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Abstract 46 
Future changes in high latitude shrubification are expected to lead to changes in ecosystem 47 
structure and positive climate feedbacks, but the rates and elevational range of shrubification are 48 
still poorly constrained. Using a sediment record from a small lake in Iceland’s eastern highlands 49 
(422 m asl), we merge a sedimentary ancient DNA (sedaDNA) record of Betula with mean summer 50 
lake temperature (MST) reconstructed from bacterial branched glycerol dialkyl glycerol tetraethers 51 
(GDGTs) to quantify the extent and climate sensitivity of Icelandic woodlands. Our data show that 52 
during the Early Holocene MSTs were 2.75 oC warmer than present and Betula woodlands were 53 
present in the lake‘s catchment, significantly higher than their current regional limit (250 to 350 54 
m asl). During the Middle and Late Holocene, reconstructed MSTs are unreliable likely due to 55 
reducing conditions in the lake‘s water column inferred from archaeal isoprenoid GDGTs. 56 
However, relative temperature changes inferred from biogenic silica abundance indicate that the 57 
disappearance of Betula from the catchment was coeval with Little Ice Age cooling. Using Early 58 
Holocene warmth as a partial analog for future climate change, Coupled Model Intercomparison 59 
Project Phase 6 (CMIP6) ensemble projections suggest that the natural re-expansion of Betula 60 
woodlands to the eastern highlands is possible by 2100 CE, which would occupy >42 % of 61 
Iceland‘s land surface area. 62 
 63 

1. Introduction 64 
The range expansion of deciduous shrubs (i.e., shrubification) is a key feature of high-latitude 65 
ecological change (Tape et al., 2006; Myers-Smith et al., 2011; Elmendorf et al., 2012; Sweet et 66 
al., 2015). Not only does shrubification alter the structure of regional ecosystems (Elmendorf et 67 
al., 2012; Fauchald et al., 2017; Collins et al., 2018; Criado et al., 2025), it also has important 68 
implications for the global climate system. The expansion and increased height and density of 69 
woody shrubs reduces the surface albedo (Sturm et al., 2005) and increases atmospheric water 70 
vapor through evapotranspiration (Pearson et al., 2013). Both mechanisms amplify warming and 71 
are important feedback mechanisms for global paleoclimate (Thompson et al., 2022) and ice sheet 72 
models (Sommers et al., 2021). However, empirical reconstructions of past shrubification are 73 
needed for optimal model parametrization before they can be run forward under various emission 74 
scenarios. Recently, with the advent of advanced analytical techniques such as sedimentary ancient 75 
DNA (sedaDNA), robust empirical patterns of shrubification are emerging from northern high 76 
latitude lake sediment records that can support climate simulations (e.g., Crump et al., 2019, 2021; 77 
Alsos et al., 2021; Harning et al., 2023). 78 
 Shrubification reconstructions from islands during deglacial times, such as on Iceland, are 79 
particularly valuable as they constrain possible dispersal mechanisms for plant colonization as well 80 
as subsequent range expansion (Alsos et al., 2021; Harning et al., 2023). Landnámabók, the oldest 81 
source on the settlement of Iceland (c. 870 CE, 1080 cal yr BP) written in the first half of the 12th 82 
Century, claims that forests covered the shore to mountainsides when humans arrived (“Í þann tíð 83 
vas Ísland viði vaxit á miðli fjalls ok fjoru”, Vésteinsson, 1998), which has been interpreted as 84 
widespread Betula (birch) woodlands at the time (~25 % land surface area, Smith, 1995). At lower 85 
elevation coastal sites, lake sediment records based on pollen and sedaDNA constrain postglacial 86 
Betula colonization patterns (e.g., Hallsdóttir, 1995; Alsos et al., 2021; Geirsdóttir et al., 2022; 87 
Harning et al., 2023, 2025). At higher elevations in Iceland, however, Holocene Betula records are 88 
limited to a single pollen record (Barðalækjartjörn, 413 m asl,) and two macrofossil records 89 
(Barðalækjartjörn and Vesturárdalur, 450 m asl, Wastl et al., 2001; Eddudóttir et al., 2016) (Fig. 90 
1A). Unfortunately, due to long-distant transport, pollen is often an unreliable proxy for 91 



Harning et al. 3 

determining the first appearance of taxa on the landscape, while macrofossils are inconsistently 92 
preserved in the sedimentary record (Hyvärinen, 1970; Birks, 2003; Harning et al., 2023). Given 93 
the superior reliability of lake sedaDNA for reconstructing catchment-scale vegetation (Sjögren et 94 
al., 2017; Alsos et al., 2018; Capo et al., 2021), new Holocene sedaDNA records are needed from 95 
the Icelandic highlands. 96 
 Considering this knowledge gap, we first provide a high-resolution Holocene plant 97 
sedaDNA record from the lake Heiðarvatn (elevation 422 m asl), in the eastern highlands of 98 
Iceland (Fig. 1A). Second, we pair Heiðarvatn’s sedaDNA record with mean summer lake 99 
temperature reconstructed from bacterial branched glycerol dialkyl glycerol tetraethers 100 
(brGDGTs) to quantify local Early Holocene summer warmth. Third, by focusing on the 101 
thermophilic woody taxon Betula, we compare Heiðarvatn’s record with low- (52 to 151 m asl) to 102 
high-elevation (413 to 450 m asl) plant sedaDNA and macrofossil records to track Early Holocene 103 
shrubification in Iceland. Our paired Betula and summer temperature history allows us to place 104 
Early Holocene woodland conditions within the context of future warming scenarios and suggest 105 
that Betula, barring human intervention, is likely to naturally expand across the Icelandic highlands 106 
by the end of the 21st Century. In addition to insight on the Holocene evolution of Icelandic 107 
ecosystems and climate, our data provide targets for climate models incorporating positive woody 108 
vegetation feedbacks. 109 

 110 
Fig. 1: Overview map of Iceland. (A) Location of Heiðarvatn in east Iceland related to other 111 
terrestrial (yellow) paleoclimate and vegetation records mentioned in the text. Active central 112 
volcanos (triangles) that produced tephra layers used in the age model are also marked. (B) Close-113 
up of Heiðarvatn, its catchment (dotted white line), outflow (blue line), location of the 20HEID 114 
sediment core site (yellow), and modern Betula treeline in Breiðdalur (dotted green line). 2017 115 
base image courtesy of Loftmyndir ehf.  116 
 117 

2. Methods and Materials 118 
2.1. Study area 119 

Heiðarvatn (64.90 °N, 14.59 °W) is a relatively small lake with a surface area of 0.16 km2 and max 120 
water depth of 15.1 m. The lake sits in Iceland’s eastern highlands of Breiðdalsheiði (422 m asl, 121 
Fig. 1A) atop Tertiary volcanic bedrock (Harðarson et al., 2008) and drains to the east through one 122 
outflow into Breiðdalur (Fig. 1B). Soils within Heiðarvatn‘s catchment consist of brown to gleyic 123 
histosols and vitrosols (Arnalds and Gretarsson, 2001) and, based on our field visits in September 124 

Fig. 1: Overview map of Iceland. (A) Location of Heiðarvatn in east Iceland 
related to other terrestrial (yellow) paleoclimate and vegetation records 
mentioned in the text. Active central volcanos (triangles) that produced tephra 
layers used in age models are also marked. (B) Close-up of Heiðarvatn, its 
catchment (dotted white line), outflow (blue line), location of the 20HEID 
sediment core site (yellow), and modern treeline in Breiðdalur (dotted green 
line). 2017 base image courtesy of Loftmyndir ehf. 
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2019 and 2020, catchment vegetation is dominately comprised of moss heath and grassland or 125 
sparesly vegetated habitat. Modern Betula treeline is below Heiðarvatn in Breiðdalur between 126 
elevations of ~250 to 350 m asl (Fig. 1B). 127 

Between September 2019 and September 2020, iButtons loggers 128 
(Thermochron DS1925L, Maxim Integrated Products) measured in situ surface and bottom lake 129 
water temperatures at 6-hour intervals (Fig. S1A, Raberg et al., 2021b). We also measured 130 
dissolved oxygen, specific conductivity, and pH with a multiparameter probe (HydroLab HL4, 131 
OTT HydroMet) at ~0.5-m increments along a vertical profile at our sediment core site in 132 
September 2019 and February 2020 (Fig. S1B-D, Raberg et al., 2023). These modern 133 
physicochemical water properties are used to guide our interpretation of lipid biomarker and 134 
sedaDNA data. 135 
 136 

2.2. Sediment core and chronology 137 
In February 2020, we recovered a 7.68 m long core from Heiðarvatn (20HEID) using a Bolivia 138 
piston coring system. 20HEID was collected in three overlapping drives (20HEID-04, 20HEID-139 
01, and 20HEID-02), where the final drive reached refusal at the bottom of the lake and the surface 140 
core preserved the sediment-water interface. Sediment sections were photographed and measured 141 
for magnetic susceptibility (MS) at the Continental Scientific Drilling Facility (University of 142 
Minnesota) and used to splice the three sections into a single composite sediment record. Sealed 143 
core sections were stored at 4 oC at the University of Colorado Boulder until sampling. 144 

Heiðarvatn’s chronology relies on 11 visible tephra layers of known age as no plant 145 
macrofossils were found for radiocarbon (14C) analysis. Each tephra layer was sampled along the 146 
vertical axis, sieved to isolate glass fragments between 125 and 500 µm, and embedded in epoxy 147 
plugs. At the University of Iceland, individual glass shards were analyzed on a JEOL JXA-8230 148 
electron microprobe using an acceleration voltage of 15kV, beam current of 10 nA, and a beam 149 
diameter of 10 µm. The international A99 (basalt) and Lipari (rhyolite) standards were used to 150 
monitor for instrumental drift and maintain consistency between measurements. Tephra origin was 151 
then assessed using major oxide compositions, following the systematic procedures outlined in 152 
Jennings et al. (2014) and Harning et al. (2018a). Briefly, based on SiO2 wt % vs total alkali 153 
(Na2O+K2O) wt %, we determined whether the tephra volcanic source is mafic (tholeiitic or 154 
alkalic), intermediate, and/or rhyolitic. From here, we objectively discriminate the source volcanic 155 
system through a detailed series of bi-elemental plots produced from available compositional data 156 
on Icelandic tephra. Source eruption was then determined using the geochemical fingerprint and 157 
relevant stratigraphic information. See Supporting Data for complete major oxide compositions. 158 

A coarse-grained unit of sediment was identified between 544 and 583 cm depths and 159 
suspected to have been deposited as a slump in the sedimentary record. To test this, we sampled 160 
bounding bulk sediment for 14C dating. Humic acids were extracted following the procedures of 161 
Abbott and Stafford (1996), graphitized at the Laboratory for AMS Radiocarbon Preparation and 162 
Research (University of Colorado Boulder), then measured by AMS at the W.M. Keck Carbon 163 
Cycle AMS Laboratory (University of California Irvine). AMS 14C ages were then calibrated using 164 
the IntCal20 calibration curve (Reimer et al., 2020), which are statistically indistinguishable from 165 
each other (9780 ± 100 and 9590 ± 60 cal yr BP, Fig. 2A and Table S2).  166 

We generated a Bayesian age model using the 11 tephra layers in the R package rbacon 167 
using default settings and the ‘slump’ function to account for the instantaneous deposition of 168 
sediment between 583 and 544 cm depths (Blaauw and Christen, 2011; R Core Team, 2020). While 169 
the calibrated 14C humic acid dates are stratigraphically too old likely due to old carbon on the 170 
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landscape (Geirsdóttir et al., 2009a), the similarity in ages along with the minerogenic nature of 171 
the sediment (high MS, Fig. 2C) suggests that this unit was deposited instantaneously. Therefore, 172 
these two dates were omitted from the final age model (Fig. 2A).  173 

 174 
Fig. 2: Bayesian age model and lake sediment stratigraphy for Heiðarvatn. A) rbacon age model 175 
using tephra layers of known age (green), where solid red line reflects the median of model 176 
iterations, the outer gray lines denote the 95% confidence interval, and red data points reflect 177 
omitted sediment humic acid 14C dates (n = 2), B) core image with exaggerated width for easier 178 
visibility, and C) magnetic susceptibility (MS, SI x 10-5). Horizontal gray bar across panels A-C 179 
reflects the position of the instantaneous sediment slump that was removed from the age model. 180 
See Tables S1 and S2 for tephra layer and radiocarbon information, respectively.  181 
 182 

2.3. Bulk sediment geochemistry 183 
156 samples were taken and measured for total carbon (TC), total nitrogen (TN), and δ13C (relative 184 
to VPDB) at the Stable Isotope Facility (University of California Davis). We did not decalcify 185 
samples due to the limited stock of inorganic carbon in and around the lake, and therefore take TC 186 
to reflect total organic carbon (TOC, see Ardenghi et al., 2024). Each sample was analyzed on a 187 
PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 188 
spectrometer. We also measured 181 samples for biogenic silica at the University of Colorado 189 
Boulder using a diffuse reflectance Fourier Transform Infrared Spectrometry (FTIRS) on a Bruker 190 
Vertex 70 with a Praying Mantis diffuse reflectivity accessory (Harrick). We report values in 191 
FTIRS - Fourier Transform Infrared Spectroscopy absorbance units (e.g., Harning et al., 2018b). 192 
 193 

2.4. Lipid biomarkers 194 
At the Organic Geochemistry Laboratory (University of Colorado Boulder), we freeze-dried 60 195 
sediment samples (∼1 to 10 g) and extracted each two times on a Dionex accelerated solvent 196 
extractor (ASE 350) using dichloromethane (DCM):methanol (9:1, v/v) at 100 oC and 1500 psi. A 197 
25 % aliquot of total lipid extracts (TLE) was taken for glycerol dialkyl glycerol tetraether (GDGT) 198 
analysis, resuspended in n-hexane:isopropanol (99:1, v/v), sonicated, vortexed, and then filtered 199 
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using a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter. Prior to analysis, samples were 200 
spiked with 10 ng of the C46 GDGT internal standard for GDGT quantification (Huguet et al., 201 
2006). GDGTs were identified and quantified via high-performance liquid chromatography–mass 202 
spectrometry (HPLC-MS) following modified methods of Hopmans et al. (2016) on a Thermo 203 
Scientific Ultimate 3000 HPLC interfaced to a Q Exactive Focus Quadrupole-Orbitrap MS 204 
(Raberg et al., 2021a). Isoprenoid and branched GDGTs were identified based on their 205 
characteristic masses and elution patterns. 206 
 To reconstruct past environmental conditions, we explored a variety of published indices 207 
and temperature calibrations that rely on the distribution and fractional abundance of isoprenoid 208 
and branched GDGTs (isoGDGT and brGDGT, respectively). Briefly, we focused on the ratio of 209 
isoGDGT-0/crenarchaeol as a proxy for the relative abundance of archaeal methanogens (Blaga et 210 
al., 2009). For quantitative temperature estimates, we relied on an in-situ brGDGT calibration from 211 
Skorarvatn (Harning et al., 2020), a lake in NW Iceland (Fig. 1A), that capitalizes on the strong 212 
relationship between the unsaturation of alkenones (UK37,), a separate class of lipids produced by 213 
haptophyte algae, and mean summer lake temperature (MST, D’Andrea et al., 2016): 214 

UK37 = -0.1540 x [IIIa] + 0.3538 x [Ia] + 1.0016 x [IIIa’] – 0.7537 215 
UK37 = 0.0287 x T (T S.E. = 1.3 oC) 216 

We assume that the reconstructed lake water temperatures reflect June, July, and August because 217 
these months reflect peak lake water temperatures in both lakes (Fig. S1A) when most alkenone 218 
synthesis should occur during haptophyte algal blooms (e.g., D’Andrea et al., 2016). We note that 219 
other brGDGT temperature calibrations exist for lake sediment, such as the MBT’5Me and 220 
temperature for months above freezing (MAF) indices (Fig. S2, e.g., De Jonge et al., 2014; Raberg 221 
et al., 2021a; Otiniano et al., 2024). However, we opt for the MST calibration as the JJA months 222 
are most important for high-latitude plant communities (e.g., Elmendorf et al., 2012) and are 223 
common output of climate models (e.g., IPCC, 2021) needed for data-model comparisons. 224 
 225 

2.5. sedaDNA metabarcoding 226 
Our sedaDNA metabarcoding approach followed the same method used for two other recent 227 
Holocene lake sediment records from Iceland, Stóra and Litla Viðarvatn (Fig. 1A, Harning et al., 228 
2023, 2025). Briefly, sedaDNA sampling (n = 59) was conducted immediately after splitting the 229 
sediment cores in a dedicated clean lab with no PCR products in the Trace Metal Lab (University 230 
of Colorado Boulder). SedaDNA samples were collected from the same intervals as biomarker 231 
samples, as described above, ensuring that the two series are time locked. We performed sample 232 
extraction and processing in a dedicated ancient DNA laboratory (Paleogenomics Lab, University 233 
of California Santa Cruz). Based on a comparison of three sedimentary DNA extraction methods 234 
(Harning et al., 2025), we extracted lake sediment samples following Rohland et al. (2018). 235 
Complete methods for extraction, quantitative PCR (qPCR), trnL metabarcoding, sequencing, and 236 
bioinformatic processing are provided in the Supporting Information Text S1. 237 
 238 

3. Results and Interpretation 239 
3.1. Sediment core stratigraphy and chronology 240 

The 7.68-m-long composite sediment core (20HEID) captures Heiðarvatn’s entire Holocene 241 
sediment package as coring equipment reached refusal, which we interpret to reflect the basement 242 
bedrock, and the sediment-water interface was intact. Our Bayesian age model, which is based on 243 
11 geochemically confirmed tephra layers with known ages (Table S1), has a relatively linear 244 
sedimentation rate from the Askja S tephra layer at the base of the record (10830 cal yr BP, Bronk 245 
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Ramsey et al., 2015) until the Hekla 4 tephra layer (4200 cal yr BP, Dugmore et al., 1995), where 246 
sedimentation rates increase before increasing again after the Kverkfjöll tephra layer (1130 cal yr 247 
BP) (Fig. 2A). Age model uncertainty is ~400 years during the Early Holocene and decreases 248 
towards present due to more frequent age control points (Fig. 2A). The base of the core at 768 cm 249 
(~10850 cal yr BP) up to 600 cm (~7800 cal yr BP) is comprised of dense laminated clay to silt 250 
and repeated, thick (cm to dm), coarse-grained tephra layers. Above 600 cm, the sediment 251 
transitions to organic gyttja (massive and laminated) with thinner (mm to cm), discrete tephra 252 
layers.  253 
 254 

3.2. Geochemical paleoclimate proxies 255 
Magnetic susceptibility (MS) shows relatively high values from the base of the record until ~7800 256 
cal yr BP (Fig. 3A), reflecting a greater contribution of minerogenic material to the lake sediment 257 
possibly due to meltwater discharge from a retreating ice sheet as well as thick tephra layers. 258 
Periodic MS spikes after ~7800 cal yr BP are due to discrete tephra layers (Fig. 3A). Bulk organic 259 
geochemistry is characterized by %TOC ranging from 0.01 to 6.97 %, C/N ranging from 3.07 to 260 
14.9, δ13C ranging from -27.2 to -22.5 ‰, and BSi ranging from 11 to 61 FTIRs absorbance units 261 
(Fig. 3B-D). We do not include organic geochemistry analyses of the deglacial sediments older 262 
than ~7800 cal yr BP due to minimal organic matter content. Based on the composition of modern 263 
organic matter sources in Icelandic lakes (e.g., Geirsdóttir et al., 2020), bulk geochemistry of 264 
Heiðarvatn‘s sediment indicates relatively low contributions of aquatic sources compared to 265 
terrestrial plants and soil throughout the record (relatively high C/N and low δ13C, Fig. 3C-D). 266 
While generally stable, sediments between ~7800 and 7500 cal yr BP and younger than ~500 cal 267 
yr BP have higher proportions of aquatic sources (relatively low C/N and high δ13C, Fig. 3C-D). 268 
Finally, after the catchment stabilizes ~7800 cal yr BP, BSi indicates relatively high diatom 269 
productivity to ~4900 cal yr BP before generally decreasing towards present (Fig. 3E). 270 

IsoGDGTs are present above the detection limit in all samples from Heiðarvatn. The ratio 271 
of isoGDGT-0/crenarchaeol ranges from 0.78 to 104, with values staying persistently elevated 272 
after ~5150 cal yr BP (Fig. 3F). Increased isoGDGT-0/crenarchaeol ratios likely indicate intervals 273 
of more reducing conditions (low dissolved oxygen concentrations) that promote archaeal 274 
methanogenesis (Blaga et al., 2009; Naeher et al., 2014). These reducing conditions could result 275 
from increased organic matter deposition and respiration in the lake sediment and/or low dissolved 276 
oxygen concentrations in the water column  (Blaga et al., 2009; Naeher et al., 2014). As brGDGT 277 
concentrations have been shown to increase under anoxic water columns in other lakes (Weber et 278 
al., 2018; Baxter et al., 2024), the close correspondence between brGDGT concentrations and 279 
isoGDGT-0/crenarchaeol (Fig. S2B) suggests that the isoGDGT-0/crenarchaeol in Heiðarvatn 280 
reflects the redox state of the aquatic environment. Inferred increases in reduced conditions 281 
between ~6800 and 6220 cal yr BP and after 5150 cal yr BP are also supported by 282 
contemporaneous increases in %TOC (Fig. 3B, orange bars), where reduced oxygen exposure 283 
likely contributes to enhanced TOC preservation (Sobek et al., 2009). Given the modern 284 
development of Heiðarvatn‘s seasonal oxycline (bottom water anoxia, Fig. S1B), we assume that 285 
Holocene changes in reducing conditions were driven by winter water column stratification (e.g., 286 
Jane et al., 2023).   287 
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 288 
Fig. 3: Geochemical proxy records from Heiðarvatn. A) Magnetic susceptibility (MS, SI x 10-5), 289 
B) % total organic carbon (TOC), C) elemental carbon/nitrogen, D) bulk δ13C (‰), E) BSi (FTIRs 290 
absorbance units), F) isoGDGT-0/crenarchaeol, and G) brGDGT-inferred MST anomaly (oC) and 291 
standard error (SE, gray), where red samples have IR6Me > 0.4 (Fig. S2C). Gray bar reflects basal 292 
deglacial sediments. Orange bars reflect portions of the record potentially impacted by low oxygen 293 
conditions based on isoGDGT-0/crenarchaeol ratios. Blue bar highlights the Little Ice Age (LIA).  294 

 295 
BrGDGTs are present above the detection limit in all samples from Heiðarvatn. The 296 

relative distribution of brGDGTs is similar to modern and Holocene Icelandic lake sediments 297 
(Harning et al., 2020, 2025; Raberg et al., 2021) and different from modern Icelandic soils (Raberg 298 
et al., 2024, Fig. S4A). This, along with relatively high ∑IIIa/∑IIa ratios (Fig. S4C, Xiao et al., 299 
2016; Martin et al., 2019), suggests that brGDGTs are dominantly produced within the lake. Given 300 
the aquatic origin, we use a local Icelandic mean summer lake temperature (MST) brGDGT 301 
calibration developed from a lake in northwest Iceland, Skorarvatn (Fig. 3G, Harning et al., 2020). 302 
While this calibration was specifically developed for Skorarvatn (Fig. 1A), its application for 303 
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Heiðarvatn is reasonable given the lakes’ similar water depths (25 vs 15.1 m depth, respectively), 304 
physicochemical water properties, and brGDGT distributions (Fig. S4A). Reconstructed MST 305 
anomalies (relative to modern, where modern = 0 oC) show generally higher MST anomalies 306 
during the Early Holocene and lower during the Late Holocene. We note that for the three oldest 307 
samples, IR6Me ratios close to and >0.4 (Fig. S2C) indicate that temperatures may be influenced 308 
by currently unknown non-thermal factors, and therefore, unreliable (Novak et al., 2025). 309 
Reducing conditions during the Middle and Late Holocene (~6800 and 6220 cal yr BP and < 5150 310 
cal yr BP) may also alter lake microbial communities and result in relatively lower inferred 311 
temperatures (Weber et al., 2018; Zander et al., 2024; Raberg et al., 2025). While we cannot 312 
confirm a causal relationship, we note that step decreases in temperature occur in Heiðarvatn‘s 313 
record contemporaneous with isoGDGT/crenarchaeol increases (Fig. 3F-G), consistent with 314 
previously proposed changes in microbial community and associated temperature described 315 
elsewhere. 316 
 317 

3.3. SedaDNA paleovegetation 318 
Of 59 samples analyzed in Heiðarvatn, 55 yield amplifiable plant DNA using the trnL P6 loop 319 
primer set. The four samples that failed are located at the base of the sediment record in deglacial 320 
sediment and dated to >10,800 cal yr BP. Following data filtering, the trnL dataset yields 321 
14,423,091 total assigned reads, with an average of 224,459 assigned reads per sample. The 322 
relative stability of qPCR cycle threshold (CT) values, which reflect PCR efficiency and the 323 
quantity of suitable target sequences for amplification, reveal stable trends and indicate that the 324 
efficiency of PCR amplification of trnL targets is consistent throughout the record after ~10,800 325 
cal yr BP (Fig. S3). Metabarcoding technical quality (MTQ) and analytical quality (MAQ) scores 326 
are below suggested low quality thresholds (0.75 and 0.1, respectively, Rijal et al., 2021) in some 327 
samples during the Early Holocene (Fig. S3). However, given that the quality scores correlate with 328 
species richness and species richness is always below 30 (Fig. S3), the low MTQ and MAQ scores 329 
are likely an artifact of the requirement that the 10 best represented barcode sequences are required 330 
for calculation (Rijal et al., 2021), and not necessarily an indication of poor DNA preservation. 331 
We identified 49 plant taxa across a range of plant functional groups throughout the sediment 332 
record. Species richness (calculated as total species identified per sample) generally increases 333 
throughout the Holocene in all plant functional groups apart from a small trough in species richness 334 
located between ~5000 and 3000 cal yr BP (Fig. 4). See Supporting Information Text S2 for further 335 
discussion of plant taxa. 336 
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 337 
Fig. 4: Plant sedaDNA records from Heiðarvatn. Top: gray diamonds denote where samples were 338 
taken from and analyzed for DNA metabarcoding. Bubble plots reflect the presence/absence of 339 
select taxa, where the bubble size is proportional to the number of PCR replicates (1-5). Bottom: 340 
species richness shown for the total number of taxa as well as four plant functional groups (aquatic, 341 
woody, graminoid, and forb). Orange bars reflect portions of the record potentially impacted by 342 
low oxygen lake conditions based on isoGDGT-0/crenarchaeol ratios (Fig. 3F).  343 
 344 

4. Discussion 345 
Following the disintegration of the Icelandic Ice Sheet that covered the island during the Last 346 
Glacial Maximum (~28,000 to 22,000 cal yr BP, e.g., Patton et al., 2017), new territory was 347 
exposed for plants to colonize. Plant sedaDNA records from low-elevation lakes that deglaciated 348 
early document varied colonization efficiencies for different woody taxa. For instance, Salicaceae 349 
arrived in Torfdalsvatn and Stóra Viðarvatn‘s catchments (Fig. 1A, 52 and 151 m asl, respectively) 350 
up to 1700 years after deglaciation (Alsos et al., 2021; Harning et al., 2023). In contrast, Betula 351 
colonized later – ~2300 years after deglaciation of both lakes – potentially due to differences in 352 
environmental tolerances, species diversity within families, modes of reproduction, and seed 353 
morphology (Harning et al., 2023). Betula, which is found as either prostrate B. Nana, shrub-like 354 
B. pubescens, or hybrids thereof, is the main constituent of Icelandic woodlands (Hallsdóttir, 1995; 355 
Kristinsson, 2008; Thórsson et al., 2010), but cannot be separated to the species level using 356 
standard DNA metabarcoding approaches. Reconstructing the subsequent expansion of Betula 357 
woodlands to higher elevation, and what climate and environmental variables have shaped that 358 
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history, has been limited by existing pollen and macrofossil records that are either impacted by 359 
long-distance transport or discontinous preservation in lake sediments as well as corresponding 360 
temperature histories (e.g., Hallsdóttir, 1995; Wastl et al., 2001; Eddudóttir et al., 2016; Geirsdóttir 361 
et al., 2022). 362 
 The Heiðarvatn (422 m asl) plant sedaDNA record provides important constraint on the 363 
timing of woody plant elevational expansion following deglaciation. As Iceland’s residual ice caps 364 
and glaciers retreated into the highlands under a rapidly warming Early Holocene climate, the 365 
interior was largely ice free by ~10,000 cal yr BP (e.g., Geirsdóttir et al., 2009b; Larsen et al., 366 
2012; Harning et al. 2016, 2020). This vast new territory allowed for Betula range expansion 367 
pending suitable climate and environmental conditions existed. Our data indicate that following 368 
deglaciation of Heiðarvatn’s catchment by 10850 cal yr BP, Betula was established locally by 369 
6990 cal yr BP (Fig. 5C). Another high-elevation plant sedaDNA record exists from the lake 370 
Nykurvatn (428 m asl), also in the eastern highlands (Fig. 1A), but the recovered sediment core 371 
does not include the interval prior to ~8600 cal yr BP through local deglaciation (Alsos et al., 372 
2021). Despite this, Nykurvatn‘s record suggests that Betula was present earlier than in Heiðarvatn 373 
by at least ~8600 cal yr BP. Considering the two lake‘s proximity (85 km distance, Fig. 1A), this 374 
poses at least two explanatory possibilities: 1) taphonomic issues in the sediment record, such as 375 
oxic degradation (Harning et al., 2025), or 2) variable microclimates. Based on isoGDGT-0/cren, 376 
the Early Holocene portion of Heiðarvatn’s record was likely oxic, but it is unlikely that this 377 
impacted DNA preservation as other taxa are present throughout this interval (Fig. 4), uniform CT 378 
values do not indicate changes in sedaDNA preservation (Fig. S3), and other deep oxic lakes in 379 
Iceland have well-preserved DNA (Harning et al., 2025). Therefore, the different timing of 380 
Betula’s first appearance may relate to microclimate; in addition to temperature, precipitation is 381 
an important secondary control on Betula distribution (De Groot et al., 1997). Today, Heiðarvatn 382 
has a cooler and drier climate compared to Nykurvatn, partially due to prevailing southerly winds 383 
and the rain shadow north of Vatnajökull (e.g., Crochet et al., 2007; Crochet and Jóhannesson, 384 
2011). While this pattern may have persisted throughout the Holocene as well, we currently lack 385 
independent temperature constraint from Nykurvatn and precipitation constraint from both lakes 386 
to test if a cooler and drier Early Holocene climate contributed to the relatively delayed 387 
establishment of local Betula around Heiðarvatn.  388 
 The highest elevation record of verified woodland presence are 14C-dated B. pubescens 389 
macrofossils from the Vesturárdalur peat section (450 m asl, Wastl et al., 2001), north Iceland 390 
(Fig. 1A). Recalibrated ages using the latest IntCal20 14C curve (Reimer et al., 2020) indicate that 391 
Betula woodlands existed here from at least 7590 ± 100 to 6820 ± 150 cal yr BP (Fig. 5C). B. 392 
pubescens macrofossils from two nearby lake sediment records (Fig. 1A, Kagaðarhóll, 114 m asl, 393 
and Barðalækjartjörn, 413 m asl) indicate that Betula woodlands were present at slightly lower 394 
elevations in this area by >10,000 cal BP (Eddudóttir et al., 2015, 2016). These sites are important 395 
as, in contrast to the sedaDNA records which cannot distinguish Betula to the species level, 396 
macrofossils provide higher taxonomic resolution (i.e., B. pubescens). As Vesturárdalur indicates 397 
the presence of woodlands during the Early Holocene at elevations higher than Heiðarvatn and 398 
Nykurvatn, there is a higher probability that the sedaDNA Betula records from Heiðarvatn and 399 
Nykurvatn also reflect B. pubescens, or some hybridization with B. nana, at this time (e.g., 400 
Anamthawat-Jónsson et al., 2023). Collectively, the four high elevation sites of verified woody 401 
plant cover (Heiðarvatn, Nykurvatn, Barðalækjartjörn, and Vesturárdalur) are all above Iceland‘s 402 
modern B. pubescens treeline (Wöll, 2008). As ~42 % of Iceland‘s land surface area is below 400 403 
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m asl (National Land Survey of Iceland, 2020), this suggests that woodland covered at least 1.7x 404 
more land surface area than estimated when humans arrived (~25 %, Smith, 1995). 405 

 406 
Fig. 5: Elevational range expansion of Betula. A) Heiðarvatn MST (and standard error, SE, red) 407 
anomaly excluding basal (IR6Me > 0.4) and Late Holocene low oxygen sediment (oC, black, this 408 
study) compared to Stóra Viðarvatn (gray, Harning et al., 2025a) and Skorarvatn (light gray, 409 
Harning et al., 2020). B) Heiðarvatn BSi (FTIRs absorbance units), where solid blue horizontal 410 
line reflects when Betula is present in the catchment. C) Icelandic woody plant records arranged 411 
from low to high elevation: Torfdalsvatn sedaDNA (Alsos et al., 2021), Stóra Viðarvatn sedaDNA 412 
(Harning et al., 2025a), Heiðarvatn sedaDNA (this study), Nykurvatn sedaDNA (Alsos et al., 413 
2021), and Vesturárdalur macrofossils (B. pubescens, Wastl et al., 2001). All sedaDNA records 414 
show where all samples were analyzed (gray dots) where the X for Nykurvatn reflects its truncated 415 
base. For Stóra Viðarvatn and Heiðarvatn, Betula presence is indicated with a bubble whose size 416 
is proportional to the number of PCR replicates, whereas Torfdalsvatn and Nykurvatn are 417 
presence/absence and denoted with diamonds. Green bar highlights the expansion of woody plants 418 
from low to high elevation (i.e., shrubification) and blue bar highlights the Little Ice Age (LIA). 419 
 420 

Heiðarvatn‘s brGDGT record during the Early Holocene indicates that MSTs were up to 421 
2.75 oC warmer than today at this site (Fig. 5A). A similar brGDGT MST anomaly is recorded in 422 
Skorarvatn, northwest Iceland, (+3.2 oC, Fig. 5A, Harning et al., 2020), broadly supporting the 423 
temperature range observed in Heiðarvatn. In comparison, brGDGT MST anomalies from Stóra 424 
Viðarvatn, northeast Iceland, are relatively subdued during the Early Holocene (+1.75 oC, Fig. 425 
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5A), but this difference is more likely due to the lake‘s substantially larger volume and greater 426 
energy required to warm lake water rather than differences in regional climate (Harning et al., 427 
2025). Early Holocene MST anomalies from Heiðarvatn (+2.75 oC) are within the range of all 428 
Coupled Model Intercomparison Project Phase 6 (CMIP6) ensemble projections for Iceland‘s 21st 429 
Century, including scenario SSP1-2.6, which reflects significant reductions in global CO2 430 
emissions (Fig. S5, Swark et al., 2019; IPCC, 2021). Despite different climate forcings for the two 431 
periods of warming (e.g., Fischer et al., 2018), the compatibility between MST reconstructions and 432 
CMIP6 simulations indicates that Heiðarvatn‘s Early Holocene climate may serve as a partial 433 
analogue of future climate. Given the strong sensitivity of modern B. pubescens treeline to MSTs 434 
in Iceland (Wöll, 2008) and projection of climate conditions suitable for their growth (Fig. S5), 435 
our data thus suggest that the natural expansion of woody shrubs from Breiðdalur to at least 422 436 
m asl around Heiðarvatn is possible by 2100 CE.  437 
 Following peak Early Holocene warmth, Heiðarvatn‘s brGDGT MST record is currently 438 
unreliable due to potential impacts from reducing conditions. However, we presume that MSTs 439 
continued to decrease in line with quantitative temperature histories from Skorarvatn and Stóra 440 
Viðarvatn (Fig. 5A) and decreasing algal productivity as recorded in Heiðarvatn (BSi, Fig. 5B) as 441 
well as other Icelandic lake records (Geirsdóttir et al., 2020). Given the close connection between 442 
diatom productivity and warm season temperatures in Icelandic lakes (Geirsdóttir et al., 2009a), 443 
Heiðarvatn‘s BSi record provides a robust relative MST history for the last 11,000 years. 444 
Ultimately, decreasing Late Holocene relative MSTs is likely one reason why Betula disappeared 445 
from Heiðarvatn‘s catchment by 750 cal yr BP at the onset of the Little Ice Age (LIA, ~1250 CE, 446 
Fig. 5, Larsen et al., 2011; Geirsdóttir et al., 2013). The Little Ice Age at Heiðarvatn is further 447 
characterized by a temporary reduction in %TOC and C/N and increase in δ13C (Fig. 3B-D), which 448 
may reflect a perennial frozen catchment that prohibited the mobilization of terrestrial organic 449 
matter into the lake as well as reduced aquatic productivity. Collectively, these geochemical lines 450 
of evidence point to natural reductions in relative summer temperature at 750 cal yr BP. If we take 451 
BSi absorbance values of ~38 as the „temperature“ threshold at which Betula disappeared from 452 
around the lake, similar values are found when Betula appeared at 6990 cal yr BP, which were 453 
generally maintained at or above this value until Betula disappeared at 750 cal yr BP (blue line , 454 
Fig. 5B). Hence, we argue that MST has been the dominant control that sustained the presence of 455 
Betula at Heiðarvatn between 6990 and 750 cal yr BP. 456 

In addition to climate, pressure from early settlers and their livestock is also often cited as 457 
contributing to woodland degradation (e.g., Smith, 1995; Lawson et al., 2007; Alsos et al., 2021). 458 
However, the detection of early human presence in Icelandic sedimentary records using diagnostic 459 
geochemical techniques (e.g., mammalian fecal sterols and sedaDNA) has been challenging 460 
(Ardenghi et al., 2024; Harning et al., 2025). This may be partially due to the construction of 461 
livestock enclosures in Iceland’s early settlement history that initially prohibited free range to 462 
higher elevations like Heiðarvatn (Einarsson, 2015) and/or low population sizes of humans and 463 
livestock (Ardenghi et al., 2024; Harning et al., 2025). Assuming settlers were present no earlier 464 
than 1080 cal yr BP (Landnámabók), the continuous sedaDNA records from Heiðarvatn and 465 
Nykurvatn indicate that Betula remained a feature of higher elevations through this time (Fig. 5C) 466 
and therefore was not likely impacted by early human settlers. As B. pubescens is not present at 467 
these sites today, the Latest Holocene sedaDNA records likely reflect B. nana. Similar to low-468 
elevation sites Stóra and Litla Viðarvatn in northeastern Iceland (Harning et al., 2025), these 469 
records collectively suggest that climate has been a stronger control on vegetation communites 470 
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than human pressure. As such, these records provide robust constraint on climate-vegetation 471 
relationships needed for Earth system models. 472 
 473 
Conclusions 474 
Paired records of plant sedaDNA and brGDGT temperatures, supported by bulk geochemistry, 475 
from a small lake in Iceland’s eastern highlands (Heiðarvatn) provide new insight into climate-476 
ecosystem relationships in the northern North Atlantic. We find that during the Early Holocene, 477 
when mean summer lake temperatures (MST) from Heiðarvatn were up to 2.75 oC warmer than 478 
today, Betula woodlands occupied at least 422 m asl. Compared with other sedaDNA records from 479 
the region, we hypothesize that the local timing of peak woodland cover was influenced by variable 480 
microclimates that impacted local temperature and precipitation patterns. During the Middle and 481 
Late Holocene, brGDGT temperatures are likely unreliable due to reducing conditions (low bottom 482 
water oxygen concentrations) and changes in the microbial communities. However, qualitative 483 
recontructions of MST based on biogenic silica indicate that Betula disappeared from the eastern 484 
highlands at the onset of the Little Ice Age, rather than earlier due to human settlement. This 485 
indiciates that climate has been the dominant driving force behind woodland cover in Iceland‘s 486 
eastern highlands during the Holocene. Therefore, these data provide a robust climate-vegetation 487 
constraint for Earth system models. By placing our data in the context of future climate projections, 488 
we suggest that with any future warming scenario, Betula may naturally expand and reoccupy high 489 
elevation regions of Iceland (>42 % land surface area) by 2100 CE. 490 
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