake does not directly receive glacial meltwater and
our data do not preserve a direct sedimentary record of glacier activity
(advances and retreats), the climate variability inferred from its record
mirrors local glacial oscillations. Six major Neoglacial advances (4.1,
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3.9, 3.2, 2.8, 2.1, and 1.3 cal. ka BP) of the Kulusuk glaciers were
inferred from the Kulusuk Lake sediment record study (Balascio et al.,
2015); these were broadly consistent with those detected in Aucella
Lake. The first Neoglacial advance coincided with the abrupt air tem-
perature drop recorded in Aucella Lake, indicating that this event was
not due to local factors but rather to regional forcing. This ice advance
may have been caused by the progressively declining NH summer
insolation and the timing of cooling episodes in the North Atlantic Ocean
attributed to the increased strength of the East Greenland Current
(Balascio et al., 2015). These advances are also reflected as cooling
peaks in our temperature reconstruction from XRF PC1 and likely record
local glacier advances during these periods.

The Aucella Lake data presents linkages with changes in winter
(before ~0.8 cal. ka BP) and summer (after ~0.8 cal. ka BP) insolation
(Fig. 4), with a shift during the Late Holocene into warmer conditions
beginning shortly after the summer and winter insolation curves inter-
sect (~1.2 cal. ka BP) (Berger and Loutre, 1991). When comparing our
results with the general East Greenland Mean July temperature obtained
from the average of several records using a compilation of pollen data
from different sediment cores (Gajewski, 2015), the difference in tem-
poral resolution becomes clear, as does the need for multiproxy studies
in order to better understand lake system linkages to the environment
and climate.

6. Conclusions

This study presents the first multi-proxy-high-resolution approach
for the climate variability in this region for the last ~5000 years and
shows that high altitude lakes act as sentinels and amplifiers of rapid
high arctic changes, and that local, seasonally specific temperature re-
constructions with high resolution multiproxy studies are needed for
accurately characterizing climates of the past. Aucella Lake limnological
conditions were determined by a mixture of local and regional factors,
including the presence of a snow patch in the lake catchment and
regional climate evolution. Water turbidity due to the input of fine
terrigenous particles, as well as the duration and thickness of lake ice
cover, play important roles in determining these limnological condi-
tions. Our paleolimnological reconstruction reflected changes in sum-
mer climate. It highlighted the relatively warmer conditions of the mid-
Holocene, and abrupt temperature decreases at the onset of the Late
Holocene which coincided with the beginning of glacial advances else-
where, and occurred when winter and summer insolation temperatures
had a minimum difference in values. The temperature recovery started
at ca. 2.8 cal. ka BP and peaked during the Medieval Climate Anomaly.
However, this progressive temperature raise was punctuated by abrupt
and short-lived cold periods such as that which marked the onset of the
Roman Warm Period at ca. 2 cal. ka BP. The beginning of the Little Ice
Age was characterized by marked decreases in air temperatures,
reaching minimum values at the end of this period. The last 50 years of
the Aucella Lake record were marked by abrupt temperature rises, the
highest peaks of the last 5000 years and are reflective of current
anthropogenic global warming.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.167713.
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