
1. Introduction
The Arctic hydrological cycle is predicted to intensify as climate warms due to increased poleward moisture 
transport and greater evaporation in areas previously covered by sea ice (Bintanja & Selten, 2014; Kopec 
et al., 2016). These mechanisms have different seasonal expressions: reduction of sea ice during fall and 
winter months causes an increase in local evaporation and thus more fall and winter precipitation, whereas 
strengthening of the meridional moisture gradient due to increasing temperature causes an increase mainly 
in summer precipitation (Bintanja & Selten, 2014). Changes in Arctic precipitation seasonality may influ-
ence feedbacks between hydroclimate, atmospheric and ocean circulation, and plant communities, and 
are important for projections of sea level rise and ice sheet dynamics (Bintanja & Selten, 2014; McMillan 
et al., 2016; Nerem et al., 2018; Post et al., 2009).

Records of precipitation seasonality, amount, and isotopic composition during past warm times, such as 
the middle Holocene, may provide context for the response of the hydrological cycle to ongoing climate 
changes (Kaufman et al., 2004; Masson-Delmotte et al., 2005; Thomas et al., 2016). Yet, Holocene records of 
these variables in the Arctic are limited. Ice core isotope records are often continuous through the Holocene, 
but seasonality is hard to capture due to small amounts of snow accumulation and increased compaction 
deeper in the core (Cuffey & Clow, 1997; Cuffey & Steig, 1998). Many lakes are affected by evaporation, 
which overprints the precipitation isotope signal (N. J. Anderson & Leng, 2004; Balascio et al., 2013; Jepsen 
et al., 2013; Krabill et al., 2004; Schiff et al., 2009). There are a limited number of records from Arctic lakes 
that reflect precipitation isotopes (L. Anderson et al., 2001; Balascio et al., 2018; Lasher et al., 2020; Thomas 
et al., 2018, 2020). Developing proxy records in lakes that can be used to reconstruct precipitation isotopes 
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and seasonality is essential to understanding future changes in the hydrological cycle (Corcoran et al., 2020; 
Thomas et al., 2020).

The stable isotopes of oxygen and hydrogen (δ18O and δ2H, respectively) in precipitation vary seasonally in 
much of the Arctic, due to seasonal changes in moisture source, temperature, transport history, and phase 
(Bowen et al., 2019; Dansgaard, 1964). For example, at our study site on western Greenland, Lake N3, based 
on modeled precipitation isotopes estimated from the online isotopes in precipitation calculator (OIPC) v. 
3.1, winter (October to February) precipitation is about 45‰ 2H- and 7‰ 18O-depleted compared to summer 
(June to September) precipitation (Figures 1b and 1c) (Bowen, 2020; Bowen & Revenaugh, 2003; Cluett & 
Thomas, 2020; IAEA/WMO, 2020). Where this strong seasonal precipitation isotope signal is present and 
preserved in proxies found in lake sediment archives, it may be used to reconstruct changes in precipitation 
seasonality (Nichols et al., 2009; Thomas et al., 2020).

Lake water isotopic composition reflects the isotopic composition of the precipitation that falls on the sur-
rounding catchment area and into the lake. The lake water isotopic composition is also determined by 
the water residence time of the lake (Gibson et al., 2016; Jonsson et al., 2009). If the lake water residence 
time is short, meaning the lake is flushed rapidly, then the isotopic composition of the lake water will 
change seasonally, in step with changes in precipitation isotopic composition (Jonsson et al., 2009; Thomas 
et al., 2020). An increase in precipitation amount would result in a shorter residence time, causing the lake 
water isotopic composition to change more dramatically on a seasonal basis. Moreover, a faster residence 
time would mean less opportunity for evaporative enrichment, and less of the evaporated signal would be 
preserved from one year to the next (Cluett & Thomas, 2020). During winter, when Arctic lakes are covered 
by ice, the lake water isotopic composition remains constant and reflects late summer precipitation isotopic 
composition (Figures 1b, 1c, and 1f) (Gibson, 2002; Jonsson et al., 2009; Saulnier-Talbot et al., 2007). During 
a brief (1 week–1 month) period in spring, snow and ice melt, flushing large volumes of 2H- and 18O-deplet-
ed winter precipitation from the lake catchment through the lake (Jonsson et al., 2009; Thomas et al., 2020; 
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Figure 1. Map of study site and modern climatology in Disko Bugt region, western Greenland. (a) Schematic showing 
timing of snowmelt and ice cover and synthesis of chironomid head capsules and aquatic plant leaf waxes based on 
observations ((Butler, 1982; Guo et al., 2013; Lindegaard & Mæhl, 1992). (b) Monthly precipitation δ2H and (c) δ18O at 
Lake N3 (OIPC, version 3.1) (Bowen, 2020; Bowen et al., 2003; IAEA/WMO, 2020). (d) Temperature (n = 140 years, 
1880–2020) and (e) precipitation amount n = 112 years, 1880–1992) at Ilulissat (1880–1960: 69.2167° N, 51.05° S, 
1961–1992: 69.22 °N, 51.1° S, 1992–2020: 69.2331° N, 51.0667° S) (NOAA, 2020). Shading in b, c and d shows 1 standard 
deviation from the mean (solid lines). Boxes in e are quartiles about the median, whiskers are 5 and 95 percentiles, and 
dots are outliers. (f) Hypothesized lake water isotopes throughout the year, based on precipitation isotopes, and the 
timing of lake ice cover and snowmelt. (g) Greenland and surrounding regions showing locations of meteorological and 
precipitation isotope data, Qanaaq, Kangerlussuaq and Kangilinnguit (triangles) (IAEA/WMO, 2020), GISP2 ice core 
(blue dot), ocean sediment cores, CC70 (gray dot) and HU84-030-012TWC/PC (HU021P/TW), (black dot) (de Vernal 
et al., 2013; Gibb et al., 2015). Arrows indicate currents, East Greenland Current (EGC), West Greenland Current 
(WGC), Baffin Island Current (BIC), Irminger Current (IC). Red and blue are warm and cool currents, respectively. (h) 
Disko Bugt region, western Greenland showing Ilulissat (triangle), Lake N3 (green star) (Thomas et al., 2016), Pluto 
Lake (black dot), North Lake (blue dot) (Axford et al., 2013), and ocean sediment cores MSM334310 and MSM334300 
(dark and light purple circles, respectively) (Ouellet-Bernier et al., 2014).
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Tondu et al., 2013). Variations in lake water isotope values throughout the year allow lake water proxies to 
capture different lake water seasonality, if the proxies themselves are formed at different times of the year.

Oxygen or hydrogen isotopes (δ18O, δ2H) of proxies preserved in lake sediment archives reflect the source 
water, in this case lake water, in which they are synthesized (Corcoran et al., 2020; Sachse et al., 2012; van 
Hardenbroek et al., 2018). These proxies reflect a specific lake water seasonality, depending on the timing 
of synthesis (Castañeda & Schouten, 2011). Here, we use aquatic leaf wax (C24 n-alkanoic acid) δ2H (δ2Hwax) 
and chironomid head capsule (mostly chitin) δ18O (δ18Ochir) as proxies of lake water δ2H (δ2Hlw) and δ18O 
(δ18Olw). These two proxies have distinct and different seasons of production, and therefore have potential 
to reflect different lake water isotope seasonality (Butler, 1982; Guo et al., 2013; Lindegaard & Mæhl, 1992).

Leaf waxes are long-chained organic compounds produced by plants as a protective coating (Tipple 
et al., 2013). Aquatic plants, typically dominated by aquatic mosses in the Arctic, produce their biomass 
(stems and leaves) throughout the ice-free growing season (May to September at Lake N3) (Guo et al., 2013; 
Riis et al., 2014). Aquatic plants therefore incorporate lake water hydrogen into leaf waxes mainly during 
the growing season (Figures 1a and 1f). Leaf wax proxy systematics at Lake N3 are discussed in detail else-
where (Thomas et al., 2016, 2020), but in summary, sedimentary n-alkanoic acid distributions are similar 
to those in modern aquatic mosses, and δ2H of the C24 n-alkanoic acid has very different Holocene values 
and trends than the C26 and C28 n-alkanoic acid. We therefore interpret the C24 n-alkanoic acid to be derived 
mainly from aquatic mosses in the Lake N3 record (Thomas et al., 2016, 2020). At Lake N3, aquatic plant 
leaf waxes incorporate lake water that contains 2H-depleted winter snowmelt in addition to summer precip-
itation (Figures 1a and 1f), so we interpret C24 δ2H as winter-biased mean annual precipitation δ2H.

Chironomids are non-biting aquatic midges (Insecta: Diptera: Chironomidae) whose larval head capsules 
are mostly made of chitin. The δ18O value of the head capsules reflects both the δ18Olw in which the larvae 
grew (∼70% of the isotope signal) and the diet of the larvae (∼30% of the isotope signal) (Wang et al., 2009). 
Arctic chironomids have a multi-year life cycle lasting up to seven years, during which they develop through 
four instars. When larvae grow to the next instar, their head capsules are shed and preserved in lake sed-
iment archives for thousands of years (Butler,  1982; Hershey,  1985; van Hardenbroek et  al.,  2018). The 
transition in Arctic chironomids from the third to fourth instar, or the time when the fourth instar chitinous 
head capsules form, occurs sometime between late July and the following winter, prior to spring snowmelt 
(Butler, 1982; Butler & Braegelman, 2018; Lindegaard & Mæhl, 1992; Valero-Garcés et al., 1997). The δ18O 
of the head capsule of the fourth instar, which is the stage that we sample for this study, therefore reflects 
late summer and winter δ18Olw. Because Lake N3 is nearly completely flushed with summer precipitation by 
July and water in ice-covered Arctic lakes remains at late summer precipitation isotope values throughout 
the ice-cover season, we interpret δ18Ochir in Lake N3 to reflect summer-biased mean annual precipitation 
δ18O (Figures 1a–1c and 1f). The lake water today is impacted by evaporative enrichment, the isotopic fin-
gerprint of which is preserved from one year to the next, influencing both the leaf wax and chironomid 
isotope proxies (details in Section 2.1).

Previous studies at Lake N3 have inferred relative changes in winter precipitation amount and isotopic com-
position during the Holocene using δ2H of aquatic and terrestrial plant leaf waxes (Thomas et al., 2016, 2020). 
The Lake N3 aquatic plant δ2Hwax record shows a nearly 100‰ 2H-depletion from 6 to 4 ka relative to the 
late Holocene which may have been due to several mechanisms such as a relative increase in winter precip-
itation amount, 2H-depleted precipitation, and a decrease in the amount of snowmelt bypass (i.e., less snow 
melts off the landscape before the lake becomes ice free, so more snow melt water enters the lake basin 
during the spring freshet) (Thomas et al., 2016, 2020). The δ2H of long-chain n-alkanoic acids (C28), pro-
duced by terrestrial plants in the Lake N3 catchment, reflects summer precipitation δ2H, but is also affected 
by evaporative 2H-enrichment of leaf water (Rach et al., 2017; Sachse et al., 2006). Seasonal precipitation 
amount or isotopic composition therefore cannot be inferred from the combination of terrestrial and aquat-
ic plant δ2Hwax alone. Complementing the aquatic plant δ2Hwax record with another lake water isotope proxy 
that captures a different season would provide insights into how lake water cycled in the Holocene and how 
precipitation seasonality, amount, and isotopes changed during the middle Holocene.

Here, we test the hypothesis that paired δ18Ochir and aquatic plant δ2Hwax records from Lake N3 on western 
Greenland contain different Holocene values and trends because they reflect different isotope seasonality. 
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We perform sensitivity tests with the Environment sub-model of PRYSM 2.0, a lake proxy system forward 
model, to qualitatively assess the precipitation amount and isotopic composition needed to cause the water 
isotope trends observed in the δ18Ochir and aquatic plant δ2Hwax records (Dee et al., 2015, 2018; Hostetler & 
Bartlein, 1990, 1994). We use the two isotope records from this one site to infer millennial-scale changes in 
precipitation seasonality and relative changes in precipitation amount during the Holocene.

2. Methods and Approach
2.1. Study Site

Lake N3 is a small through-flowing lake located on the Nuuk Peninsula in southeastern Disko Bugt, west-
ern Greenland (Figures 1g and 1h). At Lake N3, precipitation amount and temperature are highest during 
summer and early fall (Figures 1d and 1e) (NOAA, 2020). Lake N3 is ice-free from May to September. The 
sediments in the Lake N3 core are composed of primarily gyttja over the past 8.0 ka. Sand deposited before 
8.0 ka and Greenland Ice Sheet moraines that lie east of Lake N3 catchment indicate that the lake received 
ice sheet meltwater prior to, but not after, 8.0  ka (Briner et  al.,  2010; Thomas et  al.,  2016; N. E. Young 
et al., 2013). There are no evaporites or other coarse layers in the lake N3 sediment cores, indicating that the 
lake was never extremely evapoconcentrated, nor experienced dramatically lower lake levels during the past 
8,000 years (Thomas et al., 2016). Seasonal Lake N3 water residence time (i.e., the mean time that a mol-
ecule of water stays in the lake) was recalculated in Thomas et al. (2020). Under modern conditions, Lake 
N3 has a ‘spring melt’ residence time of 5 months. According to a simple box model (Thomas et al., 2020), 
the isotopic composition of the lake water becomes depleted in heavy isotopes during the spring melt, re-
sulting in lake water isotope values to reflect winter-biased mean annual precipitation isotope values during 
early summer. Subsequently in summer, precipitation flushes through Lake N3 via several inflow streams, 
where slower flow of water through the lake means a water residence time of 24 months. As the relatively 
18O- and 2H-enriched summer precipitation flows through the lake, the lake water becomes enriched in the 
heavy isotopes. In addition, the lake is subject to some evaporative enrichment during the summer. Modern 
surface lake water collected on July 27, 2010 has a δ2H and δ18O of −96.1‰ and −11.3‰, respectively (Ta-
ble S4), and d-excess is −5.3‰, indicating around 10%–20% of the lake water is lost to evaporation (Cluett 
& Thomas, 2020). If the lake water is not completely flushed each year, the evaporation signal may be pre-
served from one year to the next (Jonsson et al., 2009). As climate changes with increases in precipitation 
amount, lake water isotopic composition may become more inflow-sensitive (Cluett & Thomas, 2020). In 
general, we interpret water isotopes in Lake N3 as reflecting seasonal variations in regional precipitation 
isotopes with some evaporative enrichment, meaning that proxies for lake water isotopes may reflect past 
changes in precipitation seasonality.

Sediment core collection and storage was described previously (Thomas et al., 2016). The age model for Lake 
N3 core 10N3-2A was generated using eight radiocarbon-dated aquatic macrofossils (Thomas et al., 2016). 
Leaf wax records of all carbon chain lengths (C24–C28) were published in Thomas et  al.  (2016) and are 
discussed in detail in Thomas et al. (2020). Depth profiles of temperature, conductivity, salinity, pH and 
dissolved oxygen from two separate locations in Lake N3 were also measured at the time of core collection 
on July 27, 2010 (see Figures S4 and S5 and Tables S2 and S3).

2.2. Chironomid Sample Preparation

Between 0.32 and 1.41 g of sediment were sampled from core 10N3-2A at the same depths as 20 of the sam-
ples analyzed for leaf waxes. Sediment was taken from a 0.5-centimeter-thick section of the core, with addi-
tional sediment added from neighboring depths if there were not enough chironomids for isotope analysis. 
Samples were prepared for chironomid isotope analysis following previously published methods (Arppe 
et al., 2017; Lasher et al., 2017; Verbruggen et al., 2010; Wang et al., 2008). Dry sediment was deflocculated 
in a 10% KOH bath at room temperature for 30 min, stirring halfway through. Sediment was rinsed with DI 
water over a 100 μm sieve. Chironomid head capsules in each sample were hand-picked at 4x to 40x mag-
nification, isolated, and counted. Head capsules were recounted for accuracy and to confirm that they were 
free of sediment prior to being transferred to pre-massed 5 by 3.5 mm lightweight Elemental Microanalysis 
silver capsules. Two hundred to 790 independent head capsules were isolated per sample. Samples were 
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slightly crimped in these silver capsules and freeze dried for 5 days before being completely crimped and 
massed (Bowen et al., 2005). Hot acid or base baths were not used as they may remove chitin and alter the 
δ18O composition of the head capsules (Verbruggen et al., 2010; Wang et al., 2008).

2.3. Chironomid Chitin δ18O Analysis

Chironomid chitin δ18O was analyzed on a thermal conversion elemental analyzer coupled to an isotope 
ratio mass spectrometer at the UC Davis Stable Isotope Facility. Nylon and Alanine were used as lab ref-
erences for order correction, size correction and elemental totals. Results were normalized to VSMOW us-
ing IAEA-600 and USGS-35 international isotopic reference standards. Cellulose (31.2‰ δ18O) and chitin 
(28.0‰ δ18O) were used for internal checks during analysis. Analytical uncertainty of these measurements 
was 0.4‰.

2.4. Conversion to Source Water δ2H and δ18O

In order to directly compare the two isotope proxy records, δ18Ochir and aquatic δ2Hwax, were converted to 
δ18Olw and δ2Hlw (Figures 2a, 2d, 2g, and 2h). These conversions were made using published biological frac-
tionation factors for δ18Ochir, ε = 22.4 ± 1.3‰ (Lasher et al., 2017; van Hardenbroek et al., 2018; Verbruggen 
et al., 2011) and for aquatic C24 δ2Hwax, ε = −112 ± 33‰ (McFarlin et al., 2019). Lake water δ18O was calcu-
lated using the following equation (Equation 1):

 
 






     
 

18
chir

chir 18lw lw

1,000
1

1,000

O

O
 (1)

δ2Hlw was calculated using the same equation but with the respective δ2Hwax values. We discuss assumptions 
and limitations of these fractionation factors in Section 4.2.2.

In order to directly compare lake water isotope values inferred from chironomids and aquatic plant leaf 
waxes, we convert chironomid-inferred δ18Olw values to the δ2H scale using the local meteoric water line 
from Lake N3, western Greenland (δ2H = 6.8 * δ18O - 13.7) estimated from the OIPC v. 3.1 (Bowen, 2020; 
Bowen & Revenaugh, 2003; IAEA/WMO, 2020). This conversion was also completed using local meteoric 
water lines established using monthly precipitation isotope data at Qaanaaq (76.52 °N, 68.83 °W), (δ2H = 7.3 
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Figure 2. Measured and inferred Holocene records of δ18Ochir and aquatic plant δ2Hwax and lake water δ18O and δ2H from Lake N3. (a) δ18Ochir record (black). 
(b-d) Leaf wax δ2H of C28, C26, and C24 respectively (Thomas et al., 2016). (e) (c:N ratio from Lake N3. (f) Calculated spring and summer precipitation δ2H 
(McFarlin et al., 2019; Thomas et al., 2016). (g) Calculated fall and winter lake water δ18O (gray) (Lasher et al., 2017). (h) Calculated spring and summer lake 
water δ2H. Dots in f and h correspond to the samples where chironomids were picked and analyzed. Vertical lines on (a) through (d) and (f) through (h) are 
average uncertainties for all data points in the record, including analytical and fractionation factor uncertainties.
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* δ18O + 7.2; n = 5 years, monthly-based measurements) and Kangilinnguit (61.22°N, 48.12°W), (δ2H = 6.6 
* δ18O – 19.2; n = 8 years), which yielded values within uncertainty of the values determined using the Lake 
N3 meteoric water line (IAEA/WMO, 2020).

Terrestrial leaf wax (C28 n-alkanoic acid) δ2H was converted to precipitation δ2H to facilitate comparison 
with the Holocene lake water isotope values (Figure 2b). This conversion was made using the published 
global compilation fractionation factor between C28 n-alkanoic acids extracted from lake surface sediments 
and precipitation, ε = −99 ± 32‰ and using the above equation (McFarlin et al., 2019).

2.5. Environment Sub-model of PRYSM

We ran sensitivity tests with the Environment sub-model of PRYSM 2.0 from Dee et al. (2018), which was 
originally developed by Hostetler and Bartlein (1990) and Hostetler and Benson (1994), to assess two possi-
ble mechanisms, changing precipitation amount and changing precipitation isotopes, that may have caused 
the fluctuations observed in the Lake N3 Holocene lake water isotope records. Daily meteorological inputs 
(air temperature, relative humidity, wind speed, surface incident shortwave radiation, downward longwave 
radiation, surface pressure, and precipitation amount) for this model were acquired from ERA-Interim 
Global Reanalysis Data set for 1980–2016 (Dee. et al., 2018). Temperature and relative humidity inputs were 
bias-corrected using quantile mapping with observed measurements from Ilulissat (Morrill et  al.,  2019; 
Reiter et al., 2018) (https://github.com/carriemorrill/lake-model-utilities). To simulate water and isotopic 
balance for the lake, the amount and timing of catchment runoff to the lake and values for δ2H and δ18O 
for precipitation and runoff are additionally needed. Runoff amount was calculated using 20% of the pre-
cipitation amount acquired from the ERA-Interim data set, a reasonable estimate for lake catchments in 
coastal Arctic settings (Gibson et al., 2002; Welp et al., 2005), but a poorly constrained value for individual 
catchments. In the supplemental materials, we present a sensitivity analysis showing that this assumption 
yields a simulated modern water balance that is reasonable. Runoff was set to 0 mm/day during the ice 
cover season, as we assume that all snow remains on the landscape until the spring snowmelt (Jonsson 
et  al.,  2009). The snowmelt period was started for each individual year when temperatures were above 
freezing for more than two consecutive days. The length of the snowmelt period was set to three weeks 
based on our assumption that Lake N3 is similar to the snowmelt timing in observational studies of other 
high latitude lakes (see supplement Section  S1 for more details) (FitzGibbon & Dunne,  1981; Roulet & 
Woo, 1988). Total winter snowfall was divided into 21 days to simulate the snowmelt period, with runoff 
calculated as 20% of the total snow water equivalent, unless otherwise stated. Monthly precipitation δ2H 
and δ18O were determined using the OIPC (Figures 1b and 1c) (Bowen, 2020; Bowen & Revenaugh, 2003; 
IAEA/WMO, 2020). Amount-weighted δ2H and δ18O of runoff were calculated assuming that runoff has the 
same isotope values as precipitation. Appropriate values for lake model parameters including the shortwave 
coefficient, fraction of advected air, and neutral drag coefficient were determined for Lake N3 by comparing 
model output temperature, mixing depth, and surface δ18Olw and δ2Hlw to the field measurements taken dur-
ing sample collection on July 27, 2010, see Section S1 in the supplement for more information on selecting 
model parameters (Figure 3, Table S1) (Dee et al., 2015, 2018). We acknowledge that we only have modern 
observations from one day to calibrate the model, due to limited access to the remote field site, however, 
multiple parameter comparisons between our observations and the model builds our confidence in the 
model performance. Due to these limited observations we qualitatively interpret sensitivity tests to precip-
itation amount and isotopes run using this version of the model, and look to future work that incorporates 
year-round lake water monitoring to more robustly calibrate the model.

Once model parameters were set to reproduce the modern observations at Lake N3 on July 27, 2010, input 
precipitation isotopes and precipitation amount were changed to assess the sensitivity of the lake water 
isotopic composition to these variables. Ice-free season (June, July, August, September) precipitation iso-
tope values and amount and late fall and winter or the ice-cover season (October, November, December, 
January, February) precipitation isotope values and amounts were each changed individually to determine 
their impact on lake water isotope values. Changes in precipitation isotope values were determined using 
the range of modern precipitation isotope values at Global Network of Isotopes in Precipitation stations 
north and south of our study site on western Greenland: Qaanaaq and Kangilinnguit (Figure 1g). For these 
experiments, precipitation isotope values were increased by 20‰ δ2H (2.5‰ δ18O) during the ice-free season 
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to match summer precipitation isotope values at Kangilinnguit and decreased by 50‰ δ2H (6.4‰ δ18O) 
during the ice-cover season to match winter precipitation isotope values at Qaanaaq (Figure S1) (IAEA/
WMO, 2020). A Holocene aquatic plant δ2Hwax record from, a nearby lake (Pluto Lake) on western Green-
land near Ilulissat (Figure 1h), suggests that there was about a 15‰ δ2H increase in summer precipitation 
isotopes at about 6 ka in this region (Thomas et al., 2020), which we test here by increasing summer precip-
itation isotopes by 20‰ in the model. Precipitation deuterium excess values in each of these experiments 
were kept the same as in the modern scenario.

Paleoclimate records of Arctic precipitation amount are rare, but those that exist suggest that winter precip-
itation and to some extent summer precipitation amount increased during the middle Holocene (Andreev & 
Klimanov, 2000; Andresen et al., 2004; Nichols et al., 2009). For our experiments, precipitation amount was 
increased to 200% of the precipitation falling into the lake in the ice-free season and in the ice-cover season, 
a value that is likely an overestimate. Runoff amount and isotopes were adjusted in the input file to reflect 
changes in precipitation isotope values and amounts for each model sensitivity run. Lastly, all four of these 
variables were changed at the same time to determine how lake water isotopes respond to the combination 
of changing precipitation isotope values and amount. This combination scenario was run with runoff set at 
both 20% and 50% of precipitation. The daily values for each of 36 years of model output for each sensitivity 
test were averaged in order to compare the seasonal trends in lake water isotope values between different 
scenarios.

3. Results
δ18Ochir ranges from 11.6 ± 0.4‰ to 14.6 ± 0.4‰ throughout the record (Figure 2a). From 6.5 to 4.0 ka, δ18Ochir 
mean and standard deviation is 14.2 ± 0.5‰, compared to a mean and standard deviation of 12.5 ± 0.5‰ 
of all other samples. The timing of the transition from 18O-depleted to 18O-enriched chitin in the middle 
Holocene corresponds to the timing of the transition from 2H-enriched to 2H-depleted aquatic plant leaf 
wax in the same samples. Calculated δ18Olw values based on δ18Ochir range from −10.6 to −7.6‰ in this 
record (Figure 2f). Calculated δ2Hlw values based on aquatic plant δ2Hwax range from −239.4‰ to −80.2‰ 
(Figures 2d and 2h). After converting oxygen isotopes to the hydrogen isotope scale using the local meteoric 
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Figure 3. Results from the Environment sub-model of PRYSM (Dee et al., 2018) for Lake N3 run using modern 
parameters (1980–2016 CE). (a) Surface lake water δ2H, (b) Surface lake water δ18O, (c) Lake surface water temperature, 
(d) Mixing depth. Light gray lines: individual years, turquoise line: modeled values using meteorological variables for 
2010 CE, black line: mean of all 36 years. Turquoise dot: measurements on July 27, 2010. Black horizontal bar: modern 
δ2Hlw and δ18Olw determined from uppermost sediment sample from C24 n-alkanoic acid δ2H and chironomid δ18O 
records, plotted during the season when the proxy is produced.
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water line at Lake N3, the magnitude of the δ2Hlw generated by δ2Hwax change is about six times that of the 
change observed in the δ18Olw inferred from the δ18Ochir record, and is in the opposite direction (Figures 2g 
and 2h). Lake N3 water δ2H values inferred from δ18Ochir is around 50‰ 2H-enriched compared to Lake 
N3 water inferred from aquatic plant δ2Hwax during most of the Holocene, but is up to 150‰ 2H-enriched 
from 4 to 6 ka. Calculated source (precipitation) water δ2H values for C28 terrestrial plant δ2Hwax range from 
−79.7‰ to −42.2‰ (Figures 2b and 2f).

3.1. PRYSM Environment Sub-model Results

Comparisons between modern lake water variables (mixing depth, surface (0–1 m) temperature, and sur-
face water isotope values) generated using the Environment sub-model of PRYSM and measured lake water 
conditions from July 27, 2010 were made to constrain the model using multivariate measurements. The 
modeled modern lake water variables show good agreement with the measured modern lake water varia-
bles, indicating that this model can be used to simulate conditions at Lake N3 (Figure 3). Modern lake water 
measurements of temperature, conductivity, salinity, pH and dissolved oxygen can be found in Figures S4 
and S5. Modern δ2Hlw and δ18Olw on July 27, 2010 was −96.1 ± 1.1‰ and −11.3 ± 0.07‰, respectively (1σ, 
n = 3) (Table S4) (Thomas et al., 2016). Modeled lake water isotope values on July 27, 2010 were −89.2‰ for 
δ2H and −11.2‰ for δ18O (Figures 3a and 3b). Measured surface lake water temperature was 15.5 ± 0.3 °C 
(n = 2). Modeled lake water temperatures range from 11.1°C to 17.4 C with a mean of 14.7 C for July 27th 
for all 36 years of the modern simulation (Figure 3c). Measured mixing depth determined from the tem-
perature depth profiles of Lake N3 (see Figures S4 and S5) on July 27, 2010 was 4.0–4.5 m (n = 2). Modeled 
mean mixing depth in N3 on July 27, 2010 was 4.0 m, with a mean of 3.15 m for July 27th of all 36 years 
(Figure 3d). The lake was ice-free during July 2010 fieldwork, a variable also matched by the model. δ2Hlw 
and δ18Olw changes throughout the year using the PRYSM model are of smaller magnitude than the pre-
cipitation seasonality gradient observed in the modeled precipitation δ2H and δ18O over the course of the 
year (Figure S1) (Bowen, 2020; Bowen & Revenaugh, 2003; IAEA/WMO, 2020). The model appears to be 
slightly biased in δ2Hlw values, with values too high in the model relative to observations. Changing model 
parameters were unable to match δ2Hlw and δ18Olw values simultaneously, indicating that we may not have 
captured evaporation correctly. Despite these biases, the model does a good job of replicating modern lake 
conditions. We further assessed whether our assumptions regarding meteorological inputs for Lake N3 are 
reasonable using several sensitivity tests of input variables including runoff amount, snowmelt length, and 
timing, surface incident shortwave radiation, relative humidity and temperature (see supplemental mate-
rials, Figure S2).

Next, we ran experiments with the PRYSM lake environment sub-model parameterized for Lake N3 to test 
the effects of changed seasonal precipitation isotope values and/or amount. These experiments reveal that 
some scenarios cause Lake N3 water isotope values to change and some do not. δ18Olw and δ2Hlw follow 
similar patterns, so δ2H is discussed in detail throughout this section. In the modern scenario, mean δ2Hlw 
in Lake N3 ranges from −96.7‰ to −88.5‰ between late fall and winter and the snowmelt, respective-
ly (Figure 3a). Snowmelt, on average, occurs in early June for these experiments. Increased precipitation 
amount in either the ice-free season (June, July, August, September) or the ice-cover season (October, No-
vember, December, January, February) causes lake water to be 8‰ 2H-depleted compared to modern dur-
ing the ice-cover season. During snowmelt runoff into the lake, increased ice-cover season precipitation 
amount causes a larger 2H-depletion, 10‰, than increased ice-free season precipitation amount, 5‰, in 
δ2Hlw values. This change falls within the range of values for the 36 years of model runs of the modern 
scenario, indicating that precipitation amount alone does not strongly influence Lake N3 water isotope 
values. 2H-enriched ice-free season precipitation isotopes cause no change in δ2Hlw values. 2H-depleted 
ice-cover season precipitation isotopes cause δ2Hlw to be about 15‰ and 13‰ 2H-depleted during ice-cover 
season and snowmelt, respectively, compared to the modern δ2Hlw values. A combination of all scenarios 
(increased precipitation amount in ice-free season and ice-cover season and 2H-enriched ice-free season 
and 2H-depleted ice-cover season precipitation isotopes) causes a 16‰ 2H-depletion in ice-cover season and 
a 21‰ 2H-depletion during the snowmelt relative to the modern δ2Hlw mean. The same scenario but with a 
higher proportion of precipitation becoming runoff (50% instead of 20%) causes ice-cover season and snow-
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melt-season lake surface water to be 20‰ and 34‰2H-depleted compared 
to modern modeled lake surface water, respectively.

4. Discussion
Lake N3 aquatic plant δ2Hwax and δ18Ochir demonstrate contrasting trends 
in the mid-Holocene: δ18Ochir becomes 18O-enriched when aquatic δ2Hwax 
becomes 2H-depleted, a surprising finding since both proxies form in the 
same water body (Figure 2). When the chironomid and aquatic plant leaf 
wax isotope records are converted onto the same δ2H scale using the local 
meteoric water line at Lake N3 (Bowen, 2020; Bowen & Revenaugh, 2003; 
IAEA/WMO,  2020), Lake N3 water δ2H inferred from chironomids is 
consistently 2H-enriched compared to Lake N3 water δ2H reconstructed 
from aquatic plant leaf waxes. We interpret these records as reflecting 
contrasting changes in precipitation seasonality recorded by aquatic δ2H-
wax and δ18Ochir at Lake N3, and as reflecting changes in proxy-specific 
mechanisms throughout the Holocene.

4.1. Interpreting Chironomid δ18O

We examine two possible interpretations of the δ18Ochir record at Lake N3: 
climatic mechanisms including increases in precipitation amount and 
precipitation seasonality, or proxy-specific mechanisms. Chironomid lar-
vae in Arctic lakes transition from the third to the fourth instar sometime 
between late July and the following winter, prior to the spring snow melt 
(Butler,  1982; Butler & Braegelman,  2018; Lindegaard & Mæhl,  1992; 
Valero-Garcés et al., 1997). This suggests that because we primarily tar-
geted fourth instar head capsules for this record (all head capsules were 
in the >125 µm fraction) (Ford, 1959), the δ18Ochir at Lake N3 likely re-
flects late summer δ18Olw (Figure 1f), which in turn reflects summer-bi-
ased mean annual precipitation δ18O. Climatic factors such as an increase 
in the amount of summer precipitation during this time would reduce 
the Lake N3 water residence time during the ice-free season. This means 
that the 18O-depleted winter precipitation signal would be flushed out of 
the lake more quickly, causing the lake water to become 18O-enriched, 
while also reducing the impact of evaporation, which would cause lake 
water to be 18O-depleted relative to today. PRYSM sensitivity test results 
(see Section  3.1; Figure  4b) suggest that the lake becomes 18O-deplet-
ed when summer precipitation amount increases, suggesting that the 
decrease in the effect of evaporation dominates the lake water isotope 
signal for this scenario. Thus, increased summer precipitation amount 
likely does not explain the observed middle Holocene increase in δ18Ochir. 
Additionally, higher air and sea water temperatures (Axford et al., 2013; 

Kobashi et al., 2017; Ouellet-Bernier et al., 2014) during the middle Holocene could have caused higher lo-
cal condensation temperatures and therefore 18O-enriched summer precipitation relative to today. Assum-
ing that summer temperatures in the middle Holocene were 2 °C warmer and using the average Greenland 
Holocene temperature — δ18O relationship of 0.36‰/°C (Kobashi et al., 2017; Thomas et al., 2018), then 
higher summer temperature would account for 0.72‰ of the 3‰ enrichment observed in the δ18Ochir re-
cord in the middle Holocene. PRYSM sensitivity test results (see Section 3.1; Figure 4b), however, indicate 
that increasing summer precipitation δ18O even by 2.5‰ does not change δ18Olw, suggesting that higher 
middle Holocene temperatures resulting in 18O-enriched precipitation may not have played a large role 
in the 18O-enriched δ18Ochir values observed in the middle Holocene. Warmer summer temperatures may 
also enhance evaporation and lead to 18O-enriched lake water and therefore 18O-enriched δ18Ochir values, 
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Figure 4. Mean of 36 model years for surface (0–1 m) water isotope 
values for Lake N3 throughout the year. (a) δ2H, (b) δ18O, (c) deuterium-
excess. Black line used modern parameters. Light purple and light 
teal were run using 200% increase in ice-free season (JJAS, June, July, 
August, Septmeber) and ice-cover season (ONDJF, October, November, 
December, January, February) precipitation, respectively. Dark purple and 
dark teal were run using 20‰ 2H-enrichment in JJAS precipitation and 
50‰ 2H-depletion in ONDJF precipitation, respectively. Yellow line is a 
combination of all four scenarios (increased JJAS, ONDJF, and modified 
isotopic composition). Solid lines indicate 20% of precipitation was used as 
runoff, dashed lines indicate 50% of precipitation was used as runoff. Dark 
purple line is behind black line in panels (a) and (b). All lines are means of 
36 years of PRYSM simulation. Black horizontal bar indicates modern lake 
water δ2H and δ18O determined from uppermost sediment sample from 
C24 n-alkanoic acid δ2H and chironomid δ18O records, plotted during the 
season when the proxy is produced. Gray horizontal bar indicates the same 
as black horizontal bar, but for middle Holocene (4–6 ka) lake water δ2H 
and δ18O.
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however, PRYSM sensitivity results with increased temperatures and 
lower relative humidity cause δ18Olw to become 18O-depleted (Figure S2). 
Relative humidity, determined from terrestrial and aquatic plant δ2Hwax 
from Pluto Lake, is higher during the middle Holocene suggesting that 
there were not significant increases in evaporation during this time (Rach 
et al., 2017; Thomas et al., 2020). Despite this disagreement between the 
δ18Ochir record and model results, there may be climatic explanations not 
captured by our PRYSM sensitivity tests that match the middle Holocene 
18O-enriched δ18Ochir record (see Section 4.3).

The Lake N3 δ18Ochir record has trends similar to a record of C20 aquatic 
plant δ2Hwax from Pluto Lake, which shows higher summer δ2Hlw from 
7 to 5 ka (Figure 5c). Pluto Lake has a shorter residence time than Lake 
N3, so aquatic plant leaf waxes produced during the growing season 
reflect summer precipitation isotopes without a winter bias (Thomas 
et al., 2020). Therefore, the increase in C20 aquatic plant δ2Hwax in Pluto 
Lake during the Middle Holocene was likely due to 2H-enriched summer 
precipitation isotopes. The timing of the 2H-enriched values at Pluto Lake 
is earlier than the 18O-enriched chironomid values at Lake N3. Yet, if both 
of these records are influenced by the same mechanism, they suggest that 
summer precipitation on western Greenland may have been enriched in 
the heavy isotopes during the middle Holocene, perhaps due to a shift to 
more proximal moisture sources.

4.1.1. Assessing Chironomid-inferred Lake Water δ18O With 
Forward Model Results

As discussed above, none of the PRYSM Lake Environment sub-model 
sensitivity tests of increased precipitation amount or increased precipita-
tion seasonality cause Lake N3 to be 18O-enriched relative to the modern 
scenario. This suggests that climatic and lake-specific mechanisms likely 
did not cause the observed middle Holocene δ18Ochir values. Moreover, 
only two scenarios (longer or later snowmelt), tested while establishing 
modern conditions of PRYSM for Lake N3 (Figure S2), resulted in late 
summer lake water values that were 18O-enriched relative to the mod-
ern scenario, and those were less than 1‰ enriched, compared to the 
∼3‰ enrichment in the δ18Ochir record. The rest of the scenarios indicate 
that δ18Olw remained constant or became 18O-depleted during the middle 
Holocene. The measured middle Holocene δ18Ochir is about 6.3‰ 18O-en-
riched compared to the model scenario where we alter seasonal precipi-
tation isotopes and amount but keep runoff/precipitation ratios constant. 
Additionally, calculated modern δ18Ochir from modeled modern δ18Olw 
using the best-known apparent fractionation factor between and δ18Ochir 
(ε = −22.4 ± 1.3‰ (1σ)), (Figures 4 and S3b.) (Lasher et al., 2017; van 
Hardenbroek et al., 2018) is about 4.7‰ 18O-depleted compared to the up-
permost measured δ18Ochir. This disagreement may be partially explained 
because our uppermost chironomid sample has an age of 328 years BP, 
and therefore does not reflect modern conditions, but likely does not ex-
plain such a large offset. We therefore explore other explanations, includ-
ing proxy-specific mechanisms, for the differences in the magnitude and 
direction of the δ18Ochir values and the lake water isotopic response to 
sensitivity tests in both the modern and middle Holocene.

We used the lake forward model to examine only a limited number of possible climate changes that oc-
curred between the middle and late Holocene. Several other parameters, including the timing and duration 
of snowmelt, increases in summertime radiation and temperature, and decreases in summertime relative 

CORCORAN ET AL.

10.1029/2020PA004169

10 of 18

Figure 5. Western Greenland Holocene climate. (a) Fall and winter 
lake water δ18O from this study. (b) Spring and summer lake water δ2H 
from this study. Vertical lines on (a) and (b) are analytical uncertainty 
combined with fractionation factor uncertainties. (c) Summer lake water 
δ2H inferenced from Pluto Lake C20 aquatic plant leaf wax δ2H (Thomas 
et al., 2020). (d) and (e) Number of months with 50% or greater sea ice 
cover in Disko Bugt (MSM334300) and the Labrador Sea (HU84-030-
012TWC/PC) inferred from dinocyst assemblages (de Vernal et al., 2013; 
Ouellet-Bernier et al., 2014). (f) Percent of fine sand in sediment from 
Disko Bugt, an indicator of the strength of the Western Greenland Current 
(MSM334310) (Perner et al., 2012). (g) Atlantic calcareous benthic 
foraminifera concentration from sediment cores in Disko Bugt, indicating 
Western Greenland Current warmth (MSM334300, MSM334310) (Moros 
et al., 2016; Perner et al., 2012). (h) Disko Bugt summer sea surface 
temperature (MSM343300) and Baffin Bay summer and winter (dashed 
line) sea surface temperature (CC70) inferred from dinocyst assemblages 
(Gibb et al., 2015; Ouellet-Bernier et al., 2014). (i) Chironomid assemblage-
inferred summer air temperature anomaly relative to uppermost sample 
from North Lake (Axford et al., 2013). (j) Mean annual temperature at 
GISP2 (Kobashi et al., 2017).
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humidity, also may have changed, causing further modification of the lake water isotope values. Our experi-
ments altering these parameters, while not exhaustive, did not cause the lake water to be as 18O-enriched as 
the middle Holocene δ18Ochir values (Figure S2), however, changes in chironomid diet may have contributed 
to the observed middle Holocene 18O-enrichment. About 30% of the oxygen in chironomid head capsules is 
derived from diet, so changes in diet δ18O may cause changes in δ18Ochir (Wang et al., 2009). At some sites, 
however, δ18Ochir mainly records δ18Olw, despite possible changes in diet, which are difficult to constrain 
through time (Lasher et al., 2017; Wooller et al., 2008). The 3‰ 18O-enrichment in the middle Holocene in 
the δ18Ochir record is outside of analytical uncertainty, and cannot be explained by changes in δ18Olw values 
alone, but may be explained by a combination of minimal changes in δ18Olw values and slight changes in the 
chironomid diet. During the middle Holocene, the Lake N3 bulk sediment C:N ratio was about two times 
higher than the rest of the record, suggesting there may have been an increase in allochthonous terrestrial 
organic matter to Lake N3 (Figure 2e) (Meyers & Ishiwatari, 1993; Meyers & Lallier-Vergès, 1999). Aquatic 
macrophytes can also have fairly high C:N ratios (∼20–40) in the Arctic, so the increase in the C:N ratio 
from Lake N3 may due to shifts in the relative amounts of aquatic macrophytes and aquatic algae (Meyers 
& Ishiwatari, 1993; Vincent et al., 1999). Sauer et al. (2001) examined the δ18O of lake water and cellulose in 
lake sediments on Baffin Island and found that disseminated sediment cellulose does not reflect lake water 
isotopes, but instead is weighted toward terrestrial cellulose values. Whether the increase in the Lake N3 
C:N ratio was due to increased amounts of aquatic macrophyte or increased terrestrial organic matter, there 
would be a concomitant increase in cellulose into the lake sediment (Lasher et al., 2017; Meyers & Lalli-
er-Vergès, 1999). Cellulose can be more than 10‰ 18O-enriched compared to lipids, and δ18O of terrestrial 
cellulose can be 18O-enriched relative to aquatic cellulose due to evaporation of source water to terrestrial 
plants (Sauer et al., 2001; Silva et al., 2015). Either way, an increase in the amount of vascular plant material 
in the chironomid diet, which is composed of mostly of detritus material and some algae and macrophytes 
(Henriques-Oliveira et al., 2003), could cause the chironomid head capsules to become 18O-enriched. The 
Lake N3-specific PRYSM sensitivity tests suggest that proxy-specific mechanisms, in this case diet, may be 
influencing δ18Ochir in this lake basin more than changes in precipitation seasonality, isotopic composition, 
or amount. Although the forward model results did match the modern δ18Olw value, the uppermost δ18Ochir 
sample did not match modern δ18Olw value, and the sensitivity tests, which encompass precipitation amount 
and isotopic changes that could be explained by warmer conditions and more proximal moisture sources, 
show an opposite direction of change to the δ18Ochir record. These differences may be due to changes in 
chironomid diet, however, future work to further develop a forward model for the chironomid proxy sensor 
will help determine the mechanisms causing the isotope shifts observed in the middle Holocene and may 
improve quantitative estimates of precipitation amount and seasonality.

4.2. Interpreting Aquatic Plant Leaf Wax δ2H

Lake N3 aquatic plant δ2Hwax becomes 2H-depleted in the middle Holocene, opposite to the Lake N3 δ18Ochir 
record. Here, we explore both the climatic and proxy-specific mechanisms that may explain this pattern 
in the aquatic plant waxes. Aquatic plant waxes, in contrast to chironomid head capsules, are produced 
throughout the ice-free season (Riis et al., 2014), which starts in May at Lake N3 (Thomas et al., 2020). The 
primary aquatic plant in Lake N3 are aquatic mosses that grow most rapidly throughout the ice-free season 
(Guo et al., 2013; Thomas et al., 2016), and the chain length distribution of the sedimentary n-alkanoic acids 
is similar to that of modern aquatic mosses (Thomas et al., 2020). We therefore interpret aquatic plant δ2H-
wax (here, the C24 n-alkanoic acid) in Lake N3 to mainly reflect the isotopic composition of lake water during 
the ice-free season. Today, δ2H values of Lake N3 water decrease slightly during snowmelt, when 2H-deplet-
ed winter precipitation is flushed through Lake N3, and increase throughout summer, due to 2H-enriched 
summer precipitation and evaporative enrichment of the lake water (Figure 3, S1). Based on the lake water 
seasonal trajectories and the seasonal production of aquatic plant waxes, possible climatic mechanisms for 
the observed 2H-depletion of aquatic plant waxes during the middle Holocene include an increase in winter 
precipitation amount, 2H-depleted winter precipitation relative to the modern, a decrease in the residence 
time of Lake N3, a decrease in the evaporative enrichment of Lake N3, and earlier lake ice melt causing a 
decrease in snowmelt bypass (see Thomas et al., 2020 for more details). We use results from the forward 
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model to assess the above hypotheses about the causes of changes in Lake N3 aquatic δ2Hwax throughout the 
Holocene. Model results do show 2H-depleted δ2Hlw during several scenarios.

4.2.1. Assessing Leaf Wax-Inferred Lake Water δ2H With Forward Model Results

In order to compare the measured aquatic δ2Hwax values with the modeled lake water result, we used the 
best-known apparent fractionation factors between δ2Hlw and C24 n-alkanoic acid δ2H, ε = −112 ± 33‰ (1σ), 
and calculated δ2Hwax from the modeled lake water using Equation 1 (Figure S3) (McFarlin et al., 2019). 
δ2Hwax was calculated for the ice-free season, when aquatic plants grow and use lake water to produce 
waxes, using mean δ2Hlw for that season. Modern δ2Hwax calculated using the modern modeled δ2Hlw is 
about −196‰ and the measured modern δ2Hwax from sediment is −208‰ (Figure S3). Results from the 
middle Holocene do not agree in magnitude, however unlike the δ18Ochir record, the shift is in the correct 
direction. Specifically, in the scenario where both winter and summer precipitation isotopes and amount 
were changed with 20% precipitation as runoff, lake water during spring was 21‰ depleted compared to 
the modern. However, this magnitude of change in the model is much less than the magnitude of aquatic 
δ2Hwax in the middle Holocene, which is more than 100‰ 2H-depleted (Figure 2g). Possible reasons for this 
disagreement in magnitude of the 2H-depletion of leaf wax in mid Holocene between the measured and 
modeled results are discussed in detail below.

It is possible that we have not fully constrained the middle Holocene environmental conditions in these 
PRYSM scenarios, as discussed in in Section 4.1.1. Additionally, runoff amount into Lake N3 both today 
and during the middle Holocene are difficult to constrain, but may have large impacts on lake water iso-
tope values. For example, if the runoff-to-precipitation ratio were to increase, the lake would be flushed 
more rapidly during both the spring melt and summer, causing lake water to be 2H-depleted in the growing 
season, but return to summer precipitation isotope values by the end of the ice-free season (Figure S2). 
In the sensitivity scenario where we change seasonal precipitation amount and isotopes and increase the 
amount of precipitation that becomes runoff to 50%, the modeled δ2Hwax value is −155‰, only ∼40‰ higher 
than measured middle Holocene values (Figure 3). An earlier snowmelt due to higher spring temperatures 
would cause 2H-depleted runoff into the lake earlier in the season, possibly causing a larger amplitude δ2Hlw 
shift than we have in the PRYSM model results. In contrast, warmer summers may cause the fraction of 
precipitation that becomes runoff to decrease because a thicker active layer can store more precipitation in 
soils (Lamhonwah et al., 2017; K. L. Young et al., 1997). It is also possible that the fraction of precipitation 
that became runoff changed throughout the Holocene after the Greenland Ice Sheet retreated and soils, 
wetlands, and plant communities developed on the landscape (Michaelson et al., 1998). Quantifying this 
change is difficult, because we have limited information on the structure of plant communities through 
the Holocene (Bennike, 2000; Fréchette et al., 2008). In addition, there is little information on how plant 
communities and soils in the Arctic influence runoff into small lake catchments (K. L. Young et al., 1997). 
Further investigation of Arctic lake catchment hydrology will improve lake water isotope proxy interpre-
tations. Overall, the PRYSM lake environment sub-model successfully captures modern δ2Hlw, but not the 
magnitude of change that the aquatic plant waxes record during the middle Holocene. Even so, the sensitiv-
ity tests support previous interpretations that at least a portion of the middle Holocene 2H-depletion of Lake 
N3 water is due to an increase in winter precipitation and a 2H-depletion of winter precipitation caused by 
sea ice retreat (Thomas et al., 2016, 2020). We explore other possible explanations that may explain why the 
model does not capture the correct magnitude of change during the middle Holocene.

Similar to the chironomids, there are proxy-specific mechanisms that may influence the aquatic δ2Hwax be-
yond the climatic explanations discussed above. Different plant species can have different biosynthetic frac-
tionations (Berke et al., 2019; Daniels et al., 2017; Thomas et al., 2020). If the relative amounts of different 
types of plants species change in a community, then the apparent fractionation between leaf waxes and lake 
water may shift, which could cause a change in aquatic δ2Hwax without a change in δ2Hlw. Plant community 
shifts can be constrained by future work that examines past plant community changes via pollen, macro-
fossils, or sedimentary ancient DNA (Crump et al., 2019; Fréchette & de Vernal, 2009; Thomas et al., 2020). 
However, the magnitude of change observed in the Lake N3 aquatic plant δ2Hwax is over 100‰, meaning 
that biosynthetic fractionation values between plant species would need to vary on a similar magnitude, 
much larger than the differences between modern Arctic plant species (Daniels et al., 2017). We would also 
expect to see a change in chain length distributions through time if plant species were changing, but we see 
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no change (with the exception of the oldest three samples), so it is not likely there was a major middle Holo-
cene shift in plant community (Thomas et al., 2020). Despite lack of evidence for plant community changes, 
our model sensitivity tests did not capture the large-magnitude Middle Holocene changes suggesting that 
proxy-specific mechanisms may have contributed to the shifts observed in the Lake N3 aquatic δ2Hwax re-
cord. Constraining biosynthetic fractionation, especially by aquatic plant species, and plant community 
shifts through time, will help guide interpretation of this and future records.

4.2.2. Limitations of This Study

There are some assumptions and uncertainties inherent in paleo-water isotope studies such as this one. 
Analytical uncertainty is 3.0‰ for δ2Hwax (Thomas et al., 2016) and 0.4‰ for δ18Ochir. Uncertainties become 
larger, 33.1‰ and 1.4‰, when δ2Hwax and δ18Ochir are converted to δ2Hlw and δ18Olw, due to large uncertain-
ties in fractionation factors. The fractionation factor determined from Lasher et al. (2017) from chironomids 
in lake sediment on northwestern Greenland is likely a good representation of the chironomid samples 
from Lake N3. There are only a few studies of aquatic plant fractionation factors, and we use a global com-
pilation of C24 δ2Hwax and δ2Hlw, which does not account for changes in growing season isotopic composition 
(Aichner et al., 2017; McFarlin et al., 2019).

Furthermore, C24 n-alkanoic acids are also produced by terrestrial plants, and dominate the C24 n-alkanoic 
acid input to some lakes (Dion-Kirschner et al., 2020; McFarlin et al., 2019). However, at Lake N3 the mid-
chain (C24) and long-chain (C26 and C28) leaf waxes show very different isotopic trends, suggesting that they 
are from two different plant sources that use two different and very distinct water pools, that is, lake and 
soil water (Thomas et al., 2016, 2020). Additionally, as indicated in Section 2.5, there are limitations of using 
PSYRM 2.0 when there is only one set of modern observations from Lake N3 (Figures S4 and S5).

4.3. Holocene Precipitation Amount and Seasonality on Western Greenland

Other Arctic paleoclimate records can be used to assess whether the suggested climatic mechanisms for the 
middle Holocene changes observed in these western Greenland δ18Ochir and aquatic plant δ2Hwax records 
may have occurred. Thomas et al., (2016) hypothesized that an increase in winter snowfall was caused by 
decreased sea ice and warmer surface conditions in Disko Bugt and the Labrador Sea (Figures 5d and 5e) 
(de Vernal et al., 2013; Ouellet-Bernier et al., 2014). The warmer and stronger western Greenland current 
(WGC) between 6.5 and 4 ka would have caused greater heat transport to Baffin Bay and Disko Bugt (Fig-
ures 1g, 5f, and 5g) (Moros et al., 2016; Perner et al., 2012), causing greater local evaporation, and atten-
dant increases in precipitation amount throughout the year. This hypothesis is supported by a sea surface 
temperature (SST) reconstruction from Disko Bugt, which shows higher summer SST between 7 and 6 ka 
(Figure 5h) (Gibb et al., 2015; Ouellet-Bernier et al., 2014). Terrestrial summer air temperature was also 
higher in the middle Holocene (Figures 5i and 5j) (Axford et al., 2013; Kobashi et al., 2017). Warmer air 
can hold more moisture, suggesting that there could have been increased evaporation and therefore precip-
itation amount during the middle Holocene. In addition, higher condensation temperatures would have 
caused more isotopically enriched summer precipitation during this time. It is possible that increased tem-
peratures during middle Holocene summers may have caused a longer ice-free season, which would have 
resulted in an earlier snowmelt and more time for evaporation, in turn causing late summer Lake N3 water 
to be more enriched than today. A decrease in summer precipitation would have had a similar effect: less 
precipitation would have caused the lake to completely flush slower than today, allowing for greater evap-
oration. Early summer lake water isotope values (i.e., leaf wax isotopic composition), which are strongly 
influenced by snowmelt amount, timing, and duration, would have been less impacted than late summer 
lake water isotope values (i.e., chironomid isotopic composition). We did not test a decreased summer pre-
cipitation amount or an earlier snowmelt timing using PRYSM, but future work testing these hypotheses 
may explain why the δ18Ochir and aquatic plant δ2Hwax records have contrasting trends. Overall, other Arctic 
records of temperature and WGC strength suggest that there was an increase in precipitation seasonality 
paired with changes in precipitation amount during the middle Holocene, which may explain some of the 
changes observed in the δ18Ochir and aquatic plant δ2Hwax records. Further work incorporating a larger range 
of climate and proxy-specific mechanisms into PRYSM sensitivity tests in the context of these records may 
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provide a more accurate interpretation of which climate changes and proxy-specific mechanisms explain 
the observed Holocene trends.

4.4. Implications for Future Paleoclimate Studies

This approach using paired δ18O and δ2H records from different proxies in the same sediment archive can 
be applied in other paleoclimate studies to determine changes in precipitation amount and precipitation 
isotopes in both winter and summer, provided the study site meets the following guidelines:

4.4.1. Lake Properties

 (1)  Through-flowing lakes with minimal evaporation reflect precipitation isotopes and are less affected by 
18O- and 2H-enrichment that modifies precipitation isotope signals.

 (2)  Lakes that have a residence time of longer than a month are the best targets for reconstructing precip-
itation seasonality. The 2H-depleted winter precipitation signal is flushed too quickly from lakes with 
residence times less than a month, meaning that δ2Hwax does not capture the 2H-depleted winter signal, 
and will likely not reflect a different seasonal signal than δ18Ochir.

 (3)  Regions with a strong seasonal cycle of precipitation isotopes are ideal candidates for this method. 
Precipitation that varies seasonally will be reflected in the lake water isotopic composition and will 
therefore be differentially preserved in the different proxies.

 (4)  Lakes that are ice-covered for part of the year and are then rapidly flushed by melting winter snowfall 
during the early summer will likely exhibit strong seasonal signals.

4.4.2. Biotic Properties

 (5)  Measurable amount of short- or mid-chain waxes sourced from aquatic plants.
 (6)  In addition, a large quantity of chironomid head capsules is needed in order to make a measurement of 

δ18O that is not affected by limited sample size (Wang et al., 2008).
 (7)  Constraints on chironomid diet and plant community composition through time, and constraints on 

production seasonality of both proxies, which can influence the isotopic composition of chironomid 
chitin and aquatic plant leaf waxes.

Chironomids and aquatic plants are found globally, making this dual isotope approach a promising means 
of reconstructing precipitation seasonality in regions with seasonally varying precipitation isotopes. How-
ever, there is evidence that chironomid life cycles are shorter in warmer regions, with some species having 
multivoltine life cycles (Benbow et al., 2003; Tokeshi, 1995). The isotopic signal would reflect precipitation 
isotopes throughout the entire growing season if multiple generations of chironomids live and synthesize 
their head capsules during one summer. Thus, Arctic regions may be the most ideal for reconstructing the 
seasonally contrasting signals in these two proxies. Regions and lake systems that meet the above param-
eters are ideal candidates for reconstructing precipitation seasonality using a paired δ18Ochir and δ2Hwax 
approach. Employing other pairs of proxies may be useful, as well, but obtaining constraints on production 
seasonality is key.

5. Conclusion
Two lake water isotope proxies from the same lake and sediment samples on western Greenland yield very 
different patterns through the Holocene. We hypothesize that these two different trends are due to a com-
bination of changes in climate and proxy-specific mechanisms. The two different isotope proxies have dis-
tinct seasonal production within the same lake, meaning that δ18Ochir records summer-biased precipitation 
isotopes and aquatic plant δ2Hwax records winter-biased precipitation isotopes. These two seasonally con-
trasting proxies therefore may provide an opportunity to reconstruct changes in precipitation amount and 
isotopic composition during different seasons. Sensitivity tests of the PRYSM Lake Environment sub-model 
support the hypothesis based on the pair of isotope records that the middle Holocene on western Greenland 
was wetter during both summer and winter, likely accompanied by an amplified seasonal precipitation 
isotope signal linked to changes in moisture source. The PRYSM model could not capture the lake system 

CORCORAN ET AL.

10.1029/2020PA004169

14 of 18



Paleoceanography and Paleoclimatology

at Lake N3 completely, highlighting the importance of understanding other lake-specific environmental 
parameters (e.g., ice melt timing and duration, runoff) and proxy specific-mechanisms (e.g., changes in 
chironomid diet or in plant community) when interpreting climate records from lake water isotope proxies. 
Overall, this dual-isotope and lake water modeling approach has the potential to be applied to lakes with 
similar residence times and in similar geographic settings to infer past changes in precipitation isotopes, 
amount, and seasonality.

Data Availability Statement
Lake N3 δ18Ochir and leaf wax δ2H data are freely available online at https://www.ncdc.noaa.gov/paleo/
study/20126. Lake model input variables for Lake N3 are available in the Supplement and online at https://
doi.org/10.6084/m9.figshare.13713628.
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