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18  Abstract
19 Ancient DNA and branched glycerol dialkyl glycerol tetraethers (brGDGTs) are new,
20 powerful tools to reconstruct past ecosystems and climate in high-latitude lakes, but often
21 require contrasting oxygen conditions for reliable interpretations. Here, we present a new
22 approach using adjacent oxic and anoxic lakes to 1) better understand how redox potential
23 impacts these proxies using isoprenoid GDGTs, and 2) reconstruct holistic changes in
24 climate, human settlement, and plant history. We observe, first, that oxic lakes are likely to
25 yield more reliable brGDGT-based paleotemperature records. Second, while anoxic lakes
26 are optimal for ancient DNA preservation, commonly studied shallow lakes are more
27 susceptible to past changes in oxygen availability that can lead to fragmentary DNA records.
28 Finally, our dual lake approach highlights that climate, and not humans, has been the
29 primary forcing behind Holocene vegetation changes in northeast Iceland, and therefore
30 provides ideal constraints for earth system models.
31
32 Introduction
33 Modern anthropogenic warming and enhanced moisture availability are reshaping high-
34 latitude plant communities with important consequences for the climate system and regional
35 biodiversity (/, 2). These changes include the northward expansion and increased height
36 and density of woody vegetation (3, 4), which reduce surface albedo (5) and increase
37 atmospheric water vapor (6), further amplifying high latitude warming (7). Changes in
38 tundra ecosystems will also leave lasting impacts on regional biodiversity, food web
39 structure, and nutrient availability (4, 8, 9). Plant records from warm periods in Earth’s
40 history can provide fundamental insight into the processes that may be expected in our near
41 future and help constrain predictive models (/0, /7). Some high-latitude regions, such as
42 Iceland, offer the opportunity to examine the natural relationship between Holocene changes
43 in climate and plants as humans only colonized Iceland ~1080 years before present (BP,
44 Landnamabok). Geologic records that cover the settlement of Iceland also allow us to better
45 understand the impact of pastoral activities on sensitive landscapes (/2). To this end, recent
46 efforts have targeted high-resolution lake sedimentary records in Iceland (/3-15), but open
47 questions remain on the evolution of Holocene plant communities as well as the relative
48 impact of climate and humans on the landscape (72).
49 Recent analytical advances provide new molecular tools to quantify changes in past

50 temperature, plant communities, and human presence using lipid biomarkers and
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sedimentary ancient DNA (sedaDNA) in lake sediment. For lipids, the methylation number
of branched glycerol dialkyl glycerol tetraethers (brGDGTs), a globally ubiquitous bacterial
lipid, shows strong empirical correlations to warm season temperatures in high-latitude
lakes (16, 17). For plant histories, sedaDNA metabarcoding provides more reliable and
continuous records compared to other traditional proxies (i.e., pollen and macrofossils) due
to its local source in lake catchments and generally good preservation in sediments (/8-20).
Similarly, mammalian sedaDNA provides evidence for the presence of taxa, including those
associated with animal husbandry (27-23). However, brGDGT production and sedaDNA
preservation may be influenced by other lake processes, including oxygen availability (e.g.,
24, 25), which is important to consider for high latitude lakes that have a wide range of
mixing and oxygen dynamics (26). While the impact of oxygen histories can be inferred
from several geochemical tools, such as archaeal isoprenoid GDGTs (isoGDGTs) as a proxy
for methanogenesis (e.g., 27, 28), oxygen availability is rarely considered in paleoclimate
studies.

In this study, we address these shortcomings in a natural laboratory experiment by
comparing detailed multi-proxy paleoclimate records from two neighboring lakes in Iceland
(separated by 0.6 km and at similar elevation, Fig. 1). Due to different lake morphometries
(large and deep vs small and shallow), the two lakes feature contrasting amounts of
dissolved oxygen, and the lakes’ proximity means that climate is held as a constant. Relying
on a suite of molecular proxies, including brGDGTs for temperature, sedaDNA for plant
and mammal history, and isoGDGTs for oxygen availability, we answer the following
questions. First, how does lake morphometry and oxygen availability impact the fidelity of
widely used brGDGT and sedaDNA proxies through time? Second, how can sediment
records from morphologically contrasting lakes lead to more holistic paleoenvironmental
reconstructions than from one site alone? Ultimately, our dual lake approach provides a
model for overcoming the limitations of oxygen availability when using molecular proxies
in Arctic lakes and new insight into high-latitude climate-driven ecosystem changes.
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Fig. 1. Overview map of Iceland. (A) Locations of Stora and Litla Vidarvatn in northeast
Iceland related to other terrestrial (yellow) and marine (blue) paleoclimate record
sites. Central volcanos (triangles) that produced tephra layers used in age models
are also marked. (B) Close-up of Stora and Litla Vidarvatn, their catchments
(dotted lines), bathymetry (10-m isolines), and location of core sites for 20SVID-
02 (14, 30) and 20LVID-02/01 (this study). 2017 base image courtesy of
Loftmyndir ehf.
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Results

Modern seasonal lake stratification and oxygen availability

iButton temperature loggers deployed from September 2019 to 2020 record seasonal
fluctuations in lake water temperature in the two lakes, Stora and Litla Vidarvatn (Fig. 2A-
B). Due to the different lake volumes and energy required to heat water, peak summer
temperature in Litla Vidarvatn (June, 14.7 °C) is earlier and higher than in Stéra Vidarvatn
(August, 10.6 °C). In both lakes, water temperature begins to increase in May, reflecting the
seasonal melting of lake ice and overturning of the lake water columns. Surface and bottom
water temperatures at Stora Vidarvatn‘s sediment coring location show minimal thermal
stratification during summer and winter months. This is supported by vertically
homogenous water quality measurements (i.e., dissolved oxygen, specific conductivity, and
pH) (29) taken in September 2019 and February 2020 (Fig. 2C and S1). However, the same
water quality measurements for Litla Vidarvatn show the development of seasonal
stratification in February 2020 (Fig. 2D and S1), reflected by lower bottom water dissolved
oxygen concentrations (Fig. 2D).
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Fig. 2. Modern water quality measurements for Stora Vidarvatn (left) and Litla
Vidarvatn (right). (A-B) iButton temperature measurements from September
2019 to September 2020 for surface (red) and bottom water (blue) (/6) and (C-D)
Sonde dissolved oxygen concentrations (mg/L) from September 2019 (red) and
February 2020 (blue) (29). See supplemental Fig. S1 for seasonal pH and specific
conductivity Sonde measurements.
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Lake sediment age models

Sediment core images from Stora and Litla Vidarvatn demonstrate similar stratigraphies,
including visible tephra layers of known age (Fig. S2). Based on tephra geochemical
analyses in Stora Vidarvatn (/4, 30), we use the relatively thick and black G10ka Series
(10400 to 9900 BP) (37) and light gray Hekla 3 tephra layers (Hekla 3, 3010 + 54) (32) in
Litla Vidarvatn‘s age model (Fig. 3B, Table S1). Bayesian age models for both lake
sediment records show relatively linear sedimentation rates throughout the Holocene,
although there is slightly more variability in Litla Vidarvatn, possibly due to the lake‘s
smaller size and susceptibility to changes in sediment supply (Fig. 3). Stéra Vidarvatn‘s
record spans the last 10950 years BP (Fig. 3A) (30) and Litla Vidarvatn‘s record spans the
last 9900 years BP (Fig. 3B). Both age models feature a high density of chronological
control points, including common tephra layers (Fig. 3), allowing for high-resolution and
synchronized proxy record comparisons between the two lakes.
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Fig. 3. Bayesian age models for (A) Stora Vidarvatn and (B) Litla Vidarvatn. Age
models constructed using tephra layers of known age (green) and radiocarbon
dates of plant macrofossils (blue) using the R package rbacon, default model
functions (70), and the IntCal20 calibration curve (77). The solid red line reflects
the median of model iterations, and the outer gray lines reflect the 95% confidence
envelope. Horizontal gray bars indicate periods of instantaneous tephra layer
deposition. See Table S1 for radiocarbon information.

Lake sediment organic matter sources

Holocene magnetic susceptibility (MS) records are similar, showing relatively high values
near the base of each record and then relatively low values until increases beginning at 1150
BP in Stora Vidarvatn and and 1400 BP in Litla Vidarvatn (Fig. 4A-B), where higher MS
values generally reflect the greater contribution of minerogenic material to the lake
sediment. Decadal-scale MS spikes are due to tephra layers. Bulk organic geochemistry in
Litla Vidarvatn is characterized by %TOC ranges from 0.19 to 10.7 %, C/N ranges from
3.86 to 11.0, 3'3C ranges from -34.9 to -19.4 %o, and BSi ranges from 21 to 128 FTIRs
absorbance units (Fig. 4). In comparison to Stéra Vidarvatn‘s bulk organic geochemistry
(14), Litla Vidarvatn‘s generally higher %TOC (Fig. 4C-D), higher C/N values (Fig. 4E-F),
and more enriched 8'3C values (Fig. 4G-H) reflect a more productive system with greater
terrestrial and aquatic organic matter preserved in the sedimentary record (e.g., /2). Finally,



146 both lakes feature similar BSi records indicating relatively similar responses of diatom

147 productivity through time (e.g., 33). In both cases, the most notable BSi changes are
148 persistent shifts to lower values beginning at 1800 BP and 1700 BP in Stora and Litla
149 Vidarvatn, respectively (Fig. 41-J).
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150
151 Fig. 4. Bulk geochemistry proxy data from Stora Vidarvatn (left) and Litla Vidarvatn
152 (right). Orange bars reflect portions of the sediment cores likely impacted by low
153 oxygen lake conditions based on isoGDGT-0/crenarchaeol ratios (see Fig. SA-B).
154 Vertical gray dashed line reflects the onset of soil erosion in both lakes at ~1500
155 BP.
156
157 GDGT-inferred oxygen availability and temperature
158 Isoprenoid and branched GDGTs are present above the detection limit in all samples from
159 Stéra and Litla Vidarvatn. The ratio of isoGDGT-0/crenarchaeol range from 0.88 to 75.6 in
160 Stora Vidarvatn and from 1.20 to 380 in Litla Vidarvatn (Fig. 5SA-B). Stora Vidarvatn‘s
161 1s0GDGT-0/crenarchaeol ratio remains low (<10) for most of the record with a temporary
162 but sustained increase identified between 2900 and 1000 BP (Fig. 5A). In contrast, Litla
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Vidarvatn‘s isoGDGT-0/crenarchaeol ratio remains elevated from 8000 BP onwards (Fig.
5B). Increased isoGDGT-0/crenarchaeol ratios likely indicate intervals of more reducing
conditions (low oxygen) that promoted archaeal methanogens (27, 34).

In Stora and Litla Vidarvatn sediments, the distributions of brGDGTs are distinct
(Fig. S3A). When compared to those of modern Icelandic lake and soil samples, the
distribution patterns suggest that brGDGTs in Stéra Vidarvatn are generally derived from
sources in the lake while brGDGTs in Litla Vidarvatn may be sourced more from catchment
soils (Fig. S3A). In terms of temperature proxies, relative MBT sy ratios (Fig. SE-F) (35)
and quantitative months above freezing (MAF) indices are relatively flat in both Stéra and
Litla Vidarvatn (Fig. 5G-H) (16, 17). However, mean summer temperature (MST)
anomalies differ between the two lakes (Fig. 5I-J) (36). MST anomalies from Stéra
Vidarvatn show relatively high yet variable temperatures until 5600 BP, after which
temperatures generally decline towards present. For Litla Vidarvatn, the highest MST
anomalies are reached during the earliest portion of the record between 8700 and 8150 BP,
before declining rapidly and fluctuating between ~0 and 1 °C relative to today for the
remainder of the record (Fig. 51-J).
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Fig. 5. Isoprenoid GDGT and brGDGT proxy records from Stora Vidarvatn (left)
and Litla Vidarvatn (right). Orange bars reflect portions of the sediment cores
likely impacted by low oxygen lake conditions based on isoGDGT-0/crenarchaeol
ratios (A-B). MBT’sue after De Jonge et al. (2014), MAF after Raberg et al.
(2021) and Otiniano et al. (2024), and MST anomaly after Harning et al. (2020).

Plant and mammalian sedaDNA

Of the 54 samples analyzed in Litla Vidarvatn, 47 yield amplifiable plant DNA using the
trnL P6 loop primer set (37, see ref 30 for Stora Vidarvatn details). The 7 samples that failed
were the samples older than 8000 BP. Following data filtering, the #7nL dataset yields
8,147,575 total assigned reads, with an average of 150,881 assigned reads per sample. The
relative stability of qPCR cycle threshold (Cr) values, which reflect PCR efficiency and the
quantity of suitable target sequences for amplification, reveal relatively stable trends and
indicate that the efficiency of PCR amplification of trnL targets is consistent throughout the
record (Fig. S4). Metabarcoding technical quality (MTQ) and analytical quality (MAQ)
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scores are below suggested low quality thresholds (0.75 and 0.1, respectively) (38) in some
samples during the Early and Middle Holocene (Fig. S4). However, given that the quality
scores correlate with species richness and species richness is always below 30 (Fig. S4), the
low MTQ and MAQ scores are likely an artifact of the requirement that the 10 best
represented barcode sequences are required for calculation (38), and not necessarily an
indication of poor DNA preservation. However, the low MTQ and MAQ scores for the
oldest 7 samples likely do reflect poor DNA preservation as amplification of trnL targets
resulted in no assigned reads. We identified 47 plant taxa across a range of plant functional
groups throughout Litla Vidarvatn’s lake sediment record, and except for aquatic plants,
species richness generally increases throughout the Holocene in all plant functional groups
(Fig. 6). Compared to Stora Vidarvatn, Litla Vidarvatn has a higher richness of aquatic
plants (Fig. 6).

For mammalian DNA, we experimented with several primers and approaches
targeting mammals, including sheep — the most populous domesticated mammal in Iceland
(39) — in a subset of Late Holocene sediment samples from both lakes (see Supplemental
Materials). Results using the mammPO007 primer, which is commonly used to identify the
presence of sheep in lake sediment records (e.g., 22), failed to yield any positive
identification of sheep or any other domesticated mammals in Stéra and Litla Vidarvatn.
However, we did detect sheep in 5/5 replicates using mammP007 in two modern samples
(lake surface sediment and soil) from Vestra Gislholtsvatn, a lake in southwest Iceland with
large modern sheep populations (Fig. 1A). Broadly, the other mammalian primer
(16Smamm) (40), sheep-specific primers (L15496 forward primer and H15661 reverse
primer) (47), and hybridization capture approaches tested also failed to yield identification
of mammals in the lake sediment samples. As sheep are present in the catchments of both
lakes today, these results imply that the density of domesticated mammal populations
around Stéra and Litla Vidarvatn has been too low to leave a sedaDNA signal.
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Fig. 6. Plant sedaDNA records from Stora Vioarvatn (left) and Litla Vidarvatn
(right). Top: gray diamonds denote where samples were taken and analyzed for
DNA metabarcoding. Bubble plots reflect the presence/absence of select taxa,
where the size of the bubble is proportional to the number of PCR replicates (1-5).
Bottom: species richness shown for the total number of taxa as well as four plant
functional groups (i.e., aquatic, woody, graminoid, and forb). Orange bars reflect
portions of the sediment cores likely impacted by low oxygen lake conditions
based on isoGDGT-0/crenarchaeol ratios (see Fig. 5A-B).

Discussion

Lake and catchment morphometries

Stoéra and Litla Vidarvatn differ substantially in maximum lake depth (48 vs 2.5 m), surface
area (2.51 vs 0.21 km?), and catchment area (16.6 vs 1.96 km?) (Fig. 1B), which lead to
distinct seasonal changes in the physical-chemical properties of the lakes. While Stéra
Vidarvatn‘s sediment core and water property measurements were not taken from the
deepest portion of the lake, which is located to the south (Fig. 1B), measurements taken at
20 m water depth indicate that the lake remains well mixed even at greater depths throughout
the year (Figs. 2A and 2C). In contrast, shallow Litla Vidarvatn develops an oxycline during
winter, leading to the seasonal depletion of dissolved oxygen in its bottom water (Fig. 2D).
We hypothesize that Litla Vidarvatn‘s oxycline results from its comparatively smaller
volume, where dissolved oxygen is more readily depleted during microbial respiration under
winter lake ice cover (e.g., 42). This is supported by water nutrient analyses that demonstrate
Litla Vidarvatn has higher TOC/DOC than Stéra Vidarvatn in both summer and winter (29).
Given that Stora and Litla Vidarvatn are only separated by 0.6 km (Fig. 1B), any differences
in sedaDNA and GDGT proxy records must therefore be controlled by non-climate factors,
such as lake morphometry and/or physical-chemical properties.

Impact of oxygen availability on sedaDNA preservation

Our dual lake, multi-proxy approach reveals that Holocene oxygen availability differed
substantially between the two lakes. In Stéra Vidarvatn, low isoGDGT-0/crenarchaeol
values suggest the minimal presence of archaeal methanogens, except for possibly between
2900 and 1000 BP (Fig. 5A), implying that the water column and/or sediment oxygen
concentrations remained at relatively high levels throughout the Holocene. In contrast,
1s0GDGT-0/crenarchaeol ratios in Litla Vidarvatn are elevated from 8000 BP through today
(Fig. 5B), suggesting that water column and/or sediment oxygen concentrations have been
consistently low, at least seasonally. As brGDGT concentrations have been shown to
increase under anoxic conditions in some cases (e.g., 23), the increase in Litla Vidarvatn
brGDGT concentrations alongside increased isoGDGT-0/crenarchaeol at 8000 BP (Fig. 5D)
may further support this state shift towards low oxygen conditions. However, a similar
magnitude of brGDGT concentrations is found in Stéra Vidarvatn (Fig. 5C) despite GDGT-
O/crenarchaeol ratios indicating a relatively oxic lake system, and that long-term trends in
the two proxies are decoupled. This suggests that brGDGT concentrations may not always
be influenced by oxygen availability.

SedaDNA quality metrics indicate that DNA is poorly preserved in Litla Vidarvatn
prior to 8000 BP (Fig. S4). Failure to identify plant sedaDNA in Litla Vidarvatn at this time
is likely due to a lack of ##nL amplification targets rather than inhibition given the uniformity
of cycle threshold (Cr) values throughout the core. Based on the same timing of oxygen
availability inferred from isoGDGT-0/crenarchaeol, we therefore infer that the more oxic
lake environment accelerated DNA degradation in Litla Vidarvatn’s earliest record. This is
supported by bulk geochemistry that shows this sediment is predominately aquatic in origin
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and has low TOC (Fig. 4), which is consistent with the susceptibility of aquatic carbon in
lakes to oxic remineralization (43). Shallow Arctic lakes like Litla Vidarvatn are sensitive
to both UV radiation due to low DOC and long summer days (44) and temperature change
due to their small volume (Fig. 2B). A sediment record from a small lake on Svalbard
highlights that the impact of UV radiation was even stronger during the Early Holocene
when UV-attenuating compounds, such as DOC, were even more limited due to the
preceding glaciation (45). Given that experimental studies indicate that oxygen, UV
radiation, and temperature can all influence DNA preservation (24, 46-48), UV radiation
and higher summer temperatures likely compounded oxic DNA degradation in Litla
Vidarvatn during the Early Holocene.

In contrast to Litla Vidarvatn, Stora Vidarvatn‘s Holocene sedaDNA record is well
preserved (30), despite that the lake has been oxic thoughout the Holocene (Fig. 5a). A
survey of modern high-latitude lake surface sediments indicates that deep lakes generally
promote DNA preservation (49). Stéra Vidarvatn‘s sedaDNA preservation may therefore
be elevated by greater water depths that shield the sediment from UV radiation as well as
lower seasonal temperatures (Fig. 2A). This suggests that the interplay of environmental
variables that accelerate DNA degradation is complex and that identifying lakes that will
yield valuable sedaDNA records may counter prevailing practices. For example, even
though small high-latitude lakes are often targeted for sedaDNA studies (e.g., 38), deeper
lakes may be more suitable for such pursuits (49). In addition, sediment cores retrieved from
below an oxycline (i.e., anoxic) in any sized lake will likely yield well-preserved sedaDNA
records. As the pattern of postglacial plant colonization is one current focus in sedaDNA
research (13, 30, 50, 51), our results highlight that reducing conditions and oxygen
availability in lakes is an important consideration, and that shallow and/or intermittently
oxic lakes like Litla Vidarvatn may not reliably preserve the sedaDNA needed to address
this fundamental question.

Impact of oxygen and climate on brGDGT-based temperature records

Our comparison of brGDGTs in two different lakes demonstrates how oxygen availability
may impact the reliability of brGDGT-based temperature reconstructions. The similarity
between brGDGT distributions in Stora and Litla Vidarvatn compared to modern Icelandic
lake sediments (/6) suggests at least partial in situ brGDGT production in both lakes (Fig.
S3). However, Litla Vidarvatn and Icelandic soils share higher fractional abundances of
pentamethylated brGDGTs (Fig. S3A) (52). Along with Litla Vidarvatn’s relatively low
brGDGT ZXIlla/XIla ratios (0.59 and 0.92, Fig. S3E), some of the Litla Vidarvatn‘s
brGDGTs may also be derived from catchment soils (53, 54) and/or modified by oxygen
availability (55). Low oxygen conditions are known to alter lake sediment brGDGT
distributions (56, 57), possibly by shifting production to methanotrophs in colder bottom
waters and altering microbial community composition (25). Given the evidence for low
oxygen availability in Litla Vidarvatn after 8000 BP (high isoGDGT/crenarchaeol), we
assume that brGDGTs for most of the record reflect some combination of temperature and
changes in microbial community composition, and therefore unreliable as a
paleotemperature record.

The difference between Stora Vidarvatn‘s brGDGT distributions and Icelandic soils
provides confidence that in situ aquatic brGDGT production has dominated the sediment
pool and that the application of lake specific brGDGT temperature calibrations is
appropriate. Moreover, low isoGDGT/crenarchaeol ratios indicate that oxygen has not
likely altered brGDGT sources (Fig. 5SA). The qualitative MBT sme index, which has been
widely used in various brGDGT lake temperature calibrations (e.g., 58-39), yields a
relatively flat record for Stora Vidarvatn (Fig. SE), similar to Skorarvatn, a lake in northwest

10
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Iceland (36). While the insensitivity of the MBT sme to temperature in Icelandic lake
sediments is currently unclear, a recent lake brGDGT mesocosm study shows a limited
sensitivity of MBT’sme to low ambient temperatures (60). Similarly, we find that global and
Arctic months above freezing (MAF) lake temperature calibrations, which use a multilinear
regression model (/6-17), also produce relatively flat records for Stora Vidarvatn (Fig. 5G).
In contrast to indices such as mean summer temperature (MST), MAF is challenging to
interpret as a short, warm season may have the same value as a relatively long, mild season.
In addition to the fact that MST is a more important control on high-latitude plant
communities (e.g., 4), we do not currently use the MAF metric.

Using an Icelandic lake brGDGT temperature calibration that relies on the strong
relationship between the unsaturation of haptophyte alkenones and summer temperature
(36), MST anomalies for Stora Vidarvatn reveal a pattern consistent with qualitative and
quantitative lake temperature histories in Iceland (/2, 36). More specifically, we find the
highest MST anomalies during the Early Holocene (+1.75 °C, Fig. 5I) followed by general
summer cooling during the Middle and Late Holocene to the lowest MST anomalies (-2.0
°C, Fig. 5I). If temperatures from Litla Vidarvatn are considered prior to the onset of long-
term oxygen limitation, peak Early Holocene temperatures for this region of Iceland were
up to 2.1 °C higher than today (Fig. 5J). While oxygen availability does not generally affect
Stora Vidarvatn, elevated isoGDGT-0/crenarchaeol ratios between 2900 and 1000 BP
suggest a possible period of low oxygen conditions, making this interval questionable for
temperature interpretation. In contrast to Litla Vidarvatn, where persistent changes in
oxygen have likely confounded the brGDGT climate record over the last 8000 years, the
brGDGT record from Stora Vidarvatn highlights that lake sediment records from oxic
locations can yield higher quality records of temperature variability. As commonly targeted
shallow lakes are often stratified and seasonally anoxic in the Arctic (26), we recommend
using lake sediments acquired from above the seasonal oxycline or an oxic lake like Stora
Vidarvatn for the optimal use of brGDGTs in paleotemperature reconstructions.

Climate driven changes in Holocene plant assemblages

Our dual lake approach circumvents the impact of oxygen availability on brGDGT and
sedaDNA proxies and demonstrates that regional climate has been the primary forcing
behind Holocene vegetation change in Iceland. Total species richness in Stora and Litla
Vidarvatn increases through the Holocene with a substantial increase at ~4000 BP in both
lakes (Fig. 6). The increase in plant species richness at 4000 BP corresponds with a
transition from woodland to heathland environment, marked by the consistent presence of
Vaccinium and Carex, as well as cold- (e.g., Bistorta and Oreojuncus) and dry-tolerant taxa
(e.g., Galium, Ranunculus, and Saxifraga) (Fig. 6). Our independent MST anomaly
estimates from Stora Vidarvatn are inversely related to species richness in both lakes,
recording peak summer temperature anomalies during the Early Holocene (+1.75 °C and
+2.1 °C in Litla Vidarvatn) when species richness is low and lower summer temperature
anomalies (-2.0 °C) during the Late Holocene when species richness is high (Fig. 7A-B).
Outside of Iceland, sedaDNA studies from Holocene lakes in northern Fennoscandia (38)
and Late Quaternary sites across the Arctic (//) also show relatively increased plant species
richness during the Late Holocene (4200 BP to present) and Last Glacial Maximum (26,500
to 19,000 BP), two periods that were broadly colder than today. The broad consistency
across these Arctic and sub-Arctic sites demonstrates that summer temperature has been at
least one control on Holocene plant community patterns in the high latitudes, including
Iceland.
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Fig. 7. Regional climate record comparisons. (A) Stora and Litla Vidarvatn MST
anomalies (°C, this study) where orange portion between 2900 and 1000 BP
reflects a potential influence of suboxic conditions, (B) Stora and Litla Vidarvatn
sedaDNA species richness (this study), (C) Ytra-Aland pollen (%TLP, total land
pollen (62)), (D) Stora Vidarvatn pyroPAHs (ng/g sed (/4)), (E) eastern North
Iceland Shelf sea surface (HM107-05, (66)) and subsurface temperatures (JR51-
GC35 (65)), and (F) North Iceland Shelf sea ice records based on the IP2s
biomarker (ng/g sed) from sites MD99-2269 and JR51-GC35 (64). Vertical blue
bars highlight peaks in Ericales and heathland inferred from Ytra-Aland pollen.
Dashed blue line at 4000 BP marks the onset of local heathland expansion and
dashed gray line at 1500 BP indicates the onset of local soil erosion.

A Holocene pollen record from Ytra-Aland, a peat section located ~12 km east of
Stéra and Litla Vidarvatn (Fig. 1A), provides complementary information on changes in
past plant communities as, unlike DNA, pollen generally reflects taxa abundance (67). From
9000 to 7900 BP and from 2900 to 1000 BP, the relative abundance of Betula pollen (green,
Fig. 7C) decreases at the expense of Ericales (blue, Fig. 7c), reflecting periods of local
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heathland environments (62). Prior to 2900 BP, Ericales pollen begins to increase at 4000
BP (Fig. 7C), which is consistent with additional local peat pollen records reflecting the
Late Holocene expansion of heathland (63), the timing of increased sedaDNA species
richness (Fig. 7B), declining MST anomalies (Fig. 7A), and increased sea ice presence on
the North Iceland Shelf (Fig. 7F) (64). Between 2900 and 1000 BP, increased fire frequency
reconstructed from pryogenic polycyclic aromatic hydrocarbons (pyroPAHs) in Stora
Vidarvatn (Fig. 7D) (/4) further suggests a relatively dryer, cooling climate that may have
preconditioned the environment to natural forest fires at this time. Broadly, these climate
changes follow a regional pattern of Late Holocene cooling observed in eastern North
Iceland Shelf surface and subsurface temperatures (65, 66) and drift ice (64).

While the plant sedaDNA records from Stoéra and Litla Vidarvatn show broadly
similar patterns, one key difference between the two is the diversity of aquatic taxa. Bulk
geochemical proxies (high 8'°C and low C/N) indicate that organic matter in Litla Vidarvatn
is predominately aquatic (Fig. 5F and H) (/2), which is consistent with higher diversity of
aquatic taxa DNA (Fig. 6) and with the shallowness of the lake that permits light penetration
needed for higher photosynthetic rates. Litla Vidarvatn‘s record includes two notable
aquatic taxa that inhabit clear and calm waters: Isoetes and Callitriche. Whereas some
cosmopolitan aquatic taxa (e.g., Potamogetonaceac and Myriophyllum) are present
throughout the record, Isoetes and Callitriche dissappear after 1450 and 2150 BP,
respectively (Fig. 6). Based on bulk geochemistry records from Stéra and Litla Vidarvatn
(33C and C/N), the onset of persistent Late Holocene soil erosion begins at 1500 BP (Fig.
5) (1/4), which likely enhanced water turbiditiy and limited Isoetes production. A sharp
decrease in Litla Vidarvatn‘s BSi occurs at 1500 BP as well (Fig. 5D and J), suggesting
diatom productivity may have also decreased possibly due to increased soil erosion and
more limited sunlight transmission. Considering the current debate on the onset and origins
of soil erosion in Iceland (i.e., natural vs anthropogenic) (12, 14), our bulk geochemistry
and plant sedaDNA evidence argues for the onset prior to local human occupation (~1010
BP/940 CE) (67), and therefore a natural driver. The coincidental timing of increased soil
erosion in northeast Iceland and drift ice on the North Iceland Shelf at 1500 BP suggests
that the rapid expansion of Polar water masses around Iceland played an important role in
these natural environmental changes (Fig. 7F).

The presence and environmental impact of humans in Icelandic lake sediments has
largely been assumed based on the timing of acknowledged Norse settlement (~1080 BP),
although some proxies diagnostic of human presence have been proposed (/2). Of these
proxies, fecal sterols (biomarkers produced in mammal intestinal tracts) and mammalian
sedaDNA of humans and/or their domestic livestock offer the best promise as they are more
direct indicators of human presence in the catchment (2/-23). In Iceland, fecal biomarker
records from Stoéra Vidarvatn only show concentrations above background levels in recent
centuries, suggesting that following Norse settlement there was either 1) no substantial
mammalian population or 2) fecal sterols were diluted in a large lake (/4). Even with Litla
Vidarvatn‘s considerably smaller size and higher TOC content (i.e., less minerogenic
dilution), our DNA metabarcoding and target capture efforts, which are more source-
specific than fecal biomarkers, failed to yield reads for domestic livestock in either lake.
Coupled with the positive identification of sheep DNA in our test validation site (Vestra
Gilsholtsvatn), the null results from Stoéra and Litla Vidarvatn indicate that the lack of
mammalian sedaDNA reads is likely due to low sheep populations (e.g., 22). As we also
observe no substantial changes in bulk geochemistry or sedaDNA environmental proxies
following local human settlement at ~1010 BP/870 CE, we infer that humans and their
livestock have left a limited footprint on the local terrestrial environment (e.g., /4). As other
Icelandic sedaDNA records report ecosystem disturbances following settlement (e.g., /3),
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our records indicate predominately climate-driven Holocene environmental change and
therefore robust empirical constraint for climate and vegetation models.

In conclusion, to provide robust constraints for predictive models, reconstructing
past climate-plant dynamics requires quality records of local climate and plant assemblage.
However, two of the most promising proxy methods in the field (brGDGTs and plant
sedaDNA) often require contrasting lake mixing regimes for reliable paleoenvironmental
interpretations. Our results from Iceland demonstrate that brGDGTs are best applied in oxic
lakes whereas plant sedaDNA is best preserved in stratified, low oxygen settings,
highlighting that both climate and plant history can be challenging to reconstruct from one
site alone. This may be one reason why their analysis from the same sediment records is
rare (e.g., 50). As shallow lakes may also capture relatively greater proportions of aquatic
plant DNA compared to deeper lakes (20), applying a dual lake approach, with
geographically proximal oxic and low oxygen lakes, can overcome these hurdles and lead
to more holistic and detailed records of climate-plant dynamics in sites across the high
latitudes.

Materials and Methods

Modern water quality and water chemistry

Stora Vidarvatn (66.24°N, 15.84°W) is a relatively large (2.5 km?), deep lake (48 m), and
Litla Vidarvatn (66.24°N, 15.81°W) is a relatively small (0.2 km?), shallow lake (2.5 m) —
both located at located at 151 m asl and separated by 0.6 km in NE Iceland (Fig. 1). We
used iButtons loggers (Thermochron DS1925L, Maxim Integrated Products) to measure in
situ surface and bottom water (20 m depth) temperatures in Stora Vidarvatn and surface
water temperature only in Litla Vidarvatn (due to the shallow water depth) at 6-hour
intervals between September 2019 and September 2020 (Fig. 2A-B) (68). We also measured
temperature, pH, dissolved oxygen, and conductivity with a multiparameter probe
(HydroLab HL4, OTT HydroMet) at ~0.5-m increments along vertical profiles at each
lake’s coring location in September 2019 and February 2020 (Fig. 2C-D and S1) (29). We
note that bottom water measurements taken for Stora Vidarvatn are not from the deepest
portion of the lake (48 m depth), which is located south of the sampling site (20 m depth)
Fig. 1B).

Lake sediment cores and chronology
In February 2020, we recovered an 8.93 m long core from Stora Vidarvatn (20SVID-02)
and a 7.25 m long core from Litla Vidarvatn (20LVID-02/01) atop lake ice platforms using
Bolivia coring systems (Fig. 1B). 20SVID-02 was collected in 7 continuous drives, whereas
20LVID-02/01 was collected in 2 overlapping drives. Sediment sections were photographed
and measured for magnetic susceptibility (MS) at the University of Minnesota’s Continental
Scientific Drilling Facility, the latter of which was used to splice sections 20LVID-02 and
20LVID-01 into a single composite sediment record (Fig. S2). Core sections were stored at
4 °C until sampling was conducted for proxy analyses.

Bayesian age models for Stéra Vidarvatn have been previously published, which use
13 visible tephra layers of known age and their geochemical fingerprints (/4, 30). For Litla
Vidarvatn, age control is based on 11 radiocarbon ages from moss macrofossils (Table S1)
and 2 marker tephra layers identified visually (G10ka Series, 10400 to 9900 BP (37) and
Hekla 3, 3010 £ 54 BP (32)). Radiocarbon samples were given an acid-base-acid
pretreatment and graphitized at the University of Colorado Boulder, then measured by AMS
at the University of California Irvine. The two marker tephra sequences/layers identified in
Litla Vidarvatn are widely dispersed across Iceland (31, 69), form relatively thick, coarse-
grained local deposits (Fig. S2), and are geochemically confirmed in the sediment record
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from Stora Vidarvatn (/4, 30). We generated a Bayesian age model for Litla Vidarvatn
using the R package rbacon, default model functions (70), and the IntCal20 calibration curve
(71). For the 9-cm-thick Hekla 3 tephra layer, we used the ‘slump’ function in rbacon to
represent its instantaneous deposition (Fig. 3). For the G10ka Series, we only used the upper
boundary dated to ~9900 BP as the Litla Vidarvatn sediment record’s bottom ends within
the tephra unit and it is unclear if the entire tephra unit extending back to ~10400 BP was
recovered.

Bulk sediment geochemistry

Stora Vidarvatn‘s bulk geochemical record has been previously published and is based on
181 samples (/4). 150 new samples were taken from Litla Vidarvatn and measured for total
carbon (TC), total nitrogen (TN), and 3'3C (relative to VPDB) on a PDZ Europa ANCA-
GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer
at the University of California Davis Stable Isotope Facility. We did not decalcify the
samples from either lake sediment record due to the limited stock of inorganic carbon in
and around the lakes, and therefore take TC to reflect total organic carbon (TOC) (/4). For
each of these samples, we also measured biogenic silica by diffuse reflectance Fourier
Transform Infrared Spectrometry (FTIRS) on a Bruker Vertex 70 with a Praying Mantis
diffuse reflectivity accessory (Harrick) at the University of Colorado Boulder. We report
values in FTIRS absorbance units.

Lipid biomarkers

At the University of Colorado Boulder Organic Geochemistry Laboratory, we freeze-dried
54 sediment samples from Litla Vidarvatn (~1-2 g) and extracted each two times on a
Dionex accelerated solvent extractor (ASE 350) using dichloromethane (DCM):methanol
(9:1, v/v) at 100 °C and 1500 psi. For Stéra Vidarvatn, we used 83 previously extracted
samples (/4). A 5 or 10 % aliquot of total lipid extracts (TLE) were taken for glycerol
dialkyl glycerol tetracther (GDGT) analysis, resuspended in n-hexane:isopropanol (99:1,
v/v), sonicated, vortexed, and then filtered using a 0.45 um polytetrafluoroethylene (PTFE)
syringe filter. Prior to analysis, samples were spiked with 10 ng of the C4¢ GDGT internal
standard (72). GDGTs were identified and quantified via high-performance liquid
chromatography—mass spectrometry (HPLC-MS) following modified methods of Hopmans
et al. (ref 73) on a Thermo Scientific Ultimate 3000 HPLC interfaced to a Q Exactive Focus
Quadrupole-Orbitrap MS (76). Isoprenoid and branched GDGTs were identified based on
their characteristic masses and elution patterns.

To reconstruct past environmental conditions, we used a variety of published indices
and temperature calibrations that rely on the distribution and fractional abundance of
isoprenoid and branched GDGTs. While many regional and global temperature calibrations
exist for lake sediment brGDGTs, we focus on those that are either local to Iceland (36) or
“global” and incorporate Icelandic lake sediment samples (/6, /7). This rationale is
supported by recent statistical analyses that demonstrate regional clustering of global
brGDGT distributions and advocate for site-specific or regional calibrations (74).

First, we used the ratio of is0GDGT-0/crenarchaeol as a proxy for the presence of
archaeal methanogens (27). For relative temperature, we used the MBT’sme (35), which
while not including samples from Iceland, forms the basis of many lake brGDGT
calibrations:

MBT’sme = ([Ia] + [Ib] + [Ic])/([Ia] + [Ib] + [Ic] + [Ia] + [IIb] + [1Ic] + [1Ia])
For quantitative temperature estimates, we used an in-situ lake brGDGT calibration from
Skorarvatn (36), a lake in NW Iceland (Fig. 1a), that capitalizes on the strong relationship
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between the unsaturation of alkenones, a separate class of lipids produced by haptophyte
algae, and summer temperature (U*37) (75):

U537 =-0.1540 x [IIa] + 0.3538 x [Ia] + 1.0016 x [IIIa’] — 0.7537
UK37,=0.0287x T

While this calibration was developed for Skorarvatn’s sediment record specifically, we
argue that the application for at least Stora Vidarvatn is reasonable given the similar water
depths of core sites (25 vs 20 m depth, respectively), and therefore, likely similar seasonal
water properties. In addition, we used three global lake temperature calibrations that
incorporate high latitude and highly seasonal regions, including Iceland, and reconstruct
temperature using the months above freezing (MAF) metric (/6, /7). The first is based on
the traditional calculation of brGDGT fractional abundance against all 15 major brGDGTs
(i.e., Full Set) (16):

MAF = -8.06 + 37.52 x [fla] — 266.83 x [fIb]? + 133.42 x [fIb] + 100.85 x [fIla’]? + 58.15
x [fIlTa’]? + 12.79 x [fIIIa]

The second is based on a revised fractional abundance calculation that isolates structural
groups, such as methylation number and position and cyclization number (i.e., Methylation

Set) (16):

MAF = 92.9 + 63.84 x [fIbyen]? — 130.51 x [fTbyen] — 28.77 x [fTlamen]? — 72.28 x
[fIbyen]? — 5.88 x [fllemen]? + 20.89 x [flllapen]? — 40.54 x [fIlTaen] — 80.47 x [fIlTbye]

Finally, we used an Arctic lakes temperature calibration that uses the traditional calculation
of brGDGT fractional abundance against all 15 major brGDGTs (i.e., Full Set) and the
months above freezing (MAF) metric (/7):

MAF = 17.0 - 11.4 x [fTla] — 17.4 x [fIlTa] — 15.9 x [fIla’] — 124.4 x [fIIIb]

DNA metabarcoding

All DNA sampling was conducted in a dedicated clean lab facility with no PCR products in
the University of Colorado Boulder Trace Metal Lab. Stéra Vidarvatn‘s sedaDNA plant
DNA record has been previously published and is based on 75 samples (30). For Litla
Vidarvatn, we took 54 samples immediately after splitting the sediment cores. Biomarker
samples, as described above, were collected from the same intervals as DNA samples,
ensuring that the two timeseries are time locked.

We performed sample extraction and processing in a dedicated ancient DNA
laboratory at the University of California Santa Cruz Paleogenomics Lab. Before sample
extraction, we compared three sedimentary DNA extraction methods (76-78) to evaluate
their individual performance for Icelandic lake sediment (see Supplementary Materials).
Based on these results, we extracted lake sediment samples following Rohland et al. (ref
76). Complete methods for extraction, quantitative PCR (qPCR), #nL metabarcoding,
sequencing, and bioinformatic processing are provided in the Supplementary Materials and
are identical to those previously published for Stéra Vidarvatn (30).

For mammalian DNA, we tested several metabarcoding primers and methods. We
initially generated metabarcoding libraries for 16Smamm (40) on the extraction comparison
sample set as well as two sheep specific targeting primer sets (47), and then focused efforts
on the shorter mammPO007 primer in tandem with previously described human blocking
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oligos (22). The sheep specific and mammPO007 primers were tested on a subset of lake
sediment samples from Stora and Litla Vidarvatn. Complete methods for sequencing and
bioinformatic processing are provided in the Supplementary Materials. Lastly, we generated
single stranded shotgun libraries from a subset of Litla Vidarvatn lake sediment samples
using the Santa Cruz library preparation method (79) and performed hybridization capture
with a mammalian mitochondrial genome targeting Arbor mybaits set (§0) and modified to
include additional taxa (see Supplementary Materials). To validate the mammalian DNA
tests, we collected and analyzed two modern soil and lake surface sediment samples from
south Iceland where sheep are prevalent today (Vestra Gislholtsvatn, Fig. 1A).
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