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Abstract Although recent research has made signiﬁcant advances in characterizing Iceland's Holocene
environmental history, the region still lacks reliable and continuous records of corresponding
paleotemperature. Here we merge bacterial and algal lipid biomarkers (branched glycerol dialkyl glycerol
tetraethers and long‐chain alkenones, respectively) to quantify Holocene temperature change from a
small lake in northwest Iceland. Our local proxy record shows that early Holocene and late Holocene
temperatures ranged from 3.2 to −1.1 oC relative today, which are in close agreement with independent
estimates from regional ice cap models. At 2.4 ka, we observe abrupt cooling across bacteria‐, algae‐, and
glacier‐derived proxy records, which may have been initiated by extratropical volcanism and/or
ocean/atmospheric climate variability of the North Atlantic region. Using early Holocene warmth and ice
cap demise as an analog for modern climate change, Intergovernmental Panel on Climate Change
temperature projections suggest that the local ice cap, Drangajökull, could vanish by ~2050 CE.

Plain Language Summary Numerical climate and glacier models are necessary tools to forecast
the changing climate of the coming century. However, in order to improve the accuracy and precision of
the models, it is critical to test their ability to reconstruct past climate observed through proxy records.
Here, we present an Icelandic lake temperature proxy record for the last 10,000 years that covers a period in
Earth's history when temperatures were comparable to those expected in our near future. This proxy
temperature reconstruction is used to assess the controls on Iceland's climate, the performance of existing
Icelandic glacial models and, alongside regional climate simulations, forecast the future demise of a local
ice cap. We ﬁnd that Iceland's past temperatures are strongly controlled by regional atmospheric and
oceanic variability, and that as modern temperatures continue to rise, a local ice cap in northwest Iceland
may vanish by 2050 CE. This forecast holds critical value for Icelandic policy making and energy security,
as hydroelectric dams on glacier‐fed rivers currently provide ~73% of Iceland's electricity.

1. Introduction
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Iceland's position at the conﬂuence of major North Atlantic oceanic currents integral to global heat distribution (Figure 1a, Wunsch, 1980) make it a strategic location to improve our understanding of the Northern
Hemisphere climate system. A combination of proxy and modeling datasets demonstrates that during the
last deglaciation, residual ice caps disappeared between 10.3 and 9.2 ka before present (BP), and that the
warmest Holocene temperatures were reached during the Holocene thermal maximum (HTM, 7.9–5.5 ka
BP) (Flowers et al., 2008; Geirsdóttir, Miller, Axford, & Ólafsdóttir, 2009, 2013, 2019; Larsen et al., 2012;
Anderson et al., 2018; Harning, Geirsdóttir, Miller, & Zalzal, 2016; Harning, Thordarson, et al., 2018).
Subsequent to peak warmth, high‐resolution Icelandic climate reconstructions reﬂect long‐term cooling
and ice cap expansion driven principally by variations in Earth's orbit and the concomitant decline in
Northern Hemisphere summer insolation (Larsen et al., 2012; Geirsdóttir et al., 2013, 2019; Harning,
Geirsdóttir, & Miller, 2018), with the lowest temperatures and largest ice cap dimensions achieved during
the Little Ice Age (LIA, 1250–1850 CE) (Flowers et al., 2008; Larsen et al., 2011; Harning, Geirsdóttir,
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Figure 1. Overview of study location. (a) Iceland with simpliﬁed ocean surface currents. Red = warm, Atlantic currents
and blue = cool, Arctic currents. (b) Northeastern Vestﬁrðir peninsula showing the local ice cap, Drangajökull, and local
weather station, Æðey. (c) Skorarvatn and its catchment (black), river inlets/outlets (blue), soil sampling sites (yellow),
and water sampling sites (purple and green). 2005 base imagery courtesy of Loftmyndir ehf. (d) Example of shallow
catchment soil site (S02). (e) 1954–2011 CE average monthly temperature and standard deviation from Æðey (gray, IMO,
o
2012) and lapse rate adjusted temperature for Skorarvatn (black, 0.6 C/100 m).

Miller, & Anderson, 2016; Anderson et al., 2018). However, these reconstructions predominately rely on
qualitative studies, which limit our ability to assess the rate and magnitude of Iceland's Holocene climate
variability.
The few quantitative Holocene temperature records that exist from Iceland are derived from subfossil chironomid assemblages (Diptera: Chironomidae, or non‐biting midges, Caseldine et al., 2003; Axford et al.,
2007; Langdon et al., 2010). However, Icelandic chironomid communities are also inﬂuenced by the carbon
content of lake sediment (Langdon et al., 2008) and post‐settlement soil erosion (Lawson et al., 2007), are
hampered by limited taxonomic resolution, and are ill‐suited for large, deep lakes (Axford et al., 2009).
Consequently, chironomid‐based temperature reconstructions in Iceland have proven to be challenging
(Holmes et al., 2016) as they do not conform to Iceland's known qualitative Holocene climate history.
Glacier modeling studies have estimated the magnitude of temperature difference between the HTM and
the LIA (ΔT = 3.1–5.5 oC, Flowers et al., 2008; Anderson et al., 2018), but these are not continuous and
do not capture the centennial‐scale perturbations evident in the Holocene lake records (Larsen et al.,
2012; Geirsdóttir et al., 2013, 2019; Harning, Geirsdóttir, & Miller, 2018).
Recent advances in the ﬁeld of organic geochemistry have yielded a new set of tools for quantifying past
temperature variability from a variety of sediment archives. Some of these, such as the methylation and
cyclization of bacterial branched glycerol dialkyl glycerol tetraethers (brGDGTs), have previously been
used to reconstruct mean annual air temperature from fjord sediments in northwest Iceland (Moossen
et al., 2015). Although the Holocene trends look promising for brGDGT application in Iceland
(Moossen et al., 2015), the existing fjord record is complicated by unconstrained sources of microbial
production (i.e., sediment, water column, and/or soil), variable transport times between terrestrial and
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marine brGDGTs, as well as bioturbation. Furthermore, the fjord record preceded recent analytical
improvements that remove the inﬂuence of pH‐sensitive brGDGT isomers (De Jonge et al., 2014;
Hopmans et al., 2016). Other lipid‐based paleothermometers, such as the degree of algal alkenone unsaturation, have proven effective for reconstructing past lake temperatures elsewhere in the Arctic
(D'Andrea et al., 2011, 2012, 2016; Longo et al., 2016, 2018; van der Bilt et al., 2018). However, despite
their potential, alkenone‐based temperature reconstructions have not yet been reported from
Icelandic lakes.
Here we merge brGDGT and alkenone paleothermometers to quantify Holocene temperature from a continuous lake sediment record in northwest Iceland (Skorarvatn, Figures 1a–1c). In addition, we analyze
brGDGTs in catchment soil and lake water ﬁltrate samples to test whether downcore brGDGTs have been
dominated by in situ lake production. Given the lack of a regional brGDGT lake calibration, we use the
established lake temperature relationship of alkenone unsaturation (Sun et al., 2007; Theroux et al., 2013;
Toney et al., 2012) to locally cross‐calibrate our high‐resolution brGDGT record. The strong similarity
between brGDGT‐based temperatures and trends observed in qualitative climate proxies from the same lake
(Harning, Geirsdóttir, & Miller, 2018) as well as the magnitude of Holocene temperature derived from theoretical glacier models (Anderson et al., 2018) underpins the ﬁdelity of our novel paleotemperature record.
Collectively, these strengths enable us to evaluate past and future climate and glacier sensitivity in Iceland.

2. Materials and Methods
Skorarvatn (183 m asl, 66.25627°N, 22.32213°W) is a small (192 m2), non‐glacial and dimictic lake located
~3‐km north of the Drangajökull ice cap in northwest Iceland (Figures 1b and 1c) and at the intersection
of warm, saline Atlantic currents and cool, sea‐ice bearing Arctic currents (Figure 1a). The combination
of isothermal water column temperatures in August 2016 (Table S1) and massive organic sediment composition (i.e. nonlaminated and bioturbated, Harning, Geirsdóttir, & Miller, 2018) suggests that the lake has
likely remained oxic throughout most of the year. The catchment area is small (1.24 km2) with sparse and
discontinuous soil (brown andosol) accumulation reaching ~20‐cm maximum depth. Vegetation is dominated by a variety of moss species, which tend to clump on isolated soil patches. A 2.5‐m‐long lake sediment
core was collected in winter 2014 using a percussion‐driven piston corer from the lake‐ice platform
(Harning, Geirsdóttir, Miller, & Anderson, 2016; Harning, Geirsdóttir, Miller, & Zalzal, 2016), and modern
soil and water samples were collected in summer 2016 (Supporting Information S1). The lake sediment
record relies on a combination of radiocarbon‐dated macrofossils (n = 7) and regional marker tephra layers
(n = 5) for age control (Harning, Thordarson, et al., 2018; Harning, Thordarson, et al., 2019) and has existing
qualitative proxy records of high‐resolution paleoclimate over the last ~10 ka (Harning, Geirsdóttir, & Miller,
2018). To quantify corresponding paleotemperature, we generated centennial‐scale bacterial brGDGT and
alkenone UK37 records from Skorarvatn's downcore lake sediment record using established extraction and
instrumental procedures (Data S2, Bligh & Dyer, 1959; Harning et al., 2019; Huguet et al., 2006; Longo et
al., 2013; Hopmans et al., 2016; Wörmer et al., 2015).

3. Source Discrimination of brGDGTs
BrGDGTs are bacterial cell membrane lipids, which are ubiquitous in nature and preserved in geologic
archives such as soil and lake sediment (Blaga et al., 2009; De Jonge et al., 2014; Foster et al., 2016;
Pearson et al., 2011; Weijers et al., 2007). Although the biological source organism for brGDGTs remains
speculative (Weijers et al., 2009), a variety of empirical studies have demonstrated a link between the degree
of brGDGT methylation and air temperature in soil bacteria (Weijers et al., 2007; De Jonge et al., 2014; Naafs,
Gallego‐Sala, et al., 2017). In lake sediment records, the biological source of brGDGTs and interpretations of
their reconstructed temperature is more complex. Lake sediment brGDGTs can originate from a combination of soil, water column, and/or surface sediment bacteria that may each respond to their own niche environmental conditions (Blaga et al., 2009; Colcord et al., 2017; Feng et al., 2019; Naeher et al., 2014; Russell
et al., 2018; Weber et al., 2015, 2018). To help reduce some of this complexity, end‐member sources can often
be differentiated by the fractional abundances of individual brGDGTs (Martin et al., 2019; Niemann et al.,
2012). Furthermore, proxies derived from archaeal isoprenoid GDGTs can help determine various redox
HARNING ET AL.
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Figure 2. Bacterial branched glycerol dialkyl glycerol tetraethers (brGDGT) fractional abundances for Skorarvatn lake
sediment (n = 31), soil (n = 7), lake surface water (n = 1), and inlet water (n = 1). (a) Total tetra‐, penta‐, and hexamethylated brGDGTs in comparison to global soil dataset (n = 239, De Jonge et al., 2014) and East African lake sediment
(n = 65, Russell et al., 2018), and (b) individual brGDGT in Skorarvatn endmembers.

states of the lake water column (Blaga et al., 2009; Naeher et al., 2014) that may lead to changes in brGDGT
production depth (i.e. surface vs bottom, Weber et al., 2018).
To help constrain brGDGT sources to the lake sediment record, we analyzed brGDGT distributions in catchment soils (n = 7, Data S1 and S3 and Figure S1) and water samples taken from the central surface portion of
the lake (n = 1) and the main inlet (n = 1) (Figures 1c and 1d). When compared against the distribution of
brGDGTs in global soils and lakes sediments, our data show a clear differentiation of brGDGT end‐member
populations between soil and aquatic sources (Figure 2). Lake sediment samples, as well as water ﬁltrate
samples, are dominated by hexa‐ and pentamethylated brGDGTs with minor contributions from tetramethylated brGDGT, while soils are dominated by penta‐ and tetramethylated brGDGTs (Figure 2a). Both the lake
and inlet water samples feature higher relative abundances of 6‐methyl brGDGT isomers compared to the
lake sediment and soils (Figure 2b). Collectively, end‐member brGDGT distributions suggest that for
Skorarvatn, brGDGTs archived in its Holocene lake sediment record are not derived from the surrounding
soils but have been dominated by in situ lake production. However, values of the isoprenoid GDGT‐0/
crenarchaeol ratio hint at the occurrence of archaeal methanogens and, thus, periodic bottom water anoxia
during the early Holocene (Figure S3d, e.g. Blaga et al., 2009; Naeher et al., 2014). If the latter were the case,
the depth habitat of brGDGT‐producing bacteria may have possibly shifted to bottom waters at this time
and, hence, may record deeper water column temperatures (Weber et al., 2018). Furthermore, we cannot
rule out the occurrence of changes in the bacterial community associated with low oxygen conditions at this
time that may have impacted the distribution of brGDGTs (e.g. Weber et al., 2018). Although brGDGT distributions from settling particles are consistent with the lower temperatures of the deeper water column in
Swiss lakes (Weber et al., 2018), the combined effects of these factors on the distribution of brGDGTs in the
environment remain largely unknown.

4. brGDGT Lake Temperature Calibrations
We explored the several existing lake temperature calibrations that separate 5‐ and 6‐methyl brGDGT
isomers for our downcore lake sediment record (Feng et al., 2019; Russell et al., 2018). Although the
range of reconstructed temperatures spans ~14 oC (Figure S3a), we assume that each calibration should
at least reﬂect relative mean summer air temperature (MSAT) due to Skorarvatn's de facto Arctic location that may shift brGDGT production to summer months as suggested for other high‐latitude and ‐
altitude regions (Deng et al., 2016; Peterse et al., 2014; Shanahan et al., 2013). As heterotrophic bacteria
that synthesize brGDGTs do not require oxygen or light, we acknowledge that some winter production
under ice cover is possible, which could result in an underestimation of MSAT. However, we favor a
summer season interpretation given the empirical evidence from other cold regions until further in situ
evidence from Iceland is available. From this, we argue that none of the existing calibrations yield realistic temperature histories for Iceland because of 1) consistent underestimation of sediment core top
HARNING ET AL.
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reconstructed MSAT compared to the modern instrumental (Figure S3a) and 2) different temperature
relationships of brGDGTs between Icelandic, African, and Chinese lakes. To demonstrate the latter
point, we assessed the relationships among individual brGDGTs by computing a Pearson correlation
coefﬁcient matrix using the fractional abundances of each brGDGT and compared this against corresponding matrices from East Africa (Russell et al., 2018) and southwest China lakes (Feng et al.,
2019) as well as global soil (De Jonge et al., 2014) and peat datasets (Naafs, Inglis, et al., 2017)
(Figure S4). Skorarvatn's brGDGT relationships range from weakly positive to moderately negative,
which in many cases are different from the sign and strength of brGDGT relationships from East
Africa and southwest China lakes (Feng et al., 2019). Our main conclusion is that, depending on the
region, the same brGDGT pairs can exhibit a strong positive correlation in one dataset and a
negative correlation in another, which may result from a varying proportion of soil‐ versus lake‐derived
brGDGTs, site‐speciﬁc environmental factors at each location, and/or the dominance of different microbial communities (Feng et al., 2019; Foster et al., 2016; Russell et al., 2018). Collectively, this evidence
suggests that a local calibration is needed to quantify temperature from Skorarvatn's
brGDGT distributions.

5. Alkenone UK37‐brGDGT Calibration
In high‐latitude freshwater lakes long‐chain alkenones are biosynthesized by Group I haptophyte algae
(D'Andrea et al., 2006; Richter et al., 2019; Theroux et al., 2010) that bloom in the spring/summer season following lake ice out and water overturning (D'Andrea et al., 2011; Longo et al., 2016, 2018). The degree of
unsaturation, expressed as the relative abundances of C37 di‐, tri‐, and tetra‐unsaturated alkenones (UK37,
Brassell et al., 1986), is dominantly controlled by temperature change in haptophyte culture experiments
(Sun et al., 2007; Theroux et al., 2013; Toney et al., 2012). We analyzed alkenone distributions of each of
the 31 downcore samples; however, adequate abundance and chromatographic separation were only
achieved in 10 lake sediment samples (Figure S5a). The abundance of tri‐unsaturated isomers, expressed
as RIK37 values at 0.48–0.63 (Longo et al., 2018, Data S2 and Figure S5b), suggests that the alkenones in
Skorarvatn were primarily, if not exclusively, produced by Group I haptophytes throughout the sediment
record. The timing of inferred ice out and seasonal overturning of the water column in Skorarvatn during
May/June (Figure 1e) indicates that algal blooms likely occur shortly thereafter, consistent with a summer
temperature seasonality noted for other high‐latitude alkenone temperature reconstructions from
Greenland and Svalbard (D'Andrea et al., 2011, 2012).
Given the complications of existing brGDGT lake temperature calibrations, we developed a site‐speciﬁc
downcore UK37‐brGDGT cross‐calibration to capture local lake MSAT and minimize prediction error. A calibration based on the regression of UK37 values against the MBT'5ME index (De Jonge et al., 2014) was not
successful due to the lack of slope in Skorarvatn's MBT'5ME index (m = 0.000001, Figure S3b) or correlation
with UK37 values (R2 = 0.07, p < 0.0001, Figure S5c). Therefore, we opted for a stepwise forward selection
(SFS) approach to ﬁnd the best model that predicts UK37 values using multiple combinations of the
brGDGTs that feature an R2 > 0.1 (Figure S6). This method has been shown to signiﬁcantly improve error
statistics in brGDGT lake calibrations (Feng et al., 2019; Pearson et al., 2011; Russell et al., 2018). Our best
model (R2 = 0.92, p < 0.001) includes two key brGDGTs that are known to feature high correlations with
temperature in other lake and soil systems (IIIa and Ia,De Jonge et al., 2014 ; Russell et al., 2018), as well
as a 6‐methyl isomer biosynthesized in the oxygenated water column of Swiss lakes (IIIa', Weber et al., 2018):


U K37−SFS ¼ −0:1540*½IIIa þ 0:3538*½Ia þ 1:0016* IIIa′ −0:7537:
The strong correlation between IIIa' fractional abundance and UK37 values (R2 = 0.86, p < 0.0001, Figure S6)
is interesting given that in global soil (De Jonge et al., 2014) and East African lake datasets (Russell et al.,
2018), IIIa' shows no individual correlation with temperature. However, recent incubation experiments
for lake brGDGTs (Martínez‐Sosa & Tierney, 2019) in addition to the environmental samples from East
Africa (Russell et al., 2018) demonstrate a positive correlation between the abundance of total 6‐methyl
brGDGT isomers and temperature. As the physiological response of brGDGT‐producing bacteria is largely
unknown, our results indicate that contrary to recent empirical datasets (De Jonge et al., 2014; Russell
HARNING ET AL.
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et al., 2018), 6‐methyl brGDGT isomers may be important in reconstructing past temperature in certain
regions. Future work from local calibrations will help test whether this pattern is consistent across other
Icelandic lakes, as well as better determine the speciﬁc seasonality of brGDGT production.
Downcore UK37‐SFS are converted to brGDGT MSAT using the established Group I haptophyte temperature
calibration (D'Andrea et al., 2016):
UK37 ¼ 0:0287*T
and are reported relative to the sediment core top. Total standard error (1.3 °C) is propagated from the Group
I haptophyte calibration (0.7 °C, D'Andrea et al., 2016) and our SFS model (0.4 °C).

6. Holocene Summer Temperature in Iceland
Our novel quantitative temperature reconstruction allows us to examine the timing, rate, and magnitude of
northwest Iceland temperature variations during the Holocene, as well as the factors responsible for these
changes. Moreover, we can also examine the veracity of theoretical modeling studies based on glacier reconstructions (Anderson et al., 2018) and the extent to which temperature has impacted other paleolimnological
proxies from Skorarvatn (Harning, Geirsdóttir, Miller, & Anderson, 2016; Harning, Geirsdóttir, Miller, &
Zalzal, 2016; Harning, Geirsdóttir, & Miller, 2018). This is of paramount importance as existing quantitative
records, such as those derived from subfossil chironomid assemblages (Axford et al., 2007; Caseldine et al.,
2003; Langdon et al., 2010), have shown marked inconsistencies with the trends observed in qualitative climate proxy datasets. Although BSi from lakes with high sedimentation rates has been correlated with
spring/summer temperature over the instrumental period (Geirsdóttir, Miller, Thordarson, & Ólafsdóttir,
2009) and has been used to qualitatively constrain Holocene temperature trends in Iceland (Geirsdóttir
et al., 2019), our lipid‐based approach is the ﬁrst to include a proxy (i.e. UK37) that has had independent evaluation of temperature sensitivity through algae culture experiments (Sun et al., 2007; Theroux et al., 2013;
Toney et al., 2012).
During the early Holocene (11.7 to 8.2 ka BP), geologic evidence shows that remnants of the Icelandic
ice sheet (i.e. proto‐Drangajökull) retreated from Skorarvatn's catchment by ~9.3 ka BP (Harning,
Geirsdóttir, & Miller, 2018) and likely disappeared shortly thereafter, by ~9.2 ka BP (Figure 3f,
Harning, Geirsdóttir, Miller, & Zalzal, 2016). Subsequently, qualitative paleoclimate records from
Skorarvatn suggest that peak diatom productivity (BSi, Figure 3c, Harning, Geirsdóttir, Miller, &
Zalzal, 2016) and stabilization of soils within the catchment (low C/N and enriched bulk δ13C,
Figures 3d and 3e, Harning, Geirsdóttir, & Miller, 2018) occurred between ~9.2 and 7.9 ka BP likely
in response to high Northern Hemisphere summer insolation and the concomitant warmth
(Figure 3a). Theoretical modeling simulations for Drangajökull, using regional ice core and marine temperature proxy records tuned to local instrumental datasets, require HTM temperatures 2.5 to 3 °C
above the late 20th century average to match the geologic record (Anderson et al., 2018) (Figure 3b).
Our brGDGT record is the ﬁrst to independently conﬁrm local early Holocene warmth in Iceland with
MSAT up to 3.2 oC above modern (Figure 3b). The relatively lower brGDGT MSAT between 9.2 and 8.1
ka BP (average 2.0 oC above modern) compared to 7.6 ka BP (3.2 oC above modern) may result from a
combination of effects. These include freshwater discharge events from the waning Laurentide ice sheet
(e.g. 8.2 ka BP Event), prolonged atmospheric sulfate injection from northern hemisphere volcanic eruptions (see Geirsdóttir, Miller, Axford, & Ólafsdóttir, 2009, 2013; Larsen et al., 2012; Harning, Geirsdóttir,
& Miller, 2018), and/or potentially altered redox conditions that may result in subdued bottom water
temperature estimates. However, despite these potential climate/proxy modulators, our average early
Holocene brGDGT MSAT of 2.2 °C above modern falls within the range of those based on the local glacier models (Anderson et al., 2018) (Figure 3b). The marked consistency between glacier models relying
on regional proxy datasets and our independent brGDGT MSAT record provide ﬁrm evidence that the
early Holocene demise of Drangajökull required summer temperatures at least 2.2 °C above modern.
The middle (8.2 to 4.2 ka BP) to late Holocene (4.2 ka BP to present) climate around Skorarvatn is characterized by local cooling, reﬂected by lower lake diatom productivity (Figure 3c, Harning, Geirsdóttir, Miller, &
Anderson, 2016) and reduced catchment stability (Figures 3d and 3e, Harning, Geirsdóttir, & Miller, 2018).
HARNING ET AL.
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Figure 3. Comparison of local paleoclimate records. (a) Seasonal Northern Hemisphere insolation curves (Laskar et al.,
2004), (b) MSAT anomalies from Skorarvatn lake sediment based on bacterial branched glycerol dialkyl glycerol
K
K
tetraether U 37‐SFS model (bold red line) and original U 37 values using the Group I haptophyte calibration (dash red
K
line, D'Andrea et al., 2016). Propagated standard error for U 37‐SFS model is shown with gray lines. Orange boxes frame
the classical timing (Geirsdóttir et al., 2013) and range of Holocene thermal maximum and Little Ice Age temperatures
estimated from Drangajökull modeling (Anderson et al., 2018), (c) BSi record from Skorarvatn (Harning, Geirsdóttir,
13
Miller, & Zalzal, 2016), (d) inverted C/N record from Skorarvatn (Harning, Geirsdóttir, & Miller, 2018), (e) bulk δ C
record from Skorarvatn used as a proxy for changes in organic matter source (Harning, Geirsdóttir, & Miller, 2018)
(f) timing of Drangajökull's early Holocene demise (hashed box, Harning, Geirsdóttir, Miller, & Zalzal, 2016) and late
Holocene glacier advances (solid boxes) based on geologic datasets (Harning, Geirsdóttir, Miller, & Anderson, 2016,
Harning, Geirsdóttir, & Miller, 2018). Taller boxes correspond to relatively larger glacier area. Panels c and d show
100‐year running means in bold. Blue vertical bars highlight identiﬁed periods of cooling.

Consistent with an insolation forcing, brGDGT MSAT document ﬁrst‐order cooling from 3.2 above to 1.1 °C
below modern (Figures 3a and 3b). Major stepwise brGDGT cooling events occur at 5.5 and 2.4 ka BP, which
are two notable periods of local (Harning, Geirsdóttir, Miller, & Anderson, 2016; Harning, Geirsdóttir, &
Miller, 2018) and regional cooling (Geirsdóttir et al., 2013, 2019; Larsen et al., 2012) expressed in Icelandic
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paleoclimate and ice cap records. The cooling observed at 2.4 ka BP reﬂects the largest rate and magnitude of
temperature variability in our brGDGT MSAT record (−1.2 °C, Figure 3b). Coeval changes in other local
summer temperature‐sensitive proxies (i.e. reduction in diatom productivity and the nucleation of the local
ice cap, Figures 3c–3f, Harning, Geirsdóttir, Miller, & Anderson, 2016; Harning, Geirsdóttir, Miller, & Zalzal,
2016), point to temperature as the dominant control on brGDGT distributions at this time, with a relatively
lower inﬂuence from other environmental and biological variables (De Jonge et al., 2019; Naeher et al., 2014;
Weber et al., 2018). Given the limited change in Northern Hemisphere insolation values at 2.4 ka (Figure 3a,
Laskar et al., 2004), other forcing mechanisms must be responsible for the abrupt change in local climate.
Beginning at ~2.8 ka BP, salinity changes in the Labrador Sea and south of Iceland indicate a weakening
Atlantic meridional overturning circulation that reduced northward heat transport for several centuries
(Thornalley et al., 2009). Superimposed on this oceanographic cooling was a large tropical eruption at 2.4
ka BP that resulted in the largest negative radiative forcing over the last several millennia (Sigl et al.,
2015). In addition, a pronounced centennial‐scale shift to the negative mode of the North Atlantic
Oscillation (NAO), one of the leading modes of internal climate variability in the Northern Hemisphere,
has been proposed at this time (Olsen et al., 2012). Although the NAO record may at times be intrinsically
linked to Atlantic meridional overturning circulation variability, the atmospheric pressure differential associated with negative NAO pushes the prevailing westerlies southward, which then allows colder, northerly
winds to dominate north of Iceland (Hurrell et al., 2003). Consequently, sea ice export to Iceland would then
be expected to increase, as is observed in IP25 proxy records from the north Iceland shelf at 2.4 ka BP
(Cabedo‐Sanz et al., 2016). The close timing of regional climate changes with the cooling observed in northwest Iceland records point to two potential climate change triggers (volcanism and negative NAO) over
background Atlantic meridional overturning circulation variability, with cooling sustained by sea ice feedbacks (e.g. Miller et al., 2012).
The LIA cold period occurred between 0.7 and 0.1 ka BP in Iceland, based on a combination of biological
lake sediment proxy records (Geirsdóttir, Miller, Thordarson, & Ólafsdóttir, 2009, 2013, 2019; Larsen
et al., 2012; Harning, Geirsdóttir, Miller, & Anderson, 2016; Harning, Geirsdóttir, & Miller, 2018) and ice
cap reconstructions (Flowers et al., 2008; Larsen et al., 2011; Harning, Geirsdóttir, Miller, & Anderson,
2016; Anderson et al., 2018). A suite of lake sediment proxy records from west and central Iceland record
severe soil erosion during the last several millennia that, in addition to human settlement, likely resulted
from the deteriorating LIA climate (Geirsdóttir, Miller, Thordarson, & Ólafsdóttir, 2009, Geirsdóttir et al.,
2013, 2019; Larsen et al., 2012). However, low C/N and enriched bulk δ13C values in Skorarvatn lake sediment suggest limited mobilization of soil from the catchment to the lake at this time (Figures 3d and 3e,
Harning, Geirsdóttir, Miller, & Anderson, 2016). The distinct clustering of lake sediment brGDGTs that
are maintained throughout Skorarvatn's record (Figure 2) further supports this notion and, therefore, indicates that the delivery of soil‐derived brGDGTs is not likely a confounding variable for our late Holocene
brGDGT temperature record. Furthermore, the strong similarity of brGDGT MSAT with the independent
record of local qualitative summer temperature (BSi) suggests that temperature remains the dominant
control on brGDGT distributions through the LIA. At this time, brGDGT MSAT are in close agreement with
those derived from the local theoretical glacier models that suggest summer temperatures were 0.6 to 0.8 °C
below the late 20th century average (Figure 3b, Anderson et al., 2018), when Drangajökull achieved its
largest Holocene dimensions (Figure 3f, Harning, Geirsdóttir, Miller, & Anderson, 2016).

7. Future Demise of the Local Ice Cap
Constraining the future status of Icelandic ice caps is critical for the country's energy security, as hydroelectric dams on glacier‐fed rivers currently provide ~73% of Iceland's electricity (Orkumál, 2012). Since 1925
CE, reduced mass balance and retracted glacier lengths have been observed across Icelandic ice caps
(Björnsson et al., 2013). Although some glaciers slowed in their retreat or advanced during the 1980s CE,
instrumental data and glacier models indicate that the rate of summer warming, rather than the concomitant increase in precipitation, has continued to remain the primary control on their decadal‐scale mass balance (Anderson et al., 2018, 2019; Björnsson et al., 2013). Glacier models show that Drangajökull's extent is
particularly sensitive due to its low‐relief, plateau topography, and that a 2 oC increase in air temperature
over the late 20th century average could push its equilibrium line altitude (ELA) above the underlying
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bedrock resulting in its rapid disappearance within ~50 years (Anderson et al., 2018). Building on this, a simpliﬁed ELA‐glacier model projected the loss of accumulation area across 22 Icelandic glaciers under various
emission scenarios, where Drangajökull's is likely lost within the next 50 years (Anderson et al., 2019). As no
quantitative temperature record for Iceland existed at the time, these simulations relied on adjusted
Holocene temperature forcings from regional marine and ice core proxy reconstructions to test their ability
to reconstruct past and future glacier/ELA records. However, it is important to note that regional temperature records do not necessarily correlate to local terrestrial climate in a linear fashion.
To support previous glacier models, we provide observational constraint from our new local paleotemperature estimates. We make the assumption that when Drangajökull disappeared during the early Holocene, its
ELA was above the highest local topography (e.g. Anderson et al., 2019). The corresponding average MSAT
of 2.2 oC above modern, therefore, likely reﬂects minimum temperature required to achieve that ELA in the
early Holocene, as well as in the future. Under this simpliﬁed scenario, Climate Model Intercomparison
Project 5 ensemble mean summer air temperature projections for RCP 8.5 (highest emission scenario) above
Iceland (IPCC, 2013) suggests that temperatures will reach 2.2 oC above modern by 2050 CE (Figure S7). If
the Climate Model Intercomparison Project 5 multi‐model uncertainty is considered, these temperatures
may not be achieved until 2100 CE (Figure S7). Collectively, these data show that Drangajökull will likely
lose its accumulation area within the next 30–70 years, which when achieved, will lead to rapid ice decay.
Given that our conclusions echo those reached by glacier model sensitivity tests (Anderson et al., 2018,
2019), we have increased conﬁdence in our projection. Although the strong agreement between lipid‐based
temperature constraint and ice cap simulations paints a somber picture for Drangajökull's future, the data
indicate that there is still time for local governments to prepare accordingly.
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Erratum
In the originally published version of this article, the afﬁliation “Organic Geochemistry Laboratory,
University of Colorado Boulder, Boulder, CO, USA” was incorrectly listed. This error has since been corrected, and the present version may be considered the authoritative version of record.
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