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A B S T R A C T   

Reconstructing past climate seasonality is fundamental to understanding the nature of past climate changes. This 
is especially true in the Arctic, where climate is intensely seasonal and proxies that can distinguish climate 
conditions of multiple seasons in a single year are relatively rare. We propose that submerged aquatic mosses, 
which are abundant subfossils in some Arctic lake sediments and have distinctive seasonal growth morphologies, 
can be used to estimate past lake water oxygen isotope composition (δ18Olw) across multiple seasons. Aquatic 
mosses are abundant, well preserved, and grow continuously in Arctic lakes whenever light is available, with 
some species displaying unique seasonal morphologies influenced by water temperature. Although Greenland 
paleorecords suggest that aquatic moss oxygen isotope values (δ18Oom) reflect the δ18O values of lake water, no 
modern calibration between δ18Oom and δ18Olw exists in Greenland. We present a modern δ18Oom vs. δ18Olw 
calibration using multiple moss species or morphotypes from eight lakes and ponds near Pituffik (Thule), 
northwest Greenland. We find strong linear relationships (r2 = 0.76-0.85) between the δ18Oom and δ18Olw values 
of multiple species or morphotypes across the range of relatively low δ18Olw values at Pituffik, and our results 
indicate isotopic fractionations are similar to those found previously at lower latitudes. To assess the potential of 
mosses as archives of seasonal δ18Olw values, we analyzed δ18Oom in season-specific segments of moss strands, 
with seasons identified based upon growth morphology. Moss inferred lake water δ18O values (δ18Olwom) are 
higher in autumn than spring or summer, likely due to increasing contributions of 18O enriched precipitation and 
the cumulative effects of lake water evaporation throughout the ice-free season. For moss subsampled 
throughout summer, δ18Olwom values generally increased through the season in parallel with observed δ18Olw 
values. Potential temperature dependent fractionation effects during biosynthesis, however, remain uncon
strained and should be further addressed with future research. Overall, these findings suggest that aquatic mosses 
from lake sediments could be used to directly resolve climate seasonality of the past.   

1. Introduction 

Reconstructing past temperature and precipitation seasonality is 
vital for improving our estimates of future glacier mass changes (Greene 
et al., 2024), agricultural production, and plant phenology (Collins 
et al., 2021). Climate seasonality is especially large in the Arctic, and 
although Greenland ice core proxies and other terrestrial 

reconstructions provide critical records of Northern Hemisphere paleo
climate shifts, they do not typically reveal the seasonality of those 
climate changes and are often spatially limited (Denton et al., 2005; 
Buizert et al., 2018; Axford et al., 2021). Multiple periods of relatively 
recent abrupt climate change, like the Younger Dryas (12,900–11,700 
cal yr BP [calibrated years before present, where present is 1950]) and 
“8.2 ka event,” have been hypothesized to feature extreme shifts in 
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climate seasonality in Greenland (Alley, 2000; Alley and Ágústsdóttir, 
2005; Denton et al., 2005; Puleo et al., 2022). Records from other parts 
of the Arctic suggest winter temperatures may have increased through 
the Middle to Late Holocene (Meyer et al., 2015; Holland et al., 2020) 
while summer temperatures decreased over the same period (Marcott 
et al., 2013) due to diverging seasonal insolation trends, but this has not 
been confirmed in Greenland. Reconstructing the seasonality of late 
Pleistocene and Holocene climate changes in the Arctic would facilitate 
understanding and modeling of how past climate changes affected 
ecosystems and the cryosphere, including the Greenland Ice Sheet, with 
implications for forecasting future sensitivity to anthropogenic 
warming. 

Despite the importance of reconstructing air temperature across all 
seasons in the Arctic, most proxies are summer biased. Pollen assem
blages archived in lake sediments are one exception and widely used to 
reconstruct summer, winter, and annual temperatures. However, pollen 
assemblage reconstructions can be subject to large uncertainties asso
ciated with long distance pollen transport, vegetation colonization lag 
times, and non-analog past ecosystems (Seppä et al., 2004; Fastovich 
et al., 2020). Winter temperatures may be particularly difficult to assess 
with pollen assemblage reconstructions in the Arctic due to their weaker 
relationship with pollen assemblages compared to summer temperatures 
(Fréchette et al., 2008). Pioneering work has used alkenones, when 
productivity is sufficient, to infer winter and spring temperatures (Longo 
et al., 2020; Richter et al., 2021), which can be compared with more 
common summer temperature reconstructions from pollen and chiron
omids. In addition, ice wedge δ18O values are interpreted to largely 
reflect winter/spring temperatures as they form in cracks after perma
frost thermally contracts in wintertime (Meyer et al., 2015; Holland 
et al., 2020). Overall, most terrestrial paleoclimate reconstructions that 
attempt to address seasonality have used multiple proxies that reflect 
different seasons (Meyer et al., 2015; Longo et al., 2020; Richter et al., 
2021; Puleo et al., 2022). However, individual proxies are subject to 
various drivers and uncertainties, introducing additional uncertainties 
to seasonal comparisons when applied together. 

Lake water δ18O and δ2H values in small, precipitation-fed, through- 
flowing lakes in Greenland and across the Arctic vary seasonally with 
changes in precipitation δ18O and δ2H values and climate (Allen et al., 
2019), and act as tracers of these seasonal environmental shifts (Thomas 
et al., 2020; Corcoran et al., 2021; Akers et al., 2023; Harning et al., 
2024). In northwest Greenland, major climate controls on the seasonal 
δ18O and δ2H values of water vapor include air temperatures and sea ice 
cover, with the latter having large effects on local moisture availability 
relating to local wind directions and synoptic storm tracks (Akers et al., 
2020). In lakes strongly affected by evaporation, lake water δ18O and 
δ2H values will also reflect cumulative evaporative enrichment in 18O 
and 2H throughout the ice-free season. The oxygen isotope values of bulk 
aquatic moss tissues (δ18Oom) have been shown to primarily reflect lake 
water oxygen isotope values (δ18Olw) since they incorporate growth 
water into cellulose and other organic compounds (Zhu et al., 2014) and 
have been utilized in multiple paleoclimate reconstructions from 
Greenland (Lasher et al., 2017; Puleo et al., 2022). This is a powerful 
proxy as aquatic mosses are common, well-preserved in lake sediments, 
and easy to prepare for analysis due to the small sample mass required 
for δ18O measurement. Additionally, using aquatic mosses for δ18O 
measurements eliminates terrestrial vs. aquatic source attribution un
certainty associated with sediment cellulose extractions, and these 
submerged mosses are not affected by evapotranspiration-induced iso
topic effects (Sauer et al., 2001; Zhu et al., 2014). However, aquatic 
mosses are composed of multiple chemical components including cel
lulose, polyphenols, fats, oils, waxes, and carbohydrates, and each 
component likely has its own δ18O fractionation offsets from δ18Olw 
values. Therefore, δ18Oom measurements require calibrations with 
δ18Olw values separate from cellulose δ18O values, which are already 
well calibrated with δ18Olw values across a range of plant types and 
locations (DeNiro and Epstein, 1981; Sauer et al., 2001; Mayr et al., 

2015). Thus far, δ18Oom to δ18Olw calibration studies are geographically 
limited to Patagonia and cover only a few aquatic moss species (Zhu 
et al., 2014). 

With further calibration, δ18Oom values could be used as a single 
proxy to quantitatively estimate past climate seasonality in the Arctic. 
These mosses are abundant in polar regions as they can tolerate rela
tively low light and nutrient poor environments (Riis and Sand-Jensen, 
1997; Riis et al., 2010; Rankin et al., 2017; Thiemer et al., 2018). This 
means they grow and record δ18Olw values through multiple seasons. 
Studies have shown that several species of Arctic and Antarctic aquatic 
brown mosses of the family Amblystegiaceae exhibit seasonal changes in 
growth morphology that make it possible to identify the season of 
growth along individual moss strands (Riis and Sand-Jensen, 1997; Li 
et al., 2009; Guo et al., 2013; Riis et al., 2014; Thiemer et al., 2018; Xia 
et al., 2020). Thus, in lakes with seasonal variations in δ18Olw, mosses 
could be split into seasonally specific samples based on morphology and 
used for reconstructing seasonally specific δ18Olw values. 

To advance understanding of this potential seasonal proxy, we 
address the following research objectives:  

1) Establish a modern δ18Oom to δ18Olw calibration using modern field 
samples of several aquatic brown moss species/morphotypes from 
eight pond and lake sites (hereby referred to as lakes) near Pituffik, 
northwest Greenland.  

2) Determine if subsampling and measuring the δ18O values of 
morphologically distinct, seasonal growth strands of aquatic mosses 
reflects the evolution of δ18Olw values within and across multiple 
seasons. 

2. Site description 

The Pituffik (Thule) region of northwest Greenland is an ideal loca
tion to develop an δ18Oom vs. δ18Olw calibration and to test a potential 
novel seasonality proxy as it has numerous lakes, extensive aquatic moss 
growth, systematic modern water isotope sampling (Akers et al., 2023), 
and large modern climate seasonality (Cappelen and Drost Jensen, 
2021). Some δ18Oom measurements on moss samples collected from lake 
sediment cores have been used to infer paleoclimate change alongside 
other more well established δ18O proxies (Lasher et al., 2017; Puleo 
et al., 2022), however, δ18Olw was estimated using a calibration model 
based on data collected in Patagonia as a calibration dataset from 
Greenland does not currently exist. Additionally, those studies did not 
attempt to identify the season of growth of the moss strands used for 
δ18Oom analyses. To develop the first δ18Oom vs. δ18Olw calibration in 
Greenland and to evaluate a potential novel seasonality proxy, we 
selected eight sites north and northeast of Pituffik Space Base (Table 1; 
Fig. 1) to sample for aquatic mosses. 

Annual average temperature from 1991 to 2020 CE in Pituffik is 
−10.2 ◦C, with a mean January temperature of −23.9 ◦C and a mean 
July temperature of 6.1 ◦C (Fig. 2B; Cappelen and Drost Jensen, 2021). 
The annual precipitation amount is 149.4 mm, and the majority falls in 
July, August, September, and October (Fig. 2C; Cappelen and Drost 
Jensen, 2021). Satellite imagery, field observations (Akers et al., 2023), 
and climate data (Cappelen and Drost Jensen, 2021) suggest the study 
lakes are ice-free or at least have ice-free moats from early/mid-June to 
late August/early September. The exact timing varies annually among 
sites depending on weather conditions (Akers et al., 2023). Bedrock 
around the sites is late Precambrian dolomite and a gneiss-schist-granite 
complex (Dawes et al., 1973; Dawes, 1975). The Pituffik region is 
covered by glacial deposits (Corbett et al., 2015) with sparse tundra 
dominated by Carex, Dryas, and dwarf Salix. The lakes formed in the Late 
Pleistocene following glacial retreat (Corbett et al., 2015). Thick moss 
mats cover the nearshore or entire bottoms of many lakes and ponds 
near Pituffik, and subfossil remains of Amblystegiaceae are abundant in 
Holocene and Last Interglacial lake sediments from the region (Lasher 
et al., 2017; McFarlin et al., 2018, 2023). 
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All eight sites are precipitation fed with a large spring (May/June) 
snowmelt input and minimal inputs of groundwater due to continuous 
permafrost and a thin active layer. Additionally, none of the sites have 
glaciers, large permanent snowfields within their watersheds, or receive 
meltwater input from the Greenland Ice Sheet (Akers et al., 2023). We 
have assigned each lake to one of several hydrological categories 
(Table 1): A headwater lake is the uppermost lake in a watershed, and 
has no inputs from other lakes, whereas a downstream lake receives 
upstream water from at least one other lake. Both of these categories are 
used for through-flowing lakes with active outflows in late summer. 
Lake interconnections may be through streams or shallow subsurface 
flow, and the interconnections are often dry or frozen for 7–8 months of 
the year (Akers et al., 2023). Endorheic lakes are found in small, hy
drologically closed basins with no clear inflow or outflow channels. 

3. Materials and methods 

3.1. Pituffik field sampling 

Lake water samples and aquatic moss samples at the sediment-water 
interface were collected from the eight sites near Pituffik in northwest 
Greenland in the summer of 2022. Water samples were stored in 20 mL 
Nalgene bottles, and aquatic mosses obtained from fully submerged, 
shallow-water (0.5–2 m depth) sites on lake bottoms were gently 
squeezed to remove excess water and stored in 50 mL plastic centrifuge 
tubes, Teflon bags, or Whirl-Pak bags. Moss and water samples were 
stored in a dark refrigerator at 4 ◦C until analysis. Mosses were not 
identified to the genus/species level, but two distinct morphotypes 

(which we designate Species/Morphotype A and Species/Morphotype B) 
were separated (Supplementary Fig. 1). We assign the mosses in our 
study to the brown moss family Amblystegiaceae, and likely the genera 
Drepanocladus, Warnstorfia, and/or Scorpidium, which have been docu
mented in modern surveys and Quaternary sediments near Thule/ 
Pituffik (Steere, 1975; Hedenäs and Bennike, 2003) and are widely 
abundant and ecologically important in Arctic lakes (Steere, 1939; Riis 
et al., 2010; Guo et al., 2013; Riis et al., 2014). For two sites (LEO, WGL) 
in 2022, water samples were taken at separate times in summer. Our 
2022 water samples were combined with previous isotopic sampling of 
the eight sites in summers 2018 and 2019 that was continuous and at a 
higher resolution across the ice-free season (Akers et al., 2023) for a total 
of 50 water isotope samples with a minimum of three separate sampling 
times per site. 

3.2. Lake watershed and residence time calculations 

We modeled watershed areas for LEO and WGL since they were the 
only sites with lake depth measurements that could be used to tenta
tively estimate lake volume and therefore residence time. We note that 
these are especially small lakes (ponds) from among those in our study; 
their small size meant they were ice-free earlier than others, and could 
be navigated by boat in late June/early July 2022 to measure their 
maximum depths. We demarcated watersheds with the ESRI ArcGIS Pro 
Hydrology toolset and a 2 m resolution ArcticDEM (Porter et al., 2018). 
Residence time was estimated using the following equation: 

R = V / Q Eq. 1 

Table 1 
Locations, elevations, surface area, water depth (NA if not available), and hydrologic category for our eight sites. For Hydrology, DS = Downstream, HW = Headwater, 
and ER = Endorheic (Akers et al., 2023).  

Site Latitude (◦N) Longitude (◦W) Elevation (m a.s.l.) Surface Area (m2) Max Water Depth (m) Hydrology 

Diabase Depth Lake (DBL) 76.5710◦ −68.6847◦ 195 21,365 NA DS 
Lioness Rock Lake (LEO) 76.5683◦ −68.6887◦ 170 10,835 1.3 ER 
North Mountain View Lake (NML) 76.5671◦ −68.6699◦ 80 7610 NA DS 
Lake Potato (PL) 76.5569◦ −68.5481◦ 185 59,960 NA DS 
Power Lake (PWL) 76.5462◦ −68.5516◦ 180 60,460 NA HW 
Shaley Point Lake (SPL) 76.5731◦ −68.6930◦ 205 22,070 NA HW 
Upper Lake Potato (UPL) 76.5607◦ −68.5662◦ 195 51,040 NA DS 
Water Garden Lake (WGL) 76.5674◦ −68.4423◦ 45 21,340 1.54 ER  

Fig. 1. A) A map of Greenland. The red and black symbol indicates the study area near Pituffik, northwest Greenland. B) The study area around Pituffik and the 
Pituffik Space Base (formerly Thule Air Base) with abbreviated site names (see Table 1 for full names). Made using ESRI ArcGIS Pro and Earthstar Geographics. 
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where R is the residence time in years, V is the lake volume (estimated 
using the product of the average depth of the lake and the surface area of 
the lake determined in Google Earth Pro), and Q is the annual inflow 
(estimated using the product of annual precipitation input (1991–2020 
average; Cappelen and Drost Jensen, 2021) and the estimated watershed 
area). These approximate residence time estimates assume that lakes are 
of uniform depth, there is no net change in lake volume over the years, 
the volume of evaporative loss is minimal, and there is no long-term 
precipitation infiltration into or groundwater movement from the wa
tersheds’ mostly frozen ground. 

3.3. δ18O and δ2H measurements 

δ2H and δ18O values of 2022 lake water were measured on a Picarro 
Water Isotope Analyzer (model L2130-I with micro-combustion module 
A0325), in 8 or 9-fold replicates. Reported lake water δ18O and δ2H 
values are the average of the last 5 replicates in the measurement series. 
They were corrected to known standards and calibrated to the VSMOW 
scale. Water samples from 2018 to 2019 were analyzed and corrected as 
described in Akers et al., 2023). Analytical uncertainty is ±0.1‰ for 
δ18O and ±0.6‰ for δ2H. 

Aquatic mosses were thoroughly cleaned with DI water on a 250 μm 
sieve and viewed under a dissecting microscope to ensure cleanliness. 
No chemical pretreatment was utilized, as it was deemed unnecessary 
and could alter the isotopic composition of organic matter (Verbruggen 
et al., 2010). Strands were photographed to preserve morphological 
information. Cleaned, freeze-dried moss samples were cut into small 
pieces and placed in silver capsules, then analyzed for δ18O values on a 
Thermo TC/EA, held at 1420 ◦C, coupled with Thermo Delta V + IRMS 
via a Conflo IV interface. The TC/EA was equipped with a 1.5 m long 
molecular sieve 5 Å GC column to provide for separation and prevent 
co-elution of N2 and analyte CO. Isotope standards used for analysis 
consisted of BaSO4 standards (NBS127, IAEA-SO5, and IAEA-SO6), 
USGS water standards (GISP, VSMOW, and UC03), and an in-house 

cellulose standard. The analytical precision of the δ18Oom values is 
±0.4‰ and values are reported on the VSMOW scale. Isotope mea
surements are expressed as δ values in units of per mil (‰), where δ =
(Rsample/Rstandard − 1) * 1000 and R is the ratio of 18O/16O of samples or 
standards. 

For each site, 2–4 moss strands were selected for the calibration of 
δ18Oom values to δ18Olw values. Each strand was used for a separate 
δ18Oom measurement. These strands had densely arranged leaves and 
were interpreted to reflect summer-season growth (Li et al., 2009; Guo 
et al., 2013), thus corresponding with our summer lake water isotopic 
measurements. A total of 28 moss samples were measured across the 8 
sites for calibration. Sample mass ranged from 0.36 to 0.44 mg. 
Regression lines specific to species/morphotype (Species/Morphotype A 
and Species/Morphotype B; see Supplemental Fig. 1) and also to all 
species combined were calculated using the 2–4 aquatic moss warm 
(summer) season calibration samples per site (when present) and a 
site-based average of all summer lake water isotope measurements from 
each site. The fractionation factor between δ18Oom values and δ18Olw 
values (αom-lw) were calculated as follows: (δ18Oom / 1000 + 1) / (δ18Olw 
/ 1000 + 1). These calibrations allow for inferring δ18Olw values from 
δ18Oom measurements (δ18Olwom). 

To determine if mosses record seasonal and sub-seasonal changes in 
δ18Olw values, we conducted two sampling schemes. Our first sampling 
scheme assessed changes in δ18Oom (and by using our calibration, 
δ18Olwom) within a single summer’s growth in individual moss strands. A 
single warm season (summer) aquatic moss sample at each site was 
selected to be split into 3–5 subsamples (i.e. sections, depending on 
available sample mass) for δ18O measurement. Warm season growth was 
identified based on longer and more densely arranged leaves and 
branches, yielding a “bushy” morphology compared with “stringy” 
colder-season growth (Fig. 3; Riis and Sand-Jensen, 1997; Li et al., 2009; 
Guo et al., 2013; Riis et al., 2014; Thiemer et al., 2018; Xia et al., 2020). 
A total of 34 warm season (summer) samples were measured across the 8 
sites, with 3–5 consecutive samples at each site depending on sample 
mass. The sampled summer for each moss strand was not necessarily 
2021, as moss segments were selected for clear seasonal morphology 
rather than known age. Sample mass of the moss sections ranged from 
0.12 to 0.43 mg. 

Our second sampling scheme compares δ18Oom for warm- (summer) 
vs. cooler-season (spring/fall) aquatic moss growth. Three strands with 
clear changes in seasonal growth morphology were selected from each 
lake site. Note that not all aquatic moss individuals had clear seasonal 
variations, possibly due to species variations or due to rapid, complex 
communal growth in thick moss mats that cause moss strands to get 
buried and minimize growth below the surface (Riis et al., 2010). The 
selected, seasonally varying mosses were each split into two (summer vs. 
spring or fall) subsamples based on morphologies (Fig. 3; Riis and 
Sand-Jensen, 1997; Li et al., 2009; Guo et al., 2013; Riis et al., 2014; 
Thiemer et al., 2018; Xia et al., 2020). Summer sections were identified 
as described above, while “stringy” sections with shorter/more sparsely 
arranged leaves are an indicator of growth under the colder conditions 
of some portion of spring and fall, when adequate light is available at the 
lake bottoms, but air and water temperatures are cold. Although they 
can grow under low light levels, aquatic mosses are light-dependent and 
would not grow in the winter due to complete darkness of polar winter 
and the thick layers of snow-covered ice at our high latitude sites (Riis 
et al., 2010). We rule out that sparser leaf coverage could be attributable 
to grazing or decomposition given how well our sample morphologies 
resemble documented season-specific growth morphologies in similar 
Arctic mosses, the relative lack of grazers in Arctic settings, and the lack 
of any obvious decomposition in these fresh, modern samples. Tem
perature is likely a driving factor in the changing seasonal growth 
morphologies of the species at our sites as has been suggested elsewhere 
in the Arctic (Riis and Sand-Jensen, 1997; Sand-Jensen et al., 1999; Guo 
et al., 2013; Riis et al., 2014; Manolaki et al., 2022). Differentiating 
spring cold-season from fall cold-season growth is possible based on 

Fig. 2. A) Monthly average Pituffik precipitation δ18O values measured from 
1966 to 1971 (IAEA/WMO, 2015) and modeled for 2023 (OIPC; Bowen et al., 
2005; Bowen, 2023). B) Monthly mean temperature data from Pituffik 
(1991–2020) near the study sites (Cappelen and Drost Jensen, 2021). C) 
Monthly mean precipitation amount data from Pituffik (1991–2020) near the 
study sites (Cappelen and Drost Jensen, 2021). 
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growth direction of the moss strands, which can be inferred from the axil 
(Fig. 3). We note it is possible that the cold season (spring or fall) 
samples could contain a mixture of growth during the spring and fall 
seasons as they would grow back-to-back given the absence of light 
during the polar winter at our sites (no winter season growth), but we 
tried to avoid this by sampling immediately before/after the seasonal 
morphological transition. In total, 24 pairs of warm and cold season 
subsamples were analyzed, and sample mass ranged from 0.11 to 0.44 
mg. 

4. Results 

4.1. Lake watershed and residence time estimates 

Watershed area and residence time estimates were only calculated 
for WGL and LEO as they were the only two sites with water depth 
measurements. We estimated average depths of 1.1 ± 0.2 m for WGL 
and 0.9 ± 0.2 m for LEO. WGL has a watershed area of 80,475 m2 and 
LEO has a watershed area of 31,505 m2. Lake volume estimates range 
from 19,205–27,745 m3 for WGL and 7585–11,920 m3 for LEO. Average 
annual precipitation input was 0.132 m at Pituffik between 1991 and 
2020 (Cappelen and Drost Jensen, 2021). The calculated inflow (Q) is 
10,625 m3/yr for WGL and 4160 m3/yr for LEO. Using Eq. (1), WGL has 
an estimated water residence time of 2.2 ± 0.4 years and LEO has an 
estimated water residence time of 2.3 ± 0.5 years. The reported 

uncertainty is from the range of lake volume estimates made using 
minimum and maximum estimated average lake depths. Again, these are 
tentative values given the range of uncertainty associated with the lake 
volume estimates. 

4.2. Precipitation δ18O values vs. lake water δ18O values 

Annual precipitation δ18O values from the Thule Air Base (76.52◦N, 
−68.83◦W) between 1966 and 1971 ranged from −31.5‰ to −17.4‰ 
(Fig. 2A; IAEA/WMO, 2015). Modern values estimated at the same 
latitude, longitude, and elevation as the IAEA/WMO station using the 
Online Isotopes in Precipitation (OIPC) calculator ranged from −32.5‰ 
to −17.4‰ (Fig. 2A; Bowen et al., 2005; Bowen, 2023). JJA precipita
tion δ18O values ranged from −19.9‰ to −17.4‰ (IAEA/WMO) and 
−19.5‰ to −17.4‰ (OIPC). The modern annual weighted average 
precipitation δ18O value calculated using monthly precipitation amount 
data (Cappelen and Drost Jensen, 2021) and precipitation oxygen 
isotope data from the OIPC (Bowen et al., 2005; Bowen, 2023) was 
−22.5‰. 

δ18Olw values from our eight sites in 2022 (June–August) ranged 
from −21.3‰ to −8.4‰ (Fig. 4C). Including the 2018 and 2019 
(June–August) water isotope data from these eight sites (Akers et al., 
2023) slightly increased the range to −22.6‰ to −8.4‰ (Fig. 4A–C). By 
site, the combined averages of the 2018, 2019, and 2022 δ18Olw values 
were: DBL = −18.7 ± 1.2‰ (n = 4), LEO = −13.0 ± 1.0‰ (n = 4), NML 

Fig. 3. Example morphologies of A) a two-season moss strand and B) a four-season moss strand from this study. “Bushy” sections with densely arranged leaves and 
branches reflect warm (summer) season growth while “stringy” sections with very few leaves and branches reflect cold (fall/spring) season growth (Li et al., 2009; 
Guo et al., 2013). The vertical black line shows where the mosses were split into seasonal samples prior to δ18O measurement. The growth direction is indicated by 
the direction of the leaves, allowing us to identify spring growth (just before summer) and fall growth (just after summer). 

Fig. 4. A) Site specific δ18Olw values from 2018 lake water measurements near Pituffik (Akers et al., 2023). Black symbol indicates the range of mean JJA pre
cipitation δ18O values (δ18OP) at Pituffik (1966-1971; IAEA/WMO, 2015). B) Site specific δ18Olw values from 2019 lake water measurements near Pituffik (Akers 
et al., 2023). C) Site specific δ18Olw values from 2022 lake water measurements near Pituffik (this study). Analytical uncertainty of any given δ18Olw measurement is 
less than the symbol size. 
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= −18.0 ± 0.9‰ (n = 6), PL = −18.0 ± 1.1‰ (n = 13), PWL = −15.7 ±
0.9‰ (n = 11), SPL = −18.9 ± 0.9‰ (n = 3), UPL = −18.0 ± 0.9‰ (n =
5), and WGL = −10.5 ± 1.6‰ (n = 4). We found spring (mid to late 
June) δ18Olw values were lowest, summer (early July to mid-August) 
δ18Olw values were in the middle, and fall (late August to early 
September) δ18Olw values were the highest (Fig. 4A–C). 

Using the δ18O and δ2H values of lake water from 2018, 2019, and 
2022, we developed a local evaporation line to compare with the local 
meteoric water line made using the 1966–1971 precipitation δ18O and 
δ2H data (IAEA/WMO, 2015; Fig. 5). We find that the endorheic ponds 
WGL and LEO fall furthest out on the local evaporation line (Fig. 5), 
reflecting their greater evaporative modification. The amount of lake 
water evaporation each year can vary greatly depending on weather 
conditions (Akers et al., 2023). 

4.3. Comparing aquatic moss δ18O with lake water δ18O values 

Summer δ18Oom values and site-averaged summer δ18Olw values are 
strongly linearly correlated regardless of species/morphotype and 
whether or not the strand δ18Oom values are averaged by site. δ18Oom 
values across all eight sites ranged from 8.1‰ to 14.6‰ in the summer 
calibration samples (n = 28) while the site-averaged summer δ18Olw 
values ranged from −18.9 to −10.5‰ (n = 50). The all-species linear 
regression for individual strand δ18Oom values (Fig. 6) is given as: 

δ18Oom =0.635(±0.07)*δ18Olw +21.24(±1.20);r2 =0.755;n=28 Eq.2  

where δ18Olw is the δ18O value of average lake water and δ18Oom is the 
δ18O value of individual aquatic moss strands. The fractionation factor 
between δ18Oom values and δ18Olw values (αom-lw) for the all-species 
linear regression samples is 1.0278 ± 0.0014‰. Utilizing a species- 
based average of δ18Oom values for each species/morphotype by site 
(Fig. 6), rather than plotting all individual δ18Oom samples, yielded the 
following equation: 

δ18Oom = 0.635 ( ±0.08) * δ18Olw + 21.24 ( ±1.28); r2 = 0.854; n = 14
Eq. 3 

αom-lw for the all-species average linear regression samples is 1.0278 

± 0.0013‰. 
The Species/Morphotype A only linear regression (Supplementary 

Fig. 2) had aquatic moss samples from seven out of the eight sites (no PL) 
and is given as: 

δ18Oom = 0.657 ( ±0.09) * δ18Olw + 21.60 ( ±1.46); r2 = 0.819; n = 14
Eq. 4 

αom-lw for the Species/Morphotype A linear regression samples is 
1.0276 ± 0.0015‰. δ18Oom values in the Species/Morphotype A cali
bration samples ranged from 8.3‰ to 14.6‰. 

The Species/Morphotype B only linear regression (Supplementary 
Fig. 3) had aquatic moss samples from five out of eight sites (LEO, PL, 
PWL, SPL, and NML) and is given as: 

δ18Oom = 0.680 ( ±0.14) * δ18Olw + 21.69 ( ±2.31); r2 = 0.755; n = 10
Eq. 5 

αom-lw for the Species/Morphotype B linear regression samples is 
1.0275 ± 0.0012‰. Species/Morphotype B had a slightly smaller range 
in δ18Oom values compared to the all-species calibrations, from 8.1‰ to 
13.9‰. 

To infer δ18Olw values from δ18Oom values, we utilize the combined 
(all-species) individual strand linear regression (Fig. 6) because there 
are no significant differences between species/morphotypes (i.e., the 
uncertainty of our regression lines was greater than the differences 

Fig. 6. Summer aquatic moss δ18O (δ18Oom) values vs. summer lake water δ18O 
(δ18Olw) values for all species/morphotypes of moss and all sites in this study. 
Note that the independent and dependent variables are swapped compared to 
Eq. 2 and Eq. 3 (to infer δ18Olw values from δ18Oom values). Raw individual 
strand values with two samples per species/morphotype at each site are shown 
as gray dots (n = 28) while species/morphotype-based averages for each site 
are shown as black dots (n = 14). Uncertainty of the lake water δ18O values is 
site-based standard deviation among summer water samples, and uncertainty 
for aquatic moss samples is analytical uncertainty (±0.4‰). For calibration 
curves of individual species/morphotypes of moss, see Supplementary Fig. 2 
and Supplementary Fig. 3. 

Fig. 5. A Global meteoric water line (GMWL; red line), local meteoric water 
line (LMWL; black line and points; developed using monthly data from 1966 to 
1971 (IAEA/WMO, 2015)), and a local evaporative line (LEL; blue line and 
points; developed using 2018, 2019, and 2022 lake water data from Akers et al., 
2023 and this study). 
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between the species-specific regression lines). The αom-lw values for 
different species/morphotypes also fall within uncertainty of each other. 
This is not to say that there are no differences in using different aquatic 
moss species to reconstruct δ18Olw values, only that the differences be
tween Greenland aquatic moss species/morphotypes in our study are 
smaller than our calculated uncertainties. δ18Olwom values ranged from 
−19.8 to −12.0‰ for the calibration samples. The standard deviation of 
the δ18Olwom values from the mean δ18Olw values across all sites is 1.3‰. 
Site specific δ18Olwom averages were: DBL = −17.7 ± 1.3‰, LEO =

−13.6 ± 1.3‰, NML = −18.9 ± 1.3‰, PL = −19.3 ± 1.3‰, PWL =
−15.5 ± 1.3‰, SPL = −17.8 ± 1.3‰, UPL = −17.5 ± 1.3‰, and WGL 
= −12.4 ± 1.3‰. All of the site-based average δ18Olwom values fall 

within one standard deviation of the site-based average summer δ18Olw 
measurements except WGL. 

4.4. Seasonal aquatic moss δ18O values 

δ18Olw values showed an increasing trend over July to August 
(Fig. 7A; Akers et al., 2023). All sites also showed an increase in summer 
δ18Olwom values from high resolution warm season aquatic moss sub
samples (Fig. 7B). The magnitude of increase in δ18Olw values from July 
to August in 2018 (July 2018 to August 2019 for LEO) ranged from 0.4‰ 
(WGL) to 1.7‰ (LEO). The magnitude of the increase in high resolution 
summer δ18Olwom values ranged from 0.3‰ (PWL) to 2.7‰ (NML). 
Given the potential timing differences represented by water vs. moss 
samples (different years or exact seasonal timing), we do not necessarily 
expect the same magnitude of increase between δ18Olw and δ18Olwom, 
but we do expect the same direction of change, as we observe (Fig. 7). 

Identifying the growth direction of each warm and cold season 
aquatic moss strand allowed us to break each sample into either 1) 
spring and summer samples or 2) summer and fall samples. Seasonal 
specific δ18Oom values ranged from 6.2‰ to 16.8‰ (Fig. 8A and B). 
Summer δ18Oom values ranged from 6.2 to 16.0‰ (Fig. 8A and B). Spring 
δ18Oom values ranged from 8.0 to 16.8‰ (Fig. 8A). Fall δ18Oom values 
ranged from 9.6 to 15.7‰ (Fig. 8B). The average difference between 
consecutive summer and spring δ18Oom values was −0.1‰ while the 
range of differences was −2.6 to 1.1‰ (Fig. 8C). The difference between 
the means of consecutive summer (n = 13) and spring (n = 13) δ18Oom 
values was not statistically significant according to a one-way ANOVA 
(p = 0.96). The average difference between consecutive summer and fall 
δ18Oom values was −1.6‰ while the range of differences was −3.4‰ to 
−0.2‰ (Fig. 8D). The difference between the means of consecutive 
summer (n = 11) and fall (n = 11) δ18Oom values was not statistically 
significant according to a one-way ANOVA (p = 0.09). 

5. Discussion 

5.1. Controls on lake water δ18O at Pituffik 

Previous work has shown that δ18Oom values primarily reflect δ18Olw 
values at the time of moss growth (Zhu et al., 2014; Lasher et al., 2017; 
Puleo et al., 2022). For our sites near Pituffik, δ18Olw values reflect 
precipitation δ18O values and, to varying degrees, enrichment of lake 
waters with 18O due to evaporation during the ice-free period (Akers 
et al., 2023). Precipitation δ18O values are modified by the condensation 
temperature of precipitation as well as the precipitation moisture source 
and transportation path which vary across seasons (Dansgaard, 1964; 
Gat, 1996; Bowen et al., 2019). Lower local water vapor and precipi
tation δ18O values occur in the winter season due to the lower conden
sation temperatures and more distant oceanic moisture sources from 
predominantly the Labrador Sea and north/mid Atlantic, and possibly 
the Pacific Northwest, as a result of greater local sea ice cover (Nus
baumer et al., 2019; Sime et al., 2019; Akers et al., 2020). The most 18O 
enriched precipitation falls over Pituffik in the summer months as the 
temperature is warmer and sea ice cover is reduced, causing moisture 
sourcing to shift to more local sources in Baffin Bay and the Davis Strait 
(Sime et al., 2019; Akers et al., 2020) with additional contributions from 
the Labrador Sea and terrestrial Greenland and North America (Nus
baumer et al., 2019). 

The number of months of precipitation δ18O values that are inte
grated into the waters of each lake, and the degree of evaporative 
enrichment, likely varies site to site due to differing residence times and 
whether or not the lakes experience snow melt bypass due to lake ice 
cover. We were able to estimate the residence time of two sites at 2.2 ±
0.4 years (LEO) and 2.3 ± 0.4 years (WGL) given the availability of lake 
water depth measurements. This suggests these sites contain water that 
has been evaporatively modified for multiple years given the higher 
modern δ18Olw values in the summer season compared to the modern 

Fig. 7. A) Lake water δ18O values from the eight study sites collected in 2018 
(*the LEO sample is from late July 2019; Akers et al., 2023). Error associated 
with measurement is smaller than the size of the points. B) Lake water δ18O 
values inferred from aquatic moss strand subsampled δ18O values, using Eq. (2) 
derived from this study. Grey uncertainty is associated with the grey calibration 
regression equation in Fig. 6 (δ18Olw = 1.19 * δ18Oom – 29.3; r2 = 0.755; n=28; 
2σ = ±0.5‰). Sites starting at 0 on the x-axis had moss strands with spring and 
summer seasonal growth while sites ending at 6 on the x-axis had moss strands 
with summer and fall growth. Spring versus fall growth were differentiated 
based on growth direction, and differentiated from summer growth based on 
overall morphology, as described in Fig. 3. 
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JJA weighted average precipitation δ18O value (~-19.3‰). Other sites 
likely have shorter residence times as they have δ18Olw values much 
closer to the modern JJA weighted average precipitation δ18O value 
(~-19.3‰) in the summer (Fig. 4A–C) and, in some cases, more depleted 
spring values from relatively low δ18O snowpack melt input (PL; 
Fig. 4A). The increase in δ18Olw values for all sites through spring, 
summer, and fall is most likely driven by an increasing proportion of 
summer precipitation in the lakes and increased cumulative effects of 
evaporation, with varying degrees from site to site. 

5.2. Calibrating the relationship between δ18Oom in aquatic mosses and 
δ18Olw 

The linear relationships we find between δ18Oom values and δ18Olw 
values appear reasonable, reproducible, and predictable when 
compared to prior calibration work between aquatic moss δ18O values 

and lake water δ18O values in Patagonia (Zhu et al., 2014). This rela
tionship is driven by the strong relationship between cellulose δ18O 
values and growth water δ18O values that has been demonstrated in both 
controlled lab conditions and in the field on Baffin Island (Sauer et al., 
2001). In our study, the δ18Oom vs. δ18Olw regression slope values range 
from 0.635 - 0.680 ± 0.07 - 0.14 and the intercepts range from 21.24 to 
21.68 ± 1.20 - 2.31 (Eqs. (2)–(5)), which differ from the slope (0.861 ±
0.027) and intercept (27.8 ± 0.3) determined for Drepanocladus perpli
catus vs. growth water from Patagonia (Zhu et al., 2014). However, 
αom-lw values are similar, ranging from 1.0275 to 1.0278 ±

0.0012–0.0015 in this study compared to values of 1.0281–1.0288 
derived from Drepanocladus perplicatus and water samples from Pata
gonia (Zhu et al., 2014). Additionally, when using δ18Oom values to infer 
δ18Olw values from our full calibration dataset (Fig. 6), the slope and 
intercept values found in this study (slope = 1.19 - 1.34; intercept =
-31.0 to -29.3) compared to those found in Zhu et al., 2014 (slope =

Fig. 8. A) Spring (dark blue) vs. summer (red) aquatic moss δ18O values inferred from seasonal growth by site. Grey bars represent the analytical uncertainty of 
±0.4‰. B) Fall (blue) vs. summer (red) aquatic moss δ18O values inferred from seasonal growth segments by site. Grey bars represent the analytical uncertainty of 
±0.4‰. C) Difference between summer and spring aquatic moss δ18O values inferred from seasonal growth segments by site. Horizontal gray line shows mean offset. 
D) Difference between summer and spring aquatic moss δ18O values inferred from seasonal growth segments by site. Horizontal gray line shows mean offset. 
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1.16; intercept = -32.2) are very similar. We don’t expect these to be 
identical given the differences in studied moss species, the differences in 
the chemical pretreatment approach, and a potential temperature 
dependent fractionation of cellulose (Sternberg and Ellsworth, 2011) in 
the very different climates. 

Slight slope and intercept inconsistencies between the linear re
lationships presented in this study (Eqs. (2)–(5)) may result from varying 
percentages and isotopic compositions of major chemical compounds 
between moss species (Schmidt et al., 2001; Turetsky et al., 2008; Zhu 
et al., 2014). Another potential factor that could result in differing 
aquatic moss and water δ18O calibration equations by species is the 
amount of stored carbohydrate from previous years utilized during 
cellulose biosynthesis, but this amount has been shown to be negligible 
in many aquatic mosses (Glime, 2007; Zhu et al., 2014). 

Because our species/morphotype specific calibrations (Eqs. (4)–(5)) 
fall within uncertainty of each other, we opt to use the all species 
combined linear relationship for estimating δ18Olwom values in this study 
(Fig. 6). We suggest that this linear relationship can be applied to any of 
the studied species/morphotypes throughout the Arctic to reconstruct 
δ18Olw values from δ18Oom values. When generating δ18Olwom values for 
paleoclimate reconstructions, we still recommend utilizing a single 
species as best practice given the expected differences in the chemical 
composition and therefore isotopic fractionation relative to growth 
water between different species (Schmidt et al., 2001; Turetsky et al., 
2008) even though our calibrations generally fall within uncertainty of 
each other. This calibration may be applicable to other aquatic moss 
species and locations outside of the Arctic given the similarities of our 
observations to those presented on different species across the world 
(Zhu et al., 2014), but species-specific and local calibration studies are 
needed to achieve the greatest accuracy and confidence for recon
structing δ18Olw values in a given region from bulk aquatic moss strands. 

5.3. Seasonal aquatic moss δ18O values 

Some, but not all, aquatic moss strands at our study sites had 
seasonally varying growth morphologies, as has been described for 
several species in other studies (Riis and Sand-Jensen, 1997; Li et al., 
2009; Guo et al., 2013; Riis et al., 2014; Thiemer et al., 2018; Xia et al., 
2020). We assume that spring growth reflects mid to late June δ18Olw 
values, summer growth reflects July to mid-August δ18Olw values, and 
fall growth reflects late August to early September δ18Olw values. Mid to 
late June is the period of initial lake ice moating (and for small, shallow 
ponds, complete loss of lake ice), July to mid-August is when lake ice 
cover is completely gone, and late August to early September is the 
typical period of lake ice growth before complete ice cover reestablishes. 
These seasons have above freezing bottom water temperatures and 
sufficient light availability for moss growth. Some moss species can grow 
under complete ice cover (Rankin et al., 2017); however, we suspect the 
majority of growth occurs after ice cover thins in spring and before 
complete ice cover establishes in fall. We argue that no growth occurs 
from early November to middle February due to polar night at this 
latitude and the absence of light for photosynthesis (Glime, 2007). 

Summer growth segments sectioned into a high-resolution time se
ries of δ18Oom values successfully record δ18Olw values at biweekly to 
monthly resolution. δ18Olwom values from a single subsampled summer 
aquatic moss strand generally increase comparably to summer 2018 
δ18Olw values from our eight sites (Fig. 7A and B; Akers et al., 2023). 
This increasing trend appears in all sites regardless of lake water resi
dence time. The magnitude of change in δ18Olw values over July and 
August is similar to the δ18Olwom changes across a single summer season 
at sites DBL, LEO, PL, SPL, and UPL. Assuming summer δ18Olw values 
and summer δ18Olwom values should shift by the same amount, it appears 
most summer-morphology (“bushy”) moss growth indeed occurred in 
July and August at these sites. Larger differences between summer shifts 
in δ18Olwom values and δ18Olw values exist at sites NML, PWL, and WGL. 
We hypothesize that for these sites, the temporal resolution of the 

sampling of the aquatic moss strands and the waters differed as a result 
of the moss strands growing in a different year and/or over a different 
duration of the summer. 

Sectioning of mosses into spring, summer, and fall growth provides 
additional encouraging results regarding the potential for seasonal re
constructions of δ18Olw values. Spring and summer δ18Oom values are 
quite similar on average (~0.1‰ offset; p = 0.96; Fig. 8C) while fall 
δ18Oom values are higher on average than summer δ18Oom values 
(~1.6‰ offset; p = 0.09; Fig. 8D). The minimal offset between spring 
and summer δ18Oom values could be attributable to a lagged late summer 
signal that gets trapped when it freezes over during the previous winter, 
isotopically light spring melt partially bypassing some of the lakes due to 
ice cover, lower rates of evaporation in the spring and early summer, 
and/or a smaller portion of the lake volume filled with 18O enriched 
summer precipitation in early summer. Additionally, the similarity of 
spring and summer δ18Oom values could suggest that summer growth 
segments we sampled for seasonal comparison grew mostly in the early 
summer (when δ18Olw values were most similar to δ18Olw values in 
spring), unlike our summer subsampled strands which grew throughout 
the summer. Enrichment of δ18Oom values in the fall is expected due to 
the cumulative evaporative effects throughout the ice-free season and 
the relative dominance of 18O enriched summer precipitation at the end 
of summer. Although there are far more leaves on summer moss sub
samples compared to spring or fall ones, we do not suspect that differ
ences in δ18Oom values in stem vs. leaf tissue would result in a substantial 
difference in our seasonal δ18Oom values given the similarity of δ18Oom 
values found in Drepanocladus stems vs. leaves from Patagonia (Zhu 
et al., 2014). 

Temperature dependent fractionations could potentially have sig
nificant effects on observed isotopic differences between spring, sum
mer, and fall moss segments at these sites given the region’s large 
seasonal temperature shifts, but quantifying the magnitude of a poten
tial temperature-dependent fractionation effect occurring during cellu
lose biosynthesis remains uncertain (DeNiro and Epstein, 1981; 
Sternberg and Ellsworth, 2011; Zech et al., 2014; Zhu et al., 2014; Mayr 
et al., 2015; Hirl et al., 2021; Xia and Yu, 2020). Cellulose is a major 
chemical constituent of aquatic mosses (40–60%; Turetsky et al., 2008) 
and source of oxygen to our δ18Oom measurements. However, Sternberg 
and Ellsworth (2011) suggest that the fractionation of cellulose δ18O 
relative to growth water δ18O varies significantly at lower temperatures. 
Following their results, the approximate range of lake water tempera
tures at Pituffik (based on data from Wax Lips Lake 60 km northeast of 
Pituffik) would produce fractionation variability from 30.5‰ at 5 ◦C to 
28.9‰ at 10 ◦C. This potential temperature-dependent fractionation 
effect would cause our spring and summer δ18Oom values to be more 
similar due to the larger fractionation factor in the cooler spring 
compared to the smaller fractionation factor in the warmer summer. 
Therefore, even if spring δ18Olw values were lower than summer δ18Olw 
values as we observe in our lakes, it may not be reflected by our δ18Oom 
values because the changing fractionation factors would work in the 
opposite direction. 

Future studies comparing bulk aquatic moss δ18O values and cellu
lose δ18O values of several aquatic moss species with growth water δ18O 
values at known temperatures ranging from 1 to 20 ◦C under controlled 
lab or well-constrained field conditions are needed to constrain potential 
temperature-dependent fractionation effects. Still, there is no current 
literature consensus on the degree of temperature-dependent fraction
ations in cellulose biosynthesis. Additionally, the influence of a 
temperature-dependent fractionation effect on bulk moss δ18O values 
(rather than pure cellulose) has not yet been explored. Due to this un
certainty, we do not attempt to reconstruct δ18Olwom from the spring/ 
summer/fall time series of moss growth or apply a temperature 
correction factor to our reconstructions at this time. 
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6. Conclusion 

Overall, we find robust evidence that δ18O values of submerged 
aquatic moss strands from Greenland reflect lake water δ18O values, and 
that progressive moss growth from spring to fall preserves a record of 
seasonal shifts in lake water δ18O values. Oxygen isotope values of short 
segments of aquatic moss strands can reflect the evolution of lake water 
δ18O values on a weekly to monthly scale through the growing season. 
Summer and fall seasonal moss strand δ18O values record summer-to-fall 
shifts in lake water δ18O values attributable to cumulative inputs of 18O 
enriched summer precipitation and evaporative modification through 
late summer and fall. This provides precedent for creating high- 
resolution reconstructions of seasonal lake water δ18O values back in 
time. Where subfossil aquatic brown mosses are preserved well enough 
to distinguish seasons of growth, seasonally resolved lake water δ18O 
reconstructions are possible. Even in cases where aquatic moss seasonal 
growth morphology is not well preserved, overall variability of lake 
water δ18O throughout the growing season could be assessed by 
measuring δ18O values of continuous subsamples along moss strands. 
The seasonal variability captured by growing mosses means that re
searchers using mosses and paleo-archives of lake water δ18O values 
should carefully consider whether to subsample single strands to achieve 
a high temporal resolution or homogenize multiple strands to recon
struct average conditions. Between-species differences in biosynthetic 
fractionations were insignificant among the species/morphotypes we 
analyzed, and our study finds similar fractionation factors (αom-lw =

~1.0278 ± 0.0014) to those reported previously (αom-lw = ~1.0285 ±
0.0003). 

To continue to develop this method into a valuable paleoclimate 
proxy, further work is needed. This includes:  

1) Developing additional δ18Oom vs. δ18Olw calibration studies globally 
and with a variety of aquatic moss species.  

2) Determining the effects of chemical pretreatment on the oxygen 
isotope fractionation of aquatic mosses relative to host water.  

3) Quantifying the presence and extent of any temperature-dependent 
fractionation effects in bulk aquatic moss and moss cellulose at low 
temperatures with controlled lab experiments or well constrained 
field samples.  

4) Investigating the preservation of aquatic moss seasonal growth 
morphologies back in time in sediment cores.  

5) Deploying measurements of continuously subsampled aquatic moss 
strands sampled from sediment cores back in time. 
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