JOURNAL OF QUATERNARY SCIENCE (2021) 1-12 ISSN 0267-8179. DOI: 10.1002/jgs.3390

ORA

Quaternary Research Association

JQS Journal of Quaternary Science

Southern Baffin Island mean annual precipitation isotopes modulated by
summer and autumn moisture source changes during the past 5800 years

DEVON B. GORBEY,'*
MARTHA K. RAYNOLDS,*
GIFFORD H. MILLER?
1Depar‘[ment of Geological Sciences, University at Buffalo, Buffalo, NY, USA

*Department of Geological Sciences and Institute of Arctic and Alpine Research, University of Colorado Boulder, Boulder, CO, USA
*Department of Ecology and Evolutionary Biology, University of California Santa Cruz, Santa Cruz, CA, USA

4Institute of Arctic Biology, University of Alaska Fairbanks, Fairbanks, AK, USA

5Department of Geosciences, Smith College, Northampton, MA, USA

ELIZABETH K. THOMAS,' ©® SARAH E. CRUMP,>3(® KAYLA V. HOLLISTER,’
JONATHAN H. RABERG,>® GREGORY DE WET,>* @ JULIO SEPULVEDA?® and

Received 31 March 2021; 14 September 2021; Accepted 2 October 2021

ABSTRACT: Paleo water isotope records can elucidate how the Arctic water cycle responded to past climate
changes. We analyze the hydrogen isotope composition (3°H) of plant-derived n-alkanoic acids (waxes) from Lake
Qaupat, Baffin Island, Nunavut, Canada, to assess moisture sources and seasonality during the past 5.8 ka. We
compare this record to a sedimentary ancient DNA (sedaDNA)-inferred vascular plant record from the same lake,
aiming to overcome the uncertainty of plant community impacts on leaf waxes. As the sedaDNA record reveals a
stable plant community after the colonization of Betula sp. at 6.1 ka, we interpret plant wax 8*H values to reflect
climate, specifically mean annual precipitation 3°H. However, the distributions of n-alkanoic acid homologs suggest
that aquatic mosses, which are not represented in the sedaDNA record, may become more abundant towards the
present. Therefore, we cannot exclude the possibility that changes in the plant community cause changes in the plant
wax 3°H record, particularly long-chain waxes, which become less abundant through this record. We find that Lake
Qaupat mid-chain plant wax 32H is enriched coincident with high Labrador Sea summer surface temperature, which
suggests that local moisture sources in summer and early autumn have the greatest impact on precipitation isotopes in

this region. © 2021 John Wiley & Sons, Ltd.
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Introduction

Projected increases in Arctic precipitation and
plant community response

Increased precipitation in the Arctic is a robust response to surface
warming, and this feature is particularly strong over the eastern
North American Arctic (Collins et al, 2013; Bintanja and
Selten, 2014; Overland et al.,, 2014; Anderson et al., 2018).
Models run using the IPCC RCP 8.5 scenario predict that by 2100
ce the Arctic will become 10-20% wetter in the summer, spring
and autumn via increased poleward moisture transport and higher
specific humidity in the troposphere, and up to 50% wetter in the
winter, via increased local evaporation over warmer, newly ice-
free Arctic seas (Collins et al., 2013). On Baffin Island, increased
winter precipitation is largely sourced from Baffin Bay, over which
models project a 50% increase in surface evaporation due to a
25-30% decrease in seasonal sea ice cover (Bintanja and
Selten, 2014). Since this increase in precipitation across all seasons
is coincident with increased temperatures, it is probable that much
of this additional precipitation will fall as rain (Collins et al., 2013;
Bintanja and Andry, 2017).

Increased summer precipitation and higher temperatures in
the Arctic have global significance. Enhanced summer warmth
and rainfall on the Greenland Ice Sheet and Canadian polar ice
caps cause more negative mass balance, contributing to sea
level rise (van den Broeke et al., 2009; Fettweis et al., 2013). In
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lower elevation regions, longer plant growing season and the
expansion of low-lying shrubs into higher latitudes reduces
surface albedo and adds water vapor to the atmosphere (Sturm
et al., 2005; Swann et al., 2010; Loranty et al., 2011), both of
which further enhance surface warming. Warmer and wetter
Arctic summers also facilitate the expansion of wetlands that
release methane, amplifying atmospheric greenhouse gas
concentrations (Sturm et al., 2005; Miller et al., 2010; Loranty
etal., 2011). Most of our understanding of these mechanisms is
based on a short, sparse observational record spanning recent
decades. Studying the response of Arctic precipitation season-
ality and plant communities to past warm periods can provide
further insights into the relationship between these mechan-
isms on longer time scales and under conditions that are
partially analogous to the changes occurring today.

The importance of precipitation seasonality and
source to water isotope proxies

Moisture sources to the Arctic vary seasonally and are important
to constrain, as they can strongly influence the isotopic
composition of precipitation (Sodemann et al, 2008; Putman
et al., 2017). While no moisture source studies of Baffin Island
presently exist, south-western Greenland may provide a reason-
able analog. Today, precipitation that falls on south-western
Greenland in the summer is predominately from low- and mid-
latitude sources, such as the tropical Atlantic Ocean and North
America (Nusbaumer et al., 2019; Cluett et al., 2021). Autumn,
winter and spring precipitation on Greenland tend to have more
high-latitude, local origins, such as the Labrador Sea, Baffin Bay
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and the North Atlantic Ocean This seasonal moisture source
variability is caused by seasonal differences in atmospheric
circulation (Bintanja and Selten, 2014; Dufour et al., 2016; Singh
et al., 2017). In the summer, when air temperature is highest,
humidity and resulting precipitation in the Arctic increases per
the Clausius—Clapeyron relationship, which describes the rela-
tionship between temperature and atmospheric water vapor
pressure. The fraction of poleward moisture transport increases
due to this increased air temperature and weaker blocking
between high and low latitudes (Bintanja and Selten, 2014;
Dufour et al., 2016). Local moisture becomes a more important
source of precipitation in the winter because the jet stream flows
faster and is farther south, resulting in stronger blocking between
the Arctic and mid-latitudes. A warmer Earth, therefore, results in
more Arctic precipitation in all seasons via (i) increased local
evaporation from local, ice-free seas, (ii) reduced winter blocking
in the Arctic via a weaker temperature gradient between low and
high latitudes, and (iii) increased poleward moisture transport in
the summer (Hurrell and Deser, 2010; Bintanja and Selten, 2014;
Dufour et al., 2016; Singh et al., 2017).

Water isotope proxies are commonly used to understand
changes in precipitation source and seasonality through time.
Low-elevation Arctic regions are growing in importance for
paleoclimate research as isotope and geochemical proxies
are developed and deployed in lacustrine, paleosol and
coastal marine archives (Konecky et al., 2020). Moisture
source and isotope modeling for coastal western Greenland
suggests that precipitation isotopes in these regions are
sensitive to changes in moisture source and to local
temperature (Cluett et al., 2021). Proxy records in these
regions can therefore be useful to describe changes in
moisture sources associated with seasonal and long-term
global climate changes, as described above.

One powerful proxy for water isotopes is the 3°H value of
plant waxes, which are ubiquitous in lake sediments (Castafieda
and Schouten, 2011; Sachse et al., 2012). Plant wax 5°H reflects
the 3?H value of the plant source water, but can be modified by
processes including evaporation and apparent fractionation,
which vary between plant functional types (Sachse et al., 2012).
Modern global calibrations suggest a strong relationship
between 8°H of precipitation and plant wax 5°H, despite large
apparent fractionation uncertainties (Sachse et al., 2012; McFar-
lin et al., 2019). Additionally, waxes derived from plants in
different habitats can reflect different source waters (Thomas
et al., 2020). Aquatic plants, which generally produce mid-
chain waxes (Gao et al., 2011), use lake water to produce plant
waxes, and therefore reflect the seasonality of lake water.
Terrestrial plants, which tend to produce long-chain waxes, use
soil water, which usually reflects growing season precipitation
(Lamhonwah et al., 2017). Furthermore, terrestrial plant leaf
water is more susceptible to evaporative enrichment than
aquatic plant leaf water (Sachse et al., 2012), as submerged
aquatic plants are not directly exposed to the atmosphere.
Therefore, terrestrial plant waxes reflect growing season
precipitation and evaporative enrichment, while aquatic plant
waxes reflect the isotopic composition of lake water, which is
affected by residence time, evaporation, runoff and precipitation
seasonality (Shuman et al., 2006; Rach et al., 2017; Thomas
et al., 2020). A strong understanding of all the above variables is
critical to accurately interpret paleoclimate records. Modern
lake water residence time, precipitation seasonality and plant
community are well constrained at Lake Qaupat, making it an
ideal location to study paleoclimate in southern Baffin Island,
where no other Holocene precipitation isotope records pre-
sently exist. Therefore, this study fills a gap in quantifying
precipitation source and seasonality changed under past climate
changes.

© 2021 John Wiley & Sons, Ltd.

We present a plant wax 3?H record from Lake Qaupat (QPT,
informal name, 63.677°N, 68.198°W, 35 m above sea level)
on Baffin Island, Nunavut, Canada (Fig. 1), to evaluate
changing amount-weighted mean annual precipitation 3°H
(hereafter, mean annual precipitation 5°H) and terrestrial plant
water 8”H during the past 5.8 ka. We present this plant wax
5°H record alongside an existing vascular plant sedimentary
ancient DNA (sedaDNA) dataset (Crump et al., 2019) from an
adjacent sediment core and regional temperature and sea ice
records. We use these Holocene climate records to assess the
following: (i) whether changes in the vascular plant commu-
nity affect the plant wax 3°H record, and (ii) the relationship
between temperature, sea ice and precipitation 3°H and their
implications for moisture sources to Baffin Island through the
Holocene.

Methods
Study area

Lake QPT is a small lake (8.2-ha surface area, maximum depth
of 9.2 m) that is 18 km south-west of Igaluit, Nunavut, within a
large, 15-km? catchment (Fig. 1). The lake and catchment were
occupied by the Laurentide Ice Sheet until around 9-8 ka, after
which the lake received decreasing silt-laden meltwater as the
Laurentide Ice Sheet retreated northward and relative sea level
fell (Miller, 1980). Organic-rich sedimentation increased until
around 5.8 + 0.1 ka at which point minerogenic silt deposition
in the basin declined dramatically. Today, the lake is fully
flushed by summer precipitation each year. We calculate the
residence time (average time a given molecule of water
remains in the lake) for the ice-free season at Lake QPT to be
about 1 month using the following equation (Jonsson
et al., 2009):

Residence Time
Lake Volume(m?3)

"~ Catchment Area(m?) . Summer Precipitation (m)

where lake volume is approximated based on bathymetric
measurements taken during coring activities, the catchment
area is measured using ArcticDEM and summer precipitation is
measured at the Iqgaluit Airport (Environment Canada) (Fig. 2).
Today, Lake QPT has one major inflow that is hydrologically
connected to several other lakes in the catchment and flows
throughout the summer, and one outflow to Frobisher
Bay (Fig. 1).

Today, precipitation that falls in the QPT catchment on
southern Baffin Island is probably from a combination of
local (Frobisher Bay and the Labrador Sea) sources and lower
latitude distal sources, including the North Atlantic Ocean
and North America (Sodemann et al., 2008; Bintanja and
Selten, 2014; Dufour et al., 2016; Nusbaumer et al., 2019).
Southern Baffin Island is coolest and driest in the winter
months (December-March), when average temperatures are
between —20 and -30 °C, and 10-15mm of precipitation
falls monthly (Fig. 2). Southern Baffin Island is warmest and
wettest from June to September, when temperatures range
from 5 to 10 °C and 30-50 mm of precipitation falls monthly.
Precipitation is most ?H-depleted in the winter (November to
May; —178%o, amount weighted) and most 2H-enriched in the
summer (June to October; —103%., amount weighted). In
total, 60% of the annual precipitation falls between June and
October, when lakes are ice-free, as inferred from satellite
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Figure 1. Left: site map showing the location of Lake Qaupat (green star) on Baffin Island and Labrador Sea sediment core CC04 (black circle; Gibb
et al., 2015). The West Greenland Current (WGC) is shown in red and the Baffin Island Current (BIC) is shown in blue. The dashed and dotted grey
lines reflect the modern winter and summer sea ice fronts, respectively (1981-2010 average; National Snow and Ice Data Center, 2018). Right: Lake
Qaupat catchment boundary map (blue outline) and core site location (green star). Inflow and outflow streams are marked in red and cyan,

respectively. [Color figure can be viewed at wileyonlinelibrary.com]

imagery. Thus, amount-weighted mean annual precipitation
82H (—133%o) is slightly biased towards summer precipitation
52H (Fig. 2) (Bowen and Revenaugh, 2003; I|AEA/
WMO, 2015; Bowen, 2017).

Modern surface lake water isotope samples from Lake QPT fall
between —125 and —130%o0 8°H, indicating that, when the samples
were collected in summer, the isotopic composition of the lake
water reflected amount-weighted mean annual precipitation
isotopes (Fig. 2). The lake’s short residence time, however, suggests
that during summer if the lake is flushed only by summer
precipitation, the lake water should be biased towards summer
precipitation isotope values. The isotopic composition of the
inflow stream in mid-August is —130%0 3°H, i.e. *H-depleted
compared to summer precipitation 8°H, perhaps because snow
continues to melt throughout the summer and mixes with *H-
enriched summer precipitation. It is also possible that the lakes in
the QPT catchment that drain into Lake QPT’s inflow (Digital
Globe) contribute water that has isotope values similar to amount-
weighted mean annual precipitation, similar to lakes throughout
southern Baffin Island (Sauer, 1997). Lake water deuterium excess
values are close to precipitation deuterium excess values (Fig. 2),
indicating that Lake QPT experiences minimal evaporative
enrichment.

Today, aquatic mosses are the most abundant aquatic plant
species within Lake QPT (>7% of lake area, measured from
Digital Globe imagery). Several emergent aquatic plant species
grow in low abundances along the shallow margin of the lake.
Within 50m of Lake QPT (56 826 m?), low-lying shrubs
including Betula nana and Salix arctica are the most abundant
terrestrial plant species (covering ~7 and 6% of the catchment
area within 50 m of the lake shore), though 10% of the land
within 200 m of Lake QPT is barren.

© 2021 John Wiley & Sons, Ltd.

Core subsampling and age model

We collected sediment cores through lake ice in spring 2016
using a modified Nesje piston coring system (Nesje, 1992). We
collected two adjacent cores (QPT16-2A and QPT16-3A) from
the center of the lake at 8.8 and 9.2m water depth,
respectively, and kept them in 4 °C cold storage at the
University of Colorado Boulder until subsampling. Both cores
had intact sediment-water interfaces.

We split and subsampled QPT16-2A in a sedaDNA clean
laboratory at Curtin University for sedaDNA and radiocarbon
analyses. The methods for those analyses are detailed in
Crump et al. (2019). We split and subsampled QPT16-3A at
the University of Colorado for plant wax and radiocarbon
analyses. We collected magnetic susceptibility data at 0.3-cm
resolution from the archive half of QPT16-3A at the University
of Minnesota LacCore facility using a point sensor on a Geotek
core logger and at 5-cm resolution on the whole core QPT16-
2A at CU Boulder using a loop sensor.

We use the chronological constraints (six radiocarbon ages
from each core QPT16-2A and QPT16-3A) presented in
Crump et al. (2019). To plot proxies with age model
uncertainty, we generated a new age-depth model in
GeoChronR (McKay et al., 2020) using the chronological
constraints from Crump et al (2019) and Bacon v. 2.5.1
software (Blaauw and Christen, 2011) with IntCal13 (Reimer
et al., 2013). For the model, we set section thickness at 5 cm
and mean accumulation rate for the prior at 10 years cm™'.
Although this age model is based on age constraints from both
QPT16-2A and QPT16-3A, the ages assigned to the plant wax
52H values that we focus on in this study are from QPT16-3A,
and would be similar if we only used age constraints from
QPT16-3A. The chronological constraints and age-depth
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Figure 2. Modern climate on southern Baffin Island. From top to
bottom: 1946-2007 monthly average temperature measured at I(Jaluit
Airport (Environment Canada); modeled monthly precipitation 8°H at
Lake QPT with 2 sigma uncertainty; and d-excess with 1 sigma
uncertainty (Bowen and Revenaugh, 2003; IAEA/WMO, 2015;
Bowen, 2017). 2018 surface water, bottom water and inflow water
isotope samples are plotted in light blue, dark blue and orange,
respectively (analytical errors on water isotope measurements are
smaller than the dots). Dashed lines reflect amount-weighted mean
annual (black), summer (red) and winter (cyan) precipitation &°H
values at Lake QPT; 1946-2007 monthly total precipitation
(Environment Canada). Box plots: lines are median values, boxes are
quartiles, whiskers are 95th percentiles and black dots are outliers.
[Color figure can be viewed at wileyonlinelibrary.com]

model are available at https://www.ncdc.noaa.gov/paleo/
study/34352.

We also used GeoChronR to calculate statistical ensemble
correlations between our Lake QPT data with an existing dataset
from the Labrador Sea (Gibb et al., 2015). We incorporated age
model uncertainty for both records, and calculated the fraction of
significant correlations between the plant wax isotope records and
Labrador Sea summer surface temperature (described in the
Results), winter surface temperature and monthly sea ice cover. For
each statistical test, we conducted an isospectral comparison,
which accounts for autocorrelation, with 250-year bins (McKay
et al., 2020). We also include the false discovery rate, which
minimizes the risk of over-inflating significance that may occur
because of running the same test many times on the data. We
consider two datasets to be robustly correlated within age certainty
if more than half of the ensemble correlations are significant above
the 95% confidence interval (p < 0.05; McKay et al., 2020).

Downcore plant wax purification and analysis

We extracted lipids from freeze-dried sediment at 5-cm
resolution using a Dionex 200 Accelerated Solvent Extractor
with 9: 1 (v/v) solution of dichloromethane (DCM) and
methanol in the CU Boulder Earth Systems Stable Isotope
Laboratory. We then purified and analyzed plant waxes in the
University at Buffalo Organic Stable Isotope Biogeochemistry
Laboratory. We separated compounds in the total lipid extract
into acid and neutral fractions by eluting the polar fractions
with a 2: 1 (v/v) solution of DCM/isopropanol and by eluting

© 2021 John Wiley & Sons, Ltd.

the acid fractions through NH; bondesil flash columns with a
4% solution of acetic acid in DCM. We methylated the acid
fractions overnight at 60 °C in a solution of 2% HCI in
methanol. We isolated the methylated acid fractions by eluting
each sample using DCM through silica gel flash columns.

We quantified the fatty acid methyl esters (FAMEs) using a
Thermo Trace 1310 gas chromatograph (GC) equipped with
two flame ionization detectors (FID), Al 1310 autosamplers
and two 30-m HP-1MS fused silica columns. We injected
samples using split/splitless injectors held at 250 °C, operated
in splitless mode at a flow rate of 14.0 mImin~" for 0.75 min.
We held column flow at a constant rate of 3.60 ml min~' using
hydrogen carrier gas. We held the oven at an initial
temperature of 60 °C for 1 min, then ramped to 220 °C at
20 °C min™'. We then ramped the oven to a final temperature
of 315 °C at 6 °C min™', and held the final temperature for
10 min. Peaks were identified by retention time, using an
internal monounsaturated cis-eicosenoic FAME standard as a
reference. We calculated FAME concentrations using external
calibration curves established for C,o and C,5 FAMEs.

We used these FAME concentrations to dilute and inject
target amounts of compounds on a Thermo Delta V + isotope
ratio mass spectrometer (IRMS), equipped with a split/splitless
injector and a TriPlus RSH autosampler, connected to the
IRMS via IsoLink Il and Conflo IV. We used the same GC-FID
conditions and programs as those used during FAME quanti-
fication, except that we used helium carrier gas at a flow rate
of 1.50 mImin™". We ran samples in triplicate (or in duplicate
for small samples), and ran internal standards (Cyo and Cyg
FAMEs) after every second sample to correct for peak size
linearity and to calibrate to the Vienna Standard Mean Ocean
Water (VSMOW) scale. We analyzed standards (Cyg and Cyy4
FAMEs) at the beginning and end of each IRMS run to correct
for drift. We corrected FAME 82H for the hydrogens added
during methylation with palmitic acid of known isotopic
composition (Lee et al., 2017). We determined total analytical
uncertainty as the square root of the sum of the squares of
uncertainty in the drift, linearity and methanol-derived
hydrogen corrections. We combined this total analytical
uncertainty with the standard deviations from replicate
analyses, and express this uncertainty as the standard error of
the mean (SEM). The SEM values from samples within gyttja
are between 2 and 5%o for C,, FAMEs and between 2 and
2.5%o for Cog FAMEs. The SEM values from samples within the
clastic sediments are higher, between 2.5 and 11%o for Cy,
FAMEs and between 2 and 3.5%o for C,g FAMEs. All biomarker
data for these analyses are freely available at the NOAA/World
Data Service for Paleoclimatology website: https://www.ncei.
noaa.gov/access/paleo-search/study/34352.

Several samples in the earliest part of the QPT16-3A record
had low FAME yields. In these cases, we analyzed additional
samples from QPT16-2A to extend the plant wax record. All
the QPT16-2A samples were collected within the clastic unit.
While some of these data are shown in subsequent figures, we
do not interpret these data to reflect shifts in climate.

Modern plant wax purification and analysis

We report n-alkanoic acid relative abundance data from modern
plant samples from the Lake QPT catchment, including Hippuris
vulgaris, an emergent aquatic plant, and shrubs Betula nana and
Salix arctica, which are abundant in the modern QPT catchment
and present in the plant community through most of Lake QPT'’s
history (Crump et al., 2019). We also present n-alkanoic acid
relative abundance data from an average of four individuals of
submerged aquatic moss (Scorpidium revolvens and Calliergon
sp.) collected from more northern sites on Baffin Island

J. Quaternary Sci., 1-12 (2021)
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(Brother-of-Fog Lake: 67.19N, 63.17W, n=1; Windy Lake:
66.84 N, 63.81 W, n=1; Lake AFR: 72.39N, 77.53W, n=2).
We froze plant samples until time of processing at the University at
Buffalo. We extracted lipids from freeze-dried plant leaves using
methods modified from Freimuth et al. (2019) and Longo et al.
(2013). We first sonicated the leaves in a 9: 1 solution of DCM/
methanol (v/v) for 15 min three times, pipetting solvent into a new
vial after each sonication. We then saponified the esters by adding
1 ml of a 1 m solution of potassium hydroxide in methanol to the
dried-down total lipid extract and placing each sample on a 65 °C
hot plate for 3 h. After the samples returned to room temperature,
we conducted three hexane extractions, using a 5% salt water
solution to aid separation and shaking the vials between
extractions. Upon completion of these hexane extractions, we
purified the n-alkanoic acids using LC-NH, columns with three
elution steps: three column volumes of hexane preceded the same
two steps as for the sedimentary waxes. After this LC-NH, column
step, we methylated the acid fraction and analyzed modern plant
nralkanoic acids via the same methods as sedimentary plant
waxes.

Bulk geochemistry

We conducted total organic carbon (TOC), total nitrogen, and bulk
3'3C analyses at the University of Colorado Boulder Earth Systems
Stable Isotope Lab. We analyzed homogenized, freeze-dried
sediment on a Thermo Flash Organic Elemental Analyzer (EA)
connected to a Delta V+IRMS via Conflo IV. We combusted
samples at 1020 °C and ran the samples through a normal phase
gas chromatography column using helium carrier gas at a flow rate
of 100mlmin~" in the EA, then 2mlmin~' in the IRMS. We
removed carbon monoxide and water from the sample with a
copper reduction column and a drying agent, respectively. We ran
a low organic soil standard after every sixth sample to correct for
linearity and drift. We used a high organic soil standard for
monitoring and an external standard (Pugel) to establish a
reference point for 3'°C. The absolute uncertainty for &'*C
measurements is 0.14%. and the C:N uncertainty is 3.2%,
determined using repeat analyses of the standards analyzed
throughout these sequences.

Modern lake water isotope analysis

We collected samples during 2018 and 2019 field campaigns in 4-
ml vials with minimal headspace, sealed with Parafilm and kept
cold until the time of processing. Samples were subsequently
analyzed at the Organic and Stable Isotope Biogeochemistry
Laboratory at the University at Buffalo. Samples were filtered at
0.22 um and analyzed on a Picarro L2130-i Cavity Ringdown
Spectrometer. Our sequence organization and correction proce-
dures follow those outlined by van Geldern and Barth (2012). We
injected each sample four times with the first replicate discarded,
corrected for memory and drift, then normalized to VSMOW scale
using five secondary isotope standards calibrated to the VSMOW-
GISP-SLAP scale. We used a secondary standard of known value
for quality control. Replicate uncertainty was better than 0.03%. for
8'%0 and 0.08% for 3°H.

Results

Plant wax concentration in sediment and relative
abundance over time

The oldest samples in this dataset were collected from silty,
clastic sediment rather than gyttja, as indicated by magnetic
susceptibility data (Supporting Information, Fig. S1) and
described in Crump et al (2019). The contact between clastic

© 2021 John Wiley & Sons, Ltd.

sediment and gyttja is graded (Fig. S1). The sediments reflect
local, organic deposition starting at 83 cm composite depth
(corresponding to 5.8 +0.1 ka on our age model), when
magnetic susceptibility reaches the average value for the upper
80 cm composite depth (Fig. 1). We present data from the silty,
clastic layers in Fig. S2, but interpret only the plant waxes after
5.8 +£0.1 ka to reflect a climate signal. Plant wax input to QPT
sediments was influenced by marine and glacial clastic
sediment before 5.8 ka, which we infer from the following
lines of evidence: first, higher clastic content in the cores was
probably derived from slope wash of glacial and marine
sediments that were deposited during and after glaciation,
before the basin was fully isolated due to isostatic rebound
(Miller, 1980). Higher turbidity would have limited aquatic
primary productivity. Second, n-alkanoic acid concentrations
are low but highly variable from this portion of the record,
ranging from 3 to 240ng Cyg g ' sediment and from 0.5 to
70ng Cy, g sediment over short (<100 years) time intervals
(Fig. S2). This is a larger range of concentrations than in the
upper 83cm composite depth of this core, in which
concentrations gradually increase with highest concentrations
(53ng Cyy 87" sed, 67 ng Co5 g~ sed) in the most recent part of
the record (Fig. S2). Moreover, the n-alkanoic acid relative
distributions are highly variable before 5.8 ka (Fig. 3).
Combined with the presence of clastic material, we suggest
that this large variability may indicate reworking of material on
the landscape and/or variability in wax sources. Finally, the
sedaDNA-inferred plant community is relatively stable after
the colonization of Betula sp. at 6.1 ka (based on the updated
age model from Crump et al., 2019). We therefore infer that
plant wax sources to Lake QPT sediments stabilized shortly
after organic sediment deposition began, around 5.8 ka.
Accordingly, we only interpret plant wax 5°H data from the
gyttja section (upper 83 cm composite depth, the past
5.8 £ 0.1 ka) of the core.

From 5.8 to 4.0 ka, Cp4, Cye and Cyg are the most abundant
homologs in the record, after which C,5 gradually becomes
10% less abundant than the average for 5.8-4.0 ka, and C,,
and C,4 become more abundant towards the present (Fig. 3).
Cy6 is the dominant homolog before 1.2 ka (~30%), but in the
past millennium C,4 was the most abundant (~35%). The Cyg
and C;o homologs make up <10% of the relative abundance
throughout the past 5.8 ka (Supporting Information, Fig. S2), so
we focus our interpretation on the more abundant homologs.

Modern plant n-alkanoic acid distributions

We generated a dataset of modern plant n-alkanoic acid
distributions to establish a baseline for interpreting the
distribution of n-alkanoic acids downcore (upper panel of
Fig. 3). Hippuris vulgaris, an emergent aquatic plant that
covers <0.01% of the Lake QPT area, produces more Cyg than
other n-alkanoic acids (42% relative abundance), which is
consistent with the distribution of n-alkanoic acids in Hippuris
vulgaris in other studies (Gao et al., 2011; Dion-Kirschner
etal., 2020; Fig. 3). As we do not have an aquatic moss sample
from Lake QPT, we measured the distributions of n-alkanoic
acids from aquatic moss samples collected at three lakes in
central and northern Baffin Island and report the average
distribution of those samples here. All four of these samples
contain similar wax relative abundances, dominated by the
Cyan-alkanoic acid (31% of total waxes, SD = 3%; Fig. 3), and
contain similar distributions to aquatic moss samples on
western Greenland (Thomas et al, 2016), suggesting that
aquatic mosses throughout this region have consistent
n-alkanoic acid distributions, and the samples that we
measured are probably representative of the mosses in Lake
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QPT. We also measured wax relative abundances in the most
abundant terrestrial plants in the Lake QPT catchment, two
shrub species, as terrestrial plants can contribute significant
amounts of waxes to lake sediments (Sachse et al., 2012;
Freimuth et al., 2019; Dion-Kirschner et al., 2020). The Betula
nana n-alkanoic acid distribution is dominated by C;; (35%) in
all three samples, whereas the Salix arctica n-alkanoic acid
distribution is dominated by C,¢ (39%), though the C,4 and
Cygn-alkanoic acids also make up >20% of the wax
production (Fig. 3).

We also report the absolute concentration of n-alkanoic
acids in modern plants per gram of dry biomass sampled
(Fig. 3; Table 1). Modern aquatic mosses produce the greatest
amount of C,y, but Betula nana produces the greatest amount
of C,, per gram of biomass. Hippuris vulgaris produces the
greatest amount of C,¢ and C,g per gram of biomass. We use
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Figure 3. Top: Relative distributions of n-alkanoic acids of modern
plants within the QPT catchment (note that mosses are from lakes
throughout Baffin Island). Numbers to the right of the plant names
detail the mass (ug) of C,, (dark blue) and Cy4 (light blue) n-alkanoic
acids produced per gram of biomass sampled. Left: relative abundance
of sedaDNA metabarcoding reads for selected taxa (Crump
et al., 2019). Right: relative distributions of n-alkanoic acids in Lake
QPT sediment. Relative abundances were calculated such that all
even-chain-length n-alkanoic acids from Cyg to C3 sum to 100. Cyq
and Csgn-alkanoic acids are present only at low abundances (Fig. S2)
and are excluded from this figure. Dashed horizontal line at 5.8 ka
marks the transition from clastic sedimentation to gyttja; solid
horizontal line at 6.1 ka marks the first appearance of Betula sp. in
the sedaDNA record based on updated age model. [Color figure can
be viewed at wileyonlinelibrary.com]

these modern plant wax distributions to guide interpretations
of general plant (terrestrial or aquatic) wax source changes
through time (see Discussion).

Mid- and long-chain 8°H,,.y at Lake QPT during
the past 5.8 ka

Throughout the past 5.8 ka, Cygn-alkanoic acid 5%H, with a
mean value of —124.5%, is consistently *H-enriched relative
to Cyyn-alkanoic acid 8%H, which has a mean value of
—147.5%0 (Fig. 4). The 5%H values of Cy, and Cygn-alkanoic
acids are most variable from 5.8 to 4.5 ka, where C,, becomes
~20%o 2H-depleted from —236 to —253%. between 5.5 and 4.9
ka, followed by a 10%. *H-enrichment to —245%. by 4.1 ka
(Fig. 4). Cygn-alkanoic acid 8H shows a larger fluctuation
from —220%o at 5.2 ka to —250%o at 4.9 ka, before recovering
back to —220%. at 4.6 ka. During the past 4.1 ka, C,5 and
Cy,n-alkanoic acid 8*H varied by about 15%o, with no clear
trend towards more enriched or depleted values in Cyyn-
alkanoic acid 8°H, and a decreasing trend in Cygn-alkanoic
acid 8”H towards the present (Fig. 4). Throughout the record,
we find that C,, and C,gn-alkanoic acid 3?H generally change
in step with one another, although the isotopic difference
between the two chain lengths ranges from 28%. 5°H at 5.7 ka
to <1%o d°H around 2.2 ka.

Bulk geochemistry

We use bulk elemental and stable isotope geochemical data to
examine the mixing of terrestrial and aquatic plant contribu-
tions to Lake QPT bulk sediments during the past 5.8 ka
(Fig. 4). Bulk sediment 8'°C fluctuates between ~-24 and
—30%o from 5.8 to 4.4 ka, after which it is stable around —26%o
until 1.1 ka (Fig. 4). Around 1.1 ka, 3'*C becomes 4%. more
3C-depleted, after which it gradually becomes enriched to
—26%o in the uppermost sample (Fig. 4). The carbon/nitrogen
ratio (C:N) increases from 11 to 13 between 5.8 and 1.6 ka, at
which point there is a sharp increase to 20, and after that the
record is highly variable. TOC decreases from 4 to 2%
between 6 and 5.5 ka, after which we observe a gradual
increase to 5% in the uppermost sample.

Discussion

Multi-proxy approach to interpret plant
community shifts at Lake QPT

We interpret mid-chain (C,,, C,4) n-alkanoic acids to
predominately reflect submerged aquatic plant wax produc-
tion for several reasons. The QPT sedimentary n-alkanoic acid
distribution after 5.8 ka is similar to the distribution in modern
aquatic mosses on Baffin Island (Fig. 3). While Betula nana
produces more C,;, per gram of biomass than aquatic moss, we

Table 1. Absolute abundance of n-alkanoic acids per gram of biomass (ug g~' sed) from modern plants in the Lake QPT catchment, Baffin Island,
Nunavut, Canada, and the standard deviation (SD) of replicate samples.
Cy Cy, SD Coy Cy4 SD Cye Cy6 SD Cug Cys SD
Species mgg'sed) (gg'sed) (ugg'sed) (ugg'sed) (ugg 'sed) (ugg'sed (ugg'sed  (ugg ' sed)
Betula nana (n=3) 92.8 35.6 39.4 20.3 32.6 25.3 62.0 43.0
Salix arctica (n=2) 20.1 0.8 39.3 3.5 77.6 20.0 36.9 5.4
Hippuris 39.3 3.7 41.8 11.6 86.6 20.5 223.2 93.8
vulgaris (n=2)
Aquatic moss (n=4) 39.1 12.1 76.5 31.6 76.5 31.6 399 18.9

© 2021 John Wiley & Sons, Ltd.
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Figure 4. Top to bottom: Cy5 (green) and C,, (blue) 5%H (vertical bars
represent mean standard error on isotope measurements) plotted with
bulk sediment 3'3C values, bulk sediment C:N mass ratio, and total
organic carbon (TOC). Vertical bars on the 3'>C and C:N plots indicate
the range of values observed in modern Arctic vegetation (Blake, 1991;
Florian et al., 2015; Osburn et al., 2019). For C:N, the modern ranges
of terrestrial plants, soils and aquatic mosses are outside the range of
axis limits. The bold line represents each record on the median age
model, the fine line shows the median value of all age model
iterations, and light and dark shading represent 1 and 2 sigma age
model uncertainty, respectively. The gray shaded region indicates
clastic sediment deposited in the earliest part of the record. [Color
figure can be viewed at wileyonlinelibrary.com]

observe only a transient, minor decrease in the relative
abundance of C,, following the establishment of Betula sp.
in the QPT catchment at 6.1 ka (Crump et al., 2019; Fig. 3),
suggesting that Betula sp. is at most only a minor source of
mid-chain waxes to the QPT sediments. Moreover, C,, and
Cyun-alkanoic acids have similar 8*H values and trends
throughout the record (Fig. S2), suggesting they are probably
from the same source. Finally, aquatic mosses grow within
Lake QPT, and their waxes are probably more directly
deposited and preserved in sediment than those from terrestrial
plants. Indeed, mixing models of leaf waxes in another lake
with high aquatic plant biomass suggest that aquatic plants can
contribute large amounts of waxes to lake sediment (Gao
et al., 2011), lending support to the interpretation that aquatic
plants are a major source of n-alkanoic acids to Lake QPT
sediments.

As modern lake water reflects amount-weighted mean
annual precipitation (Fig. 2), we interpret the C;,n-alkanoic
acid 3°H record to reflect changes in mean annual precipita-
tion 3°H. We examine this interpretation further by comparing

© 2021 John Wiley & Sons, Ltd.

modern precipitation 8*H values to the uppermost leaf wax
5?H value in the Lake QPT record. We applied an apparent
fractionation factor, which describes the isotopic offset
between plant wax 3°H and meteoric water 8°H, of —97%o
[median value with 5-95% confidence interval (Cl) of —174 to
—63%o] (McFarlin et al., 2019) to the C,,n-alkanoic acid 5*H
value in the uppermost QPT sediment sample. This calculation
yields a value of —154+28%. (uncertainty calculated by
propagating the 1o analytical and replicate uncertainty for the
plant wax 3°H sample and the 1c uncertainty in the
fractionation factor) for meteoric water 3°H inferred from
C,,n-alkanoic acid, which is about 25%o 2H—depleted relative
to modern summer lake water 8°H values (=126 to —130%o)
and mean annual precipitation 8?H values (—133 = 15%;
Fig. 2) (Bowen and Revenaugh, 2003; IAEA/WMO, 2015;
Bowen, 2017). The measured and calculated values are within
uncertainty, due to large uncertainties on the fractionation
factor. Based on modern lake water isotope measurements and
evidence that mid-chain waxes are derived from aquatic
plants, we interpret the Lake QPT n-alkanoic acid 3°H record
to reflect changes in mean annual precipitation 8”H.

Long-chain (C,s, Cyg) n-alkanoic acids are commonly
interpreted to reflect terrestrial plant wax production (Sachse
et al., 2012; Thomas et al., 2020). However, plant wax n-
alkanoic acid relative abundance data in Lake QPT sediments
indicate that the Cygn-alkanoic acid reflects a mixed aquatic
and terrestrial source (Fig. 3). Three lines of evidence support
this interpretation. First, the most abundant terrestrial plants in
the QPT catchment (Salix arctica and Betula nana shrubs)
produce mainly Cy; or Cy4 and Cyen-alkanoic acid (Fig. 3).
Second, the &*H value of C,gn-alkanoic acid sometimes
exhibits similar trends and sometimes different trends to the
mid-chain waxes, suggesting that C,5 and Cy,n-alkanoic acids
reflect different plant sources to some degree. Third, we apply
an apparent fractionation factor of —107%. (median value with
5-95% Cl of =153 to —44%o) (McFarlin et al., 2019) to convert
the Cpgn-alkannoic acid 3?H value in the uppermost Lake QPT
sediment sample to precipitation 8*H. The resulting leaf wax-
inferred precipitation 3*H value of —135 + 33%, is similar to
mean annual precipitation 3°H values. If C,gn-alkanoic acid
5?H reflected a purely terrestrial plant signal, we would expect
it to reflect summer, or growing season, precipitation 3°H
(—=103%o). In summary, as C,gn-alkanoic acid 5%H reflects a
mixed plant source, we interpret the 3°H value of this
compound to reflect a mix of lake water (i.e. mean annual
precipitation 3°H) and of terrestrial plant leaf water (i.e.
summer precipitation 3°H and evaporation).

We compare Lake QPT n-alkanoic acid 3°H and relative
abundance data to an existing sedaDNA record (Crump
et al., 2019). This sedaDNA record shows a relatively stable
plant community after the colonization of Betula sp. at
6.1 +0.1 ka (Crump et al., 2019). The n-alkanoic acid chain
length distributions of modern Hippuris vulgaris and Salix sp.
are similar to the distribution of sedimentary n-alkanoic acids
early in our record, which may suggest that emergent aquatic
and terrestrial plants were more represented in sediment early
in the record. However, after 4.0 ka, sedimentary wax relative
abundances are increasingly similar to aquatic moss wax
abundances, and the distribution of sedimentary n-alkanoic
acids in the uppermost two sediment samples closely
resembles that of modern aquatic mosses (Fig. 3). We do not
interpret this increase in aquatic Cy4n-alkanoic acids to reflect
a decrease in terrestrial wax contribution to the record; rather,
we interpret this change to reflect the development of the thick
aquatic moss mats that we observe at the bottom of Lake QPT
today. Therefore, this plant wax-inferred plant community shift
does not contradict the sedaDNA-inferred vascular plant
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community, as bryophytes are not well represented in the
sedaDNA metabarcoding assay used (Taberlet et al.,, 2007).
While we draw different conclusions about plant community
shifts from leaf waxes and sedaDNA, these individual
conclusions are not mutually exclusive but instead are
complementary, resulting in a broader understanding of
climatological and ecological change through time at Lake
QPT. However, as the plant wax data suggest an increasing
influence of aquatic mosses towards the present, we cannot
exclude the possibility that vegetation shifts, as opposed to or
in addition to changes in regional climate, influence the plant
wax 8”H record to some degree.

While plant wax 5°H studies are useful in reconstructing
52H of plant source water pools, it is important to consider
plant community changes, which can cause changes in plant
wax d°H values via differences in apparent fractionation.
Apparent fractionation describes the 5°H fractionation during
water uptake and plant wax synthesis, and results in plant wax
5?H becoming more “H-depleted than its source water
(Chikaraishi and Naraoka, 2003). As different plant species
may have different apparent fractionation factors, changes in
the plant community through time can cause changes in plant
wax 8”H that are not directly due to climate change. We
therefore examine whether major shifts in the vascular plant
community, inferred from sedaDNA metabarcoding, appear to
influence n-alkanoic acid relative abundance or 3°H. The
relative abundance of sedaDNA reads is not a direct,
quantitative proxy for the relative abundance of plant taxa
on a landscape, due to biases inherent in the metabarcoding
process. Rather, changes through time for a given taxon
generally indicate the presence or absence of that taxon in the
catchment. The most notable change in the vascular plant
community at Lake QPT was the colonization of Betula sp. at
6.1 +0.1 ka (based on the age model update from Crump
et al., 2019), after which the sedaDNA-inferred vascular plant
community remained relatively stable. Thus, the relative
n-alkanoic contribution of terrestrial plant waxes to sediment
was probably constant after 6.1 ka. Due to changes in
sediment and n-alkanoic acid sources discussed above (see
Results), we only interpret the leaf wax record from 5.8 ka to
the present. Moreover, apparent fractionation (e,pp) values for
important terrestrial plant taxa within the Lake QPT catchment,
compiled from other mid- and high-latitude regions (Hou
et al., 2007; Gao et al., 2014; Daniels et al., 2017; Dion-
Kirschner et al., 2020; O’Connor et al., 2020), are broadly
similar (e,pp Shrubs =-93 +17%o, n=37; €,p, Herbs, includ-
ing graminoids =—-96 +29%., n=9; Supporting Information,
Table S1), suggesting that a change in the relative abundance
of major plant species in the QPT catchment would not
influence the QPT &°H records simply via differences in
apparent fractionation. Because the mid- to late Holocene
terrestrial plant community was relatively stable at Lake QPT
and apparent fractionation factors of dominant plants in the
catchment are similar, the n-alkanoic acid plant wax &*H
values at Lake QPT probably primarily reflect changes in mean
annual precipitation 8”H, but we cannot completely exclude
the possibility that vegetation shifts affect the plant wax 8H
signal to some degree.

Bulk elemental and stable isotope geochemical data provide
a third perspective of biochemical change through time at Lake
QPT. We plotted downcore C:N and bulk 8'*C with modern
ranges of soil, terrestrial plant, moss and algae samples
collected from north-eastern Baffin Island (Florian et al., 2015),
Ellesmere Island (Blake, 1991), western Greenland (Stevenson
etal., 2020) and south-western Greenland (Osburn et al., 2019)
to place geochemical changes in Lake QPT sediments in the
context of modern vegetation (Fig. 4). We focus on the interval

© 2021 John Wiley & Sons, Ltd.

after 5.8 £ 0.1 ka, once clastic sediment input had declined.
The consistently low C:N in downcore sediments suggest that
algal productivity is an important contributor of organic matter
to sediment throughout the record relative to terrestrial plants,
soils, and aquatic mosses, which generally have higher C:N
than we observe downcore (Fig. 4). However, increasing C:N
towards the present may reflect an increase in vascular plants
or moss input over time. The 8'*C values generally fall within
the range of all potential sources (Fig. 4; Blake, 1991; Florian
et al., 2015; Osburn et al, 2019). TOC increases by 5%
through our time series, indicating a general increase in
primary productivity and/or increasing degradation with
depth. Plant wax distributions, sedaDNA and bulk geochem-
ical data primarily capture aquatic, terrestrial and algal
productivity, respectively. Given the uncertainties in different
proxies, it is important to use a multi-proxy approach to more
holistically reflect the different processes within a lake system
and to generate more robust climate interpretations. Taken
together, we interpret these three paleovegetation datasets to
reflect a general increase in primary productivity through time
in the Lake QPT catchment, as soils become more developed
and vascular plants and aquatic mosses become more
established.

Inferring moisture source shifts from plant wax 8°H
at Lake QPT

The C,gn-alkanoic acid 8*H record at QPT, which probably
reflects a mixed signal of terrestrial and aquatic plant waxes,
shows a long-term, 20%, “H-depletion from 4.5 ka towards the
present. The Cyen-alkanoic acid 5H record is similar
(Supporting Information, Fig. S2). This shift occurs in step with
regional climate cooling (Wolfe, 2003; Anderson et al., 2008;
Briner et al., 2016; Pendleton et al., 2017) and a 10% decrease
in relative abundance of C,gn-alkanoic acid in the Lake QPT
sediment record (Fig. 3). Thus, it is challenging to determine
whether the Cygn-alkanoic acid became gradually depleted
due to a catchment-scale vegetation shift towards greater
aquatic moss or due to regional-scale climate change. There-
fore, we do not interpret a climate signal from C,gn-alkanoic
acid &°H.

Instead, we primarily interpret shifts in regional climate
using the Cjyn-alkanoic acid record, which is probably
primarily produced by aquatic plants throughout the past
5.8+0.1 ka (section above). The QPT C,,n-alkanoic d*H
record (Figs. 4 and 5) suggests a period of relative moisture
source stability on southern Baffin Island after the early
Holocene, and more specifically, between 4.5 and 2 ka,
despite widely observed progressive air temperature decline in
the eastern North American Arctic after 6 ka (Wolfe, 2003;
Anderson et al., 2008; Briner et al., 2016; Pendleton
et al., 2017). Despite this regional atmospheric cooling,
higher, stable temperatures in the Labrador Sea from 4.5 to 2
ka (Gibb et al., 2015) may have facilitated enhanced local
moisture transport to Lake QPT. After 2 ka, a 10%o depletion in
Cyyn-alkanoic acid 8°H could be explained by either a
decrease in summer and autumn precipitation amount or
greater isotope distillation, caused by relatively lower tem-
peratures in the Labrador Sea (discussed further below) or
lower air temperatures on southern Baffin Island. This late
Holocene temperature decrease is reflected in records of
glacier advances (Briner et al., 2009; Miller et al., 2013;
Lecavalier et al., 2017). Although we do observe similarities
between the Lake QPT record and regional climate, we
acknowledge that increased wax contribution from aquatic
mosses over time may also contribute to changes in the Lake
QPT record.
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Figure 5. Top to bottom: Cyg (green) and C,, (blue) n-alkanoic acid 5*H
(vertical bars represent standard error on isotope measurements) plotted
with C,g relative abundance from Lake QPT and with Labrador Sea core
CC04 dinocyst-inferred annual duration of sea ice cover (black) and late
summer (red) and late winter (cyan) sea surface temperature (Gibb
et al., 2015). The bold line represents each record on the median age
model, the fine line shows the median value of all age model iterations,
and light and dark shading represent 1 and 2 sigma age model
uncertainty, respectively. The gray shaded region indicates clastic
sediment deposited in the earliest part of the QPT record. [Color figure
can be viewed at wileyonlinelibrary.com]

In the modern day, contributions to Arctic precipitation from
local moisture sources increase in the winter (Singh et al., 2017;
Nusbaumer et al., 2019; Cluett et al., 2021). Under warmer
conditions in the Arctic, local moisture delivery increases
proportionally more than distal moisture delivery (Bintanja and
Selten, 2014; Singh et al., 2017), resulting in relatively 2H-
enriched precipitation (Putman et al., 2017). Therefore,
increases in local moisture contributions, which primarily
occur in the late autumn and early winter due to enhanced
evaporation from warmer and/or newly ice-free seas (Bintanja
and Selten, 2014), would probably cause mean annual
precipitation isotope values to become relatively “H-
enriched. As the Labrador Sea is probably an important
moisture source to southern Baffin Island (Nusbaumer
et al., 2019; Cluett et al., 2021), decreased autumn and winter
sea ice extent and/or duration in the Labrador Sea may open
up a local moisture source, which in turn would cause
relatively ?H-enriched precipitation to drop in the winter,
causing amount-weighted mean annual precipitation isotopes
to become more “H-enriched.

Although 70% of annual precipitation at Lake QPT falls in
the summer and autumn, we might expect changes in winter
precipitation to have the greatest impact on mean annual
precipitation isotopes, as changes in distal moisture transport
in the summer do not greatly impact precipitation isotopes

© 2021 John Wiley & Sons, Ltd.

(Cluett et al., 2021). Since autumn and winter precipitation
isotopes can be influenced by seasonal sea ice duration and
extent as well as by source region temperature, we compare
Lake QPT C,,n-alkanoic acid *H data with a sea ice and sea
surface temperature record from Site CC04 near the modern
limit of winter sea ice in the northern Labrador Sea (Gibb
et al., 2015, Figs. 1 and 5), which is probably the most local
source of winter moisture to southern Baffin Island. Over the
past 6 ka, sea ice cover in the Labrador Sea was highest from 6
to 4.5 ka and 2.5 to 1.5 ka (~3 months year™') and relatively
low (>1 month year™") in the intervening times. In the present,
the Labrador Sea is covered with ice for <1 month of the year
(Gibb et al., 2015). If changes in Labrador Sea ice extent or
seasonal duration caused changes in mean annual precipita-
tion d°H on southern Baffin Island, we would expect QPT
C,on-alkanoic acid 8*H to be relatively *H-depleted when
there was longer seasonal sea ice cover. While there are some
broadly similar trends between the two records, they are
opposite to what we would expect: C,,n-alkanoic acid 3?H is
at times more “H-enriched when there is longer sea ice cover
over the Labrador Sea (e.g. between 6 and 5 ka, Fig. 5). Indeed,
we observe no correlation between the CC04 sea ice cover or
winter sea surface temperature records and the Lake QPT C;,
n-alkanoic acid °H record. We therefore conclude that there
is no strong relationship between sea ice cover in the Labrador
Sea and mean annual precipitation 3?H in southern Baffin
Island. Compared to modern monthly precipitation isotope
values and amounts, we estimate that winters would need to
be 250% wetter to cause the observed 15%, 2H-depletion in
Cy,n-alkanoic acid 8%H between 2.1 ka and the present. As
winter is the driest season in southern Baffin Island (15% of
annual precipitation falls during the winter months; Environ-
ment Canada), it is reasonable to assume that relatively small
changes in winter sea ice extent do not cause the required
250% increase in precipitation amount to result in the
observed change in C,,n-alkanoic acid 8’H (Bintanja and
Selten, 2014).

Although there are other sources of winter precipitation to Baffin
Island, we would not expect them to influence our precipitation
isotope record. North of Lake QPT (Fig. 1), Baffin Bay seasonal sea
ice duration is stable through our study interval (Gibb et al., 2015),
and therefore not likely to strongly influence moisture source
variability on southern Baffin. The North Atlantic Ocean is
probably an important winter moisture source to Lake QPT, as it
is well beyond the winter sea ice extent (Nusbaumer et al., 2019;
Cluett et al., 2021). As the Atlantic Ocean is distal to Lake QPT,
moisture transported from this region experiences more isotopic
distillation than local moisture sources, so it is probably more “H-
depleted. It is possible that changes in North Atlantic Ocean
surface temperatures or changes in the position of the Gulf Stream
could cause changes in the amount or isotopic composition of
moisture sourced from this region to southern Baffin Island.
However, sites influenced by the Gulf Stream exhibit stable sea
surface temperatures during the past 6 ka (Solignac et al., 2004),
suggesting that changes in North Atlantic-sourced moisture did not
cause mean annual precipitation 8”H variability on southern Baffin
Island.

The QPT Cj,n-alkanoic acid 8*H record exhibits some
broad similarities with late summer temperature in the
Labrador Sea (Gibb et al., 2015; Fig. 5): both have high and
stable values from 4.0 to 2.0 ka, with lower values before and
after that. The C,,n-alkanoic acid 8°H record is correlated to
Labrador Sea summer surface temperatures (p < 0.05 in 69.5%
of ensemble runs), which we consider robust despite age
model uncertainty. This correlation also makes physical sense:
modern observations show that evaporation over Arctic seas in
the late summer and early autumn dramatically increases
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under warmer conditions (Boisvert and Stroeve, 2015). Thus,
higher summer temperatures in the Labrador Sea would cause
an increase in evaporation and delivery of moisture from this
local source to southern Baffin Island. Increased local moisture
delivery, primarily concentrated in late summer and autumn,
would result in relatively *H-enriched mean annual precipita-
tion 5°H values at Lake QPT. We infer that warmer Labrador
Sea surface conditions around 4.5-2.0 ka resulted in greater
Labrador Sea evaporation and more “H-enriched precipitation
falling on southern Baffin Island, probably causing some of the
variability that we observe in the Lake QPT leaf wax-inferred
mean annual precipitation 3°H record. While sea ice retreat
will probably contribute to large increases in locally evapo-
rated autumn and winter Arctic precipitation in the next
century (Bintanja and Selten, 2014; Singh et al., 2017), this
record from southern Baffin Island suggests that changes in
ocean temperature may exert a larger influence on evaporation
in some high-latitude regions.

Climate at QPT in context with other Arctic regions

Lakes that reflect mean annual precipitation isotope values are
useful to evaluate the regional influence of sea ice and other
seasonal changes on precipitation in the Arctic. Although sea ice
cover does not appear to be the main variable controlling the
Lake QPT mean annual precipitation 3*H record, sea ice may be
much more influential in coastal Greenland. Lake N3 in western
Greenland, for example, has been interpreted to respond
sensitively (>100%o shifts in Cy4n-alkanoic acid °H values) to
changes in sea ice extent or other seasonal changes in lake ice
cover and through-flow dynamics through the Holocene, owing
partially to the study site’s position north of the modern seasonal
sea ice front (Thomas et al., 2016, 2020). Western Greenland
may have experienced a large increase in winter precipitation
amount or more ?H-depleted winter precipitation because of a
stronger and warmer West Greenland Current and a correspond-
ing decrease in sea ice in northern Baffin Bay (Thomas
et al., 2016). Thus, although western Greenland and southern
Baffin Island probably receive precipitation from similar moisture
sources, it is possible that changes in ocean circulation and
position of the study locations relative to the sea ice front affect
precipitation isotopes in these two regions very differently.

The 3?H of aquatic plant-derived mid-chain n-alkanoic acids at
lake Austre Nevlingen on northern Svalbard also reflects amount-
weighted mean annual precipitation 3*H (Kjellman et al., 2020).
Reduced seasonal sea ice duration around Svalbard in the early
Holocene is coincident with “H-depleted mid-chain n-alkanoic
acids, suggesting that, unlike southern Baffin Island, enhanced
local winter moisture transport is strongly linked to reduced sea ice
cover (Kjellman et al., 2020). The different mechanisms causing
changes in mean annual precipitation 3°H between these two
regions could be due to differences in seasonal precipitation
regimes on Baffin Island and on Svalbard. At present, Baffin Island
has a seasonally variable precipitation amount, with dry winters
and moist summers, while Svalbard experiences muted changes in
seasonal precipitation amount, with winters slightly wetter than
summers (Kjellman et al., 2020). In addition, northern Svalbard is
close to the seasonal sea ice minimum extent, and therefore may
be more strongly impacted by changes in sea ice than southern
Baffin Island, which is close to the seasonal sea ice max-
imum (Fig. 1).

Many plant wax &?H records in the Arctic reveal changes in
summer precipitation isotopes and aridity through time. A
Holocene plant wax n-alkane 3*H record from the Faroe Islands
is interpreted to indicate that summers became progressively drier
through the Holocene, as the fraction of poleward moisture
transport  declined with decreasing temperatures  (Curtin

© 2021 John Wiley & Sons, Ltd.

et al, 2019). On south-eastern Greenland, plant wax n-alkane
5°H is interpreted to show that Flower Valley Lake was
evaporation-dominated through the mid-Holocene, before becom-
ing precipitation-dominated around 4.1 ka as summers cooled
(Balascio et al., 2013). Unlike Lake QPT, in both of these studies,
mid- and long-chain plant waxes appear to reflect distinctly
different plant sources, allowing a distinction between the isotopic
composition of terrestrial and aquatic plant source water pools.
These records provide insight into summer moisture source history,
in contrast to Lake QPT, which reflects changes in mean annual
precipitation. These different plant wax 8”H interpretations high-
light the need to assess changes in seasonal precipitation dynamics
throughout the Arctic, which can reveal how different regions are
sensitive to different mechanisms of precipitation change. Mean
annual precipitation isotopes and precipitation seasonality on
southern Baffin Island seem to be most sensitive to changes in local
sea surface temperature during the summer and autumn, whereas
other regions are more sensitive to sea ice duration and/or changes
in poleward moisture transport.

Conclusions

By comparing plant wax data (relative abundance and 3°H) with
an existing sedaDNA dataset, we aimed to better define the
relationship between plant wax isotope records, the plant
community and regional climate on Baffin Island, which is often
not fully described in plant wax paleoclimate studies. While the
vascular plant community at Lake QPT was relatively stable
throughout the record, n-alkanoic acid distributions appear to
reflect an increased contribution from aquatic mosses towards the
present. Yet, this increase in aquatic moss n-alkanoic acids to the
Lake QPT sediment does not appear to coincide with changes in
the Cyn-alkanoic acid 3°H values, and thus changes in plant
community do not appear to influence the 8°H record. Instead, we
interpret Cy,n-alkanoic acid 8°H at Lake QPT to predominantly
track changes in lake water 3*H.

As modern QPT lake water reflects amount-weighted mean
annual precipitation, we interpret mid-chain n-alkanoic acid 8°H
in Lake QPT to reflect changes in mean annual precipitation 8°H
through the Holocene. Mean annual precipitation 3°H, inferred
from mid-chain aquatic plant waxes, is not sensitive to changes in
seasonal sea ice duration in the Labrador Sea, which is probably
the dominant local moisture source to southern Baffin Island, but is
significantly correlated to late summer temperatures in the
Labrador Sea. We therefore infer that changes in summer and
autumn evaporation from the Labrador Sea during the middle
Holocene caused the changes in the QPT C,,n-alkanoic acid 5°H
record. When compared to other Holocene coastal precipitation
isotope records in the Arctic, this study highlights regional
differences in the Arctic hydrological cycle’s response to changes
in temperature and sea ice cover.
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Figure S1. Top: Bacon age model for Lake QPT sediment;
blue and magenta symbols represent calibrated radiocarbon
age distributions for samples collected from QPT16-3A and
QPT16-2A, respectively; green point represents the inferred
age of the core top. Bottom: magnetic susceptibility (MS) data
for both cores. The gradational shaded area represents a
decreasing contribution of clastic sediment towards the
contact with gyttja in the Lake QPT record. Loop indicates
values measured with a loop sensor on the whole core; high-
resolution MS (HRMS) indicates values measured with a point
sensor on the split core face.

Figure S2. Top: Downcore 3°H of all n-alkanoic acid chain
lengths (C»0—C30). Bottom: dry weight concentration of all n-
alkanoic acid chain lengths in downcore sediment. The gray
shaded region indicates clastic sediment in the earliest part of
the QPT record. The vertical black line indicates the timing of
sedaDNA-inferred Betula sp. appearance in the Lake QPT
catchment (Crump et al., 2019).

Supporting information.

Abbreviations. Cl, confidence interval; DCM, dichloromethane; EA,
elemental analyzer; FAME, fatty acid methyl esters; FID, flame
ionization detector; GC, gas chromatograph; IRIS, isotope ratio
infrared spectroscopy; IRMS, isotope ratio mass spectrometer; NCEI,
National Centers for Environmental Information; SD, standard devia-
tion; SEM, standard error of the mean; TOC, total organic carbon;
VSMOW, Vienna Standard Mean Ocean Water.
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