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Scientific Significance Statement

In higher latitudes where ice melt occurs close to the summer solstice, the rapid warming of waters can cause incomplete
mixing in the spring, leading to a carryover of cold temperatures and anoxia in deep waters. We found that when ice melt
happens earlier in West Greenland lakes, deep waters are not only warmer but also contain higher oxygen concentrations dur-
ing summer which is likely a consequence of prolonged spring mixing that is enabled by relatively cooler temperatures earlier
in the year. At odds with the expected decline in deep-water dissolved oxygen (DO) concentration in temperate lakes, early ice
melt may lead to increasing concentrations of DO among lakes located at higher latitudes.

Abstract

Although trends toward earlier ice-out have been documented globally, the links between ice-out timing and
lake thermal and biogeochemical structure vary spatially. In high-latitude lakes where ice-out occurs close to
peak intensity of solar radiation, these links remain unclear. Using a long-term dataset from 13 lakes in West
Greenland, we investigated how changing ice-out and weather conditions affect lake thermal structure and oxy-
gen concentrations. In early ice-out years, lakes reach higher temperatures across the water column and have
deeper epilimnia. Summer hypolimnia are the warmest (~ 11°C) in years when cooler air temperatures follow
early ice-out, allowing full lake turnover. Due to the higher potential for substantive spring mixing in early ice-
out years, a warmer hypolimnion is associated with higher dissolved oxygen concentrations. By affecting vari-
ability in spring mixing, the consequences of shifts in ice phenology for lakes at high latitudes differ from
expectations based on temperate regions.
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With warming climate, lake ice-out now occurs earlier in
many temperate and higher latitude regions (Magnuson
et al. 2000). Ice-out phenology affects the timing of energy and
mass inputs into lakes, ultimately shaping the relative duration
of spring mixing and summer stratification and affecting the
seasonal progression of biogeochemical and ecological pro-
cesses (Cavaliere et al. 2021). Although trends toward earlier
ice-out have been documented in lakes across the world, the
links between ice-out timing and lake thermal and biogeo-
chemical structure remain unclear, especially for lakes at higher
latitudes that may respond differently compared to lakes in
temperate regions (Klanten et al. 2023). Moreover, even though
ice-out occurs earlier on average, there remains large inter-
annual variability (Brown 2022); hence, it is important to
understand lake responses along a gradient of ice-out timing.

The Arctic is warming three to five times faster than the
rest of the globe, with the largest amplification happening
during winter months and spring melt season (Rantanen
et al. 2022), leading to nonlinear, abrupt shifts across lake eco-
systems (Saros et al. 2022). One of the crucial differences
between lakes in temperate and high-latitude regions that
drive responses to ice phenology is that ice-out at higher lati-
tudes occurs later in the season, close to the peak intensity of
solar radiation (MacIntyre et al. 2009). As a result of the
higher rate of incoming radiation at the time of ice-out, small
lakes warm rapidly and experience incomplete or extremely
short spring mixing periods that are largely invariable from
year-to-year (Cortés and MacIntyre 2020; Pilla and
Williamson 2021). When spring meromixis occurs and lakes
effectively become monomictic, solutes accumulated during
winter, cold water, and low oxygen conditions in lake bot-
toms persist into the summer (Findenegg 1937). However,
with earlier ice-out, the duration of lake mixing may increase
due to lower solar radiation, shorter days, and higher poten-
tial of exposure to weather events in the spring.

Long-term trends in lake thermal and biogeochemical
structure are heterogeneous (Pilla et al. 2020), unde-
rscoring the need to assess the role of changing seasonal
variability. Here, we used long-term monitoring data from
13 oligotrophic lakes in West Greenland to investigate
(a) the relative effects of inter-annual variability in ice-out
timing and weather conditions (air temperature, wind
speed) on lake thermal structure and (b) how variability in
thermal structure affects summer dissolved oxygen
(DO) concentrations. The aim was to refine our under-
standing of the mechanisms by which ice phenology
affects lake ecosystems and disentangle different seasonal
signals reflected in interannual variability of lake
responses. We expected that ice-out timing and weather
immediately following ice-out will strongly affect tempera-
ture and DO in the hypolimnion as they are linked to
spring mixing (Dokulil et al. 2006), while epilimnetic tem-
peratures will be more strongly driven by summer weather
conditions (Kettle et al. 2004).
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Methods
Site

We analyzed thermal structure shifts in 13 lakes located in
West Greenland along a ~50km gradient between
Kangerlussuaq (67.1°N, 50.7°W; Supporting Information
Fig. S1) and the Greenland Ice Sheet. These lakes are small,
chemically dilute, glacial kettle lakes (Fig. S1B). Seven lakes
are located inland and six are near the ice sheet (Supporting
Information Table S1). Summer (June-July) daily mean tem-
peratures vary across the landscape gradient, with 7-14°C
inland and 5-9°C near the ice sheet. Precipitation is approxi-
mately 150-200 mm annually, with sublimation and evapora-
tion playing a significant role in local hydrology (Johansson
et al. 2015). Data from two different weather stations were
used to characterize conditions inland and by the ice sheet
(Supporting Information). North Atlantic Oscillation (NAO)
data (1950-2022) were accessed from the National Oceanic
and Atmospheric Administration (https://ftp.cpc.ncep.noaa.
gov/cwlinks/).

Ice-out model

Lake ice-out, the first day of year when lakes became
completely ice-free, was determined by personal observations,
high-frequency temperature sensors, and visual inspection of
available remote sensing imagery (Landsat 4-8 and Sentinel
1-2, cover the period between 1982 and 2008; however, the
record is patchy due to the lack of cloudless imagery during
spring). To hindcast ice-out timing using weather data, we
compared multiple linear regression models using Akaike
Information Criterion (AIC) with 0°C air temperature iso-
therm date, air temperature and wind speed in the months
preceding ice-out, and rate of spring warming as predictors
(Supporting Information Table S2). The best model included
the rate of spring warming from April to May, better capturing
the dynamic weather conditions during spring (Supporting
Information Fig. S3).

To provide a historical perspective of climate shifts in the
West Greenland region over the past eight decades, we ana-
lyzed spring NAO, and air temperature time-series. Previous
work in the region has established the importance of abrupt
changes in the local climate and environmental time-series
(Saros et al. 2019). Hence, we employed breakpoint analysis to
identify shifts in the mean of each time-series using function
breakpoints (strucchange, Zeileis et al. 2002, 2003). Moreover,
we were especially interested in the tendencies of ice-out
timing beyond shifts in its mean. To assess trends in early and
late ice-out timing, we used quantile regression (quantreg,
Koenker 2023).

Thermal structure analysis

Thermal structure responses to changes in ice-out timing
were primarily modeled based on 123 vertical profiles col-
lected with a multiprobe (HydroLab, until 2015, YSI EXO
from 2016, YSI EXO and Turner C3 in 2019) from 2011 to
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2022 (no observations in 2012). However, considering that
vertical profiles only represent snapshot conditions, we also
separately analyzed 44 high-frequency datasets (Onset
Hobo Pendant) from a subset of 7 lakes collected in years
2003 and 2014-2022 (Supporting Information Fig. S1B;
Table S3). For each vertical profile, we calculated five differ-
ent thermal metrics: (a) volumetrically averaged epilimnion
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temperature; (b) volumetrically averaged hypolimnion
temperature; (c) temperature difference between (a) and (b);
(d) mixing depth; and (e) Schmidt stability (rLakeAnalyzer,
Supporting Information, Winslow et al. 2019). For each
time series, we aggregated water temperatures from 19 June
to 19 July (the most frequently sampled open-water period
across lakes) to daily means and calculated daily thermal
structure metrics (a—e) and averaged them over the sampled
summer period.

To determine the effects of ice-out timing and weather con-
ditions on each calculated thermal metric (a—e), we used hier-
archical linear mixed models (function Ime in nlme package;
Pinheiro et al. 2021). For each thermal metric, we compared
the performance of a null model, x ~ 1 4 (1|weather region/
lake), where x represents thermal metrics (a—e), and models
that included combinations of ice-out timing and (a) weather
conditions characterizing air temperatures and wind speed
during summer or (b) immediately after ice-out (hereafter
referred to as post-ice-out) as fixed effects. All predictor vari-
ables were z-scored so this approach allowed us to directly
compare the effect sizes (f) of predictor variables (ice-out
timing vs. summer or post-ice weather conditions) and iden-
tify their relative contributions to interannual variability in
thermal structure metrics. Accounting for repeated, non-
independent weather (two weather stations, one for inland
lakes and one for ice-sheet lakes) and lake observations,
weather region and lake identity were incorporated as a ran-
dom intercept term (1|weather region/lake).

Model performance was compared based on the AIC and
marginal and conditional R* (MuMIN, Bartori 2020). Marginal
R* (R?) characterizes variability explained by fixed effects

Fig. 1. Climate and ice phenology in Kangerlussuag, West Greenland
exhibit nonlinear trends and large variability since the beginning of the
instrumental record in 1942 until 2022. Vertical gray lines depict
breakpoints with 95% Cls shown as shaded gray boxes; solid lines show
breakpoints with p<0.05, and dotted lines show breakpoints with
p = 0.07. White (or black in €) horizontal lines show averages before and
after breakpoints. (A) Spring (MAM) NAO index with breakpoints demar-
cating a 1985-1994 period of consistently positive index bringing cold
and dry weather to Greenland. Data only available since 1950. (B)
Median April to May air temperatures shift from —1.75°C to 0.14°C after
1993. Green ribbon highlights the range of minimum and maximum
temperature for each year and light gray horizontal line shows 0°C iso-
therm. (€) Hindcasted ice-out dates exhibit shifts in average ice-out
timing from June 9 to June 3 (160-154 DOY). Crosses show observed ice-
out data, black points are modeled with gray ribbon showing 95% ClI
around the prediction. Lines in green and bordeuax represent quantile
regressions (r = 0.2, and 0.8, respectively), solid line designates signifi-
cant trend (p < 0.05). (D) Median June to July air temperatures shift from
9.4°C to 10.4°C after 1994. Bordeuax ribbon highlights the range of min-
imum and maximum temperature for each year and light gray horizontal
line shows 0°C isotherm. Average minimum temperature has increased
from —0.4°C to 0.7°C after 1994. Data between 1971 and 1973 are
missing.
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alone and conditional R* (R?) represents the total variability
explained by both fixed and random effects. To account for
temporal autocorrelation, we compared top models with and
without first-order autoregressive structure (CAR1) using AIC
and selected the most parsimonious model. Model diagnostics
including variance inflation factors, standardized residual
plots, and autocorrelation function plots were examined. To
check the stability of coefficient estimates, we generated boot-
strap (n=1000) standard errors and confidence intervals (Cls)
accounting for lake clusters (Supporting Information Table S4;
Fig. S4). Performance of models was assessed by 10-fold cross-
validation (Table S4). Results of all models falling within AIC
difference <5 are presented in Supporting Information
Tables S5 and S6. Here, we present results based on vertical
profiles as more data are available from more lakes in a bal-
anced design, but model outcomes using averaged high-
frequency thermal structure data provide qualitatively the
same results (Supporting Information Table S6; Fig. S5), but-
tressing our interpretation of thermal structure responses.

DO analysis

Changes in thermal structure shape vertical habitat gradi-
ents, including those of DO. We explored how variability in
thermal structure metrics affects summer DO concentrations,
modeling average epilimnion and hypolimnion DO concen-
trations as responses using each thermal structure metric (a—e)
as predictors. Average epilimnion and hypolimnion DO con-
centrations were calculated from 116 vertical profiles mea-
sured by a multiprobe (HydroLab, until 2015, YSI EXO from
2016) for each lake-day. Here we used linear mixed models
with random intercept and slopes (x | lake), where x is the

Earlier ice-melt in Arctic lakes

predictor variable, as they allow for different magnitude of
responses among lakes (Supporting Information Fig. S6).
Models were selected as described above. To examine among-
lake DO variability, we calculated Spearman rank correlations
with mean dissolved organic carbon (DOC) concentrations
and mean specific conductance (SC) for both epilimnion and
hypolimnion. Vertical profiles of SC were measured by a mul-
tiprobe and DOC samples from epilimnion and hypolimnion
were analyzed as in Saros et al. (2015). All data and code are
available in Hazukova and Saros (2024).

Results

Partially in response to spring NAO fluctuations (Fig. 1A), both
spring (April-May, Fig. 1B) and summer (June-July, Fig. 1D) air
temperatures have increased in a nonlinear, abrupt, fashion over
the past 80 yr. The timing of lake ice-out is driven by the rate of
warming during spring (R* =0.95, root mean squared error
=2.3d). After the 1993 breakpoint (95% CI: 1985-2001,
p=0.001) median April to May temperatures increased from
—1.8°C to 0.1°C and ice-out became on average 6 days earlier
(Fig. 1C). While no temporal trends were detected in late ice-out
(80th percentile, F; 118 = 1.5; p = 0.2), early ice-out is becoming
earlier (20 percentile, F; 115 = 8.5; p = 0.004) (Fig. 1C).

When ice-out occurs early, in mid-May to late May (20"
percentile, day of year (DOY): 132-152), lakes are more likely
to be exposed to relatively cooler air temperatures following
ice-out (Fig. 2A) compared to when ice-out happens late dur-
ing mid-June to late June (80" percentile, DOY: 164-177)
(Fig. 2A). In late ice-out years, lakes are exposed to median air
temperature of 9.1°C with lower variability (interquartile
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Fig. 2. Comparison of the range of (A) air temperatures, (B) shortwave radiation, and (C) longwave radiation that lakes are exposed to when ice-out
occurs early (20th percentile, DOY: 132-152, green) and late (80th percentile, DOY: 164:177, bordeuax) in Kangerlussuag, West Greenland. Panels show
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2022, solar radiation data provided by the PROMICE/GAP program).

261

AsUA0I7 suowwoy) aanear) a[qearjdde ayy £q pauIaA0s aIe sa[onIE V() fasn Jo sa[ni 10§ K1eiqr] aurjuQ) L[IA\ UO (SUOHIPUOD-PUE-SULIA) W0 Ka[Im’ KIRIqI[aur[uo//:sd)y) SUONIPUO)) puk SULI [, a4 29§ *[$70Z/80/87] U0 AIeIqi auljuQ) A3[IA ‘QUIBIN WIINOS JO ANsIaAtun £q 98¢0 1°ZI01/Z001 01/10p/wod* Kajim* Kreiqraurjuo-sqndofse//:sdny woiy papeoumod ‘¢ “b70T ‘THTI8LET



Hazukova et al.

range (IQR) = 35.7-12.5°C). In contrast, during early ice-out
years, air temperature is much lower, 6.7°C, with year-to-year
variability being almost twice as high (IQR =1.6-11.7°C).
Also, the daily average downwelling shortwave (Fig. 2B) and
longwave (Fig. 2C) radiations increase by ~ 25% and ~ 15%,
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respectively, between mid-May and late June (Fig. 2B,C).
Taken together, the likelihood of rapid onset of stratification
increases when ice-out occurs late, closer to the peak solar
insolation.

Epilimnetic temperatures increase with summer air tempera-
tures (f=1.54+0.22) and in years with earlier ice-out
(#=-1.00 £ 0.18). The top model suggests an interaction
between ice-out timing and summer air temperatures
(8 = 0.43 + 0.19; R>=0.51, R% =0.54), muting the effect of air
temperatures in early ice-out years, with on average warmer
epilimnia (Fig. 3A). Model based on averaged thermistor data
concurs with the results based on vertical profiles (R =0.69,

R% =0.95; Supporting Information Fig. S5A; Table S6).
Hypolimnetic temperatures during summer range from 4.0°C
to 11.1°C, with a single lake experiencing on average an inter-
annual range of 3.5°C with maximum up to 7.0°C. The highest
summer hypolimnetic temperatures were recorded during years
with early ice-out and lower post-ice-out air temperatures
(Fig. 3B). Increases in hypolimnetic temperatures with lower
post-ice-out air temperatures (f = —0.69 + 0.13) and earlier ice-
out (f=-0.20=+0.11) are amplified by their interaction
(#=0.14 + 0.11, R? =0.35, R2 =0.45). Models based on the
thermistor data highlight the importance of ice-out timing for
hypolimnetic temperatures (f=—0.49 +0.23) relative to post-
ice-out temperatures  (f=—0.44 £0.24; Rg =0.25,

R? =0.43; Supporting Information Fig. S5B; Table S6).
Temperature differences between epilimnion and hypolim-
nion increase with higher summer air temperatures
(#=1.15+0.24) and late ice-out (8 = —0.33 £ 0.17). In late
ice-out years, differences are amplified by higher summer air
temperatures and decrease with cooler summer air tempera-
tures (= 0.70 + 0.17, R?=0.30, R% =0.58; Fig. 3C). Models

based on thermistor data are consistent (R* =0.58, R% =0.71;
Supporting Information Fig. SSC; Table S6).

Models based on vertical profiles suggest that mixing depth
deepens with lower post-ice-out air temperature (f = —0.78 £
0.24), especially in late ice-out years (8= —0.30+ 0.19;
R?:O.16, an:O.37) (Fig. 3D). Models based on thermistor

air

Fig. 3. Critical thermal structure metrics, (A) volume-averaged epilim-
nion temperature, (B) volume-averaged hypolimnion temperature, (C)
difference between epilimnion and hypolimnion temperatures, (D)
mixing depth, and (E) Schmidt stability, show strong responses across the
range of ice-out timing. Lines show how are responses to ice-out timing
modulated by summer air temperatures (A, C, E; yellow-orange gradient
spans temperature range of 5-15°C) and air temperatures immediately
following ice-out (B, D; blue gradient spans temperature range of —1-
15°C) as predicted by linear mixed models with summer vertical profile
data as input (best model structure is described in each panel). Points
show measured data with color corresponding to the temperature gradi-
ent modulating the response. Predictions and associated Cls are esti-
mated based on models without autocorrelation structure.
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Fig. 4. (A) Mean dissolved oxygen concentration in the epilimnion decreases with increasing lake water temperature, while (B) the relationship between
temperature and dissolved oxygen is positive in the hypolimnion. Lakes with higher DOC concentration exhibit supersaturated conditions in the epilimnion
and a steeper increase along the temperature gradient in the hypolimnion. Thick red line shows the expected relationship based on solubility of oxygen in
water along temperature gradient when at equilibrium with air at standard surface pressure of 1012 hPa, thinner red lines show the same relationship given
pressure at 300 and 450 m of altitude (data based on Benson and Krause 1980; Mortimer 1981). Note that ranges of x-axes are different.

summer averages highlight the importance of ice-out timing
(p=-0.88+0.17) and show that mixing depth becomes
shallower  with  higher summer air temperature
(f=-0.42+0.24, piny=-0.49+0.18, R>=0.42, R? =0.55;
Supporting Information Fig. S5D; Table S6). Despite disagree-
ment between the models, in both cases, early ice-out is
linked to deeper mixing and the effect of air temperatures has
the same direction: deeper mixing is associated with cooler air
temperatures.

Similarly to temperature differences between epilimnion
and hypolimnion, Schmidt stability increases with summer air
temperature (8 =8.19 + 2.61), early ice-out (= -59 £ 1.77),
and their interaction (§ = 6.24 +1.80, R*=0.18, R% =0.72;
Fig. 3E), suggesting that Schmidt stability is strongly depen-
dent on summer air temperatures especially when ice-out
occurs late. Models based on thermistor data are consistent
with these results (R?=0.55, R34 =0.70; R>=0.30, R% =0.89;
Supporting Information Fig. SSE; Table S6).

Although DO concentrations in the epilimnia of most lakes
approximate expected relationships based on solubility of
oxygen in water (f#=—0.32+0.10, R>=0.24, R% =0.55,
Fig. 4A), higher DO in the hypolimnion is associated with
warmer temperatures (f=0.97+0.28, R*=0.07, R% =0.82,
Fig. 4B). Large wvariability in average hypolimnetic DO
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concentrations across lakes is linked to differences in the
mean hypolimnetic concentration of DOC (n=13, p=-0.87)
and mean hypolimnetic SC (n=13, p=—-0.76).

Discussion

Using a long-term monitoring dataset from 13 remote Arctic
lakes, we provide evidence that ice-cover phenology is an
important driver of summer thermal structure and DO variabil-
ity in West Greenland lakes. Our findings align with predic-
tions that ice phenology has a lasting influence on lake
ecosystems in regions with long-periods of ice-cover
(Dugan 2021) and arid conditions (Smits et al. 2020). However,
we show that the impact of changing ice-out timing is not
always linear and needs to be interpreted in the context of air
temperatures. Hypolimnion temperatures are on average higher
in early ice-out years, but the increase is amplified when early
ice-out is coupled with lower post-ice-out air temperatures
(Fig. 3B; Supporting Information Fig. S5B). Epilimnion tempera-
tures are strongly driven by summer air temperatures, but when
ice-out occurs early, the epilimnion is on average warmer and
accumulates more heat given the simultaneous increase in
mixing depth during early ice-out years (Fig. 3D; Supporting
Information Fig. S5D; Warner et al. 2018). These results align
with the expectation that surface waters will be more
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responsive to summer weather conditions while deep waters
will be more strongly affected by the timing of ice-out and
post-ice-out weather conditions, together shaping the extent of
spring mixing (MacIntyre et al. 2009).

The counterintuitive association of higher DO concentration
with a warmer hypolimnion provides further evidence of the
importance of ice phenology for deep waters. During early ice-
out years when open-water conditions begin under a lower
solar radiation regime, the likelihood of intensive turbulent
mixing increases, allowing the deep waters to simultaneously
warm up and re-oxygenate after winter (Fig. 5). Even though
the best models did not include the effect of wind speed on
hypolimnion temperatures, wind speed plays an important role
in inducing mixing at ice-out, especially when the temperature
difference at the air-water interface is lower. In Alaskan lakes,
instabilities caused by wind-induced nonlinear waves have
been linked to rapid transport of large amounts of heat into
deep layers and deeper epilimnia (Cortés and MacIntyre 2020).
In years with late ice-out, rapid warming following longer and
more severe winters limits mixing and allows hypoxia and cold
water to persist in the hypolimnion. The variability in DO
responses among lakes is high but lakes with higher concentra-
tions of DOC tend to respond more strongly along the

Early
ice-out

lower mid May
downwelling
solar radiation

Earlier ice-melt in Arctic lakes

hypolimnion temperature gradient (Fig. 4B). In the study lakes,
DOC is strongly correlated with SC (p = 0.95) as a result of
evapoconcentration (Anderson and Stedmon 2007), suggesting
that lakes with higher concentrations of solutes may be forming
chemical stratification under ice, making them more susceptible
to spring meromixis (MacIntyre et al. 2018).

Considering that the greatest source of heat into the lakes
is solar radiation, the timing of ice-out is a crucial process
affecting exposure of lakes to energy fluxes, especially in
extremely seasonal high latitude systems (Fig. 2; MacIntyre
and Melack 2009). Moreover, trends in air temperatures vary
seasonally and are highly heterogeneous across regions
(Winslow et al. 2017). Hence, the implications of changing
ice-cover phenology need to be considered relative to season-
ality of solar radiation and climate trends that together with
wind speed and humidity modify the heat budget (MacIntyre
et al. 2009). For example, in West Greenland, warmer condi-
tions during April and May that drive early ice-out (Fig. 1B,C)
do not necessarily beget higher post-ice-out air temperatures
(Fig. 2). In 2016 and 2019, years with the earliest ice-out on
record (Fig. 1C), post-ice-out air temperatures were very differ-
ent, changing the lake ecosystem conditions. In 2016, post-
ice-out air temperatures were the lowest (1-4.5°C) since 2010,

Late
ice-out

higher

- downwelling
solar radiation

higher probability relatively high
of low air air temperatures
temperatures after ice-out
longer period _ rapid onset
of isothermal = = of stratification
mixing after & 2 after ice-out
ice-out 0O o (incomplete
mixing)
warmer = cooler
hypolimnion o = hypolimnion
< s
(] -
3 S
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concentration E”' o persistent
in hypolimnion 2| 1sci® anoxia
.............. »
100%

Fig. 5. Conceptual diagram demonstrating how timing of ice-out affects lake thermal and biogeochemical structure in high-latitude lakes with summer
stratification. During early ice-out years, the likelihood of cooler, post-ice air temperatures that will enable spring mixing is higher. In contrast, during
years when ice-out happens late, closer to the peak of solar insulation, lakes tend to stratify immediately after ice-out (sometimes even under-ice). Lack of
full overturn in those years leads to the persistence of low oxygen conditions in hypolimnion. In years when ice-out occurs early, lakes tend to have
higher epilimnion and hypolimnion temperatures, deeper mixing depths, and smaller differences between epilimnion and hypolimnion.

AsUA0I7 suowwoy) aanear) a[qearjdde ayy £q pauIaA0s aIe sa[onIE V() fasn Jo sa[ni 10§ K1eiqr] aurjuQ) L[IA\ UO (SUOHIPUOD-PUE-SULIA) W0 Ka[Im’ KIRIqI[aur[uo//:sd)y) SUONIPUO)) puk SULI [, a4 29§ *[$70Z/80/87] U0 AIeIqi auljuQ) A3[IA ‘QUIBIN WIINOS JO ANsIaAtun £q 98¢0 1°ZI01/Z001 01/10p/wod* Kajim* Kreiqraurjuo-sqndofse//:sdny woiy papeoumod ‘¢ “b70T ‘THTI8LET



Hazukova et al.

leading to the highest summer hypolimnion temperatures on
record (6.2-11.1°C) and high DO concentrations. In contrast,
in 2019, warmer post-ice-out air temperatures induced more
rapid warming that led to lower temperatures in hypolimnia
(4.6-5.3°C) and lower DO in the summer, suggesting limited
spring mixing (Fig. 5).

Global predictions of lake responses to climate change suggest
that a shift toward earlier ice-out will lead to prolonged stratifica-
tion associated with negative consequences for deep water DO
(Jane et al. 2021; Li et al. 2022), but our findings demonstrate
that shifts to earlier ice-out may alleviate hypoxia stemming
from limited spring mixing in Arctic lakes (Fig. 5). Given that
spring meromixis is common among lakes across latitudes, we
need to evaluate lake responses to ice phenology shifts more crit-
ically and consider weather conditions following ice-out that
affect spring mixing. The interpretations of lake responses to ice-
cover phenology are further complicated by winter precipitation:
in regions where arid conditions during winter allow for the for-
mation of clear lake ice, turnover and stratification may happen
even before ice-out (Kirillin et al. 2021). On the other hand,
when present, snowmelt intrusions can induce mixing during
melt season (Cortés and MacIntyre 2020) and affect lake temper-
atures during summer (Christoffersen et al. 2008). To further our
understanding of mixing processes in lakes experiencing spring
meromixis, quantification of lake heat budgets will allow us to
assess the duration and timing of spring turnover more accu-
rately (Schmid and Read 2021).

Linking thermal structure metrics to specific seasonal cli-
mate signals will allow us to better disentangle long-term
trends in lake responses to climate change. In West Greenland,
median spring air temperatures exceeded 0°C (Fig. 1B), ice-out
became earlier (Fig. 1C), and summers became warmer in the
early 1990s (Fig. 1D). These recent, nonlinear shifts are linked
to variability in large-scale circulation patterns expressed by the
NAO index (Fig. 1A; Olsen et al. 2012) and the Greenland
Blocking Index (Saros et al. 2019). Long-term trends in these
indices suggest that climate is becoming more variable, bring-
ing seasonally extreme air temperatures to the region with
higher frequency (Hanna et al. 2022). However, the timing of
these extremes matters. As we show, deep water temperatures
carry a strong ice-out signal while surface waters respond more
readily to summer air temperatures. Responses of thermal and
biogeochemical structure to ice-out and air temperature vari-
ability will have further implications for the timing of ice-on
(Oleksy and Richardson 2021), vertical habitat structure
(Kraemer et al. 2021), and accumulation/outgassing of green-
house gases from deep waters (MacIntyre et al. 2018).

References

Anderson, N. J., and C. Stedmon. 2007. The effect of
evapoconcentration on dissolved organic carbon concentra-
tion and quality in lakes of SW Greenland. Freshw. Biol. 52:
280-289. doi:10.1111/j.1365-2427.2006.01688.x

265

Earlier ice-melt in Arctic lakes

Bartoni, K. 2020. MuMIn: Multi-Model Inference. R package
version 1.43.17. Available from https://CRAN.R-project.
org/package=MuMIn

Benson, B. and Krause, D. 1980. The concentration and isoto-
pic fractionation of oxygen dissolved in freshwater and sea-
water in equilibrium with the atmosphere. Limnol.
Oceanogr., 29: 620-632.

Brown, L. C. (2022). NOAA Arctic Report Card 2022: Lake Ice.
Global Ocean Monitoring and Observing (U.S.). doi:
10.25923/yjx6-1184

Cavaliere, E., and others. 2021. The lake ice continuum con-
cept: Influence of winter conditions on energy and ecosys-
tem dynamics. J. Geophys. Res. Biogeosci. 126: 1-20. doi:
10.1029/2020JG006165

Christoffersen, K. S., S. L. Amsinck, F. Landkildehus, T. L.
Lauridsen, and E. Jeppesen. 2008. Lake flora and fauna in
relation to ice-melt, water temperature and chemistry at
Zackenberg. Adv. Ecol. Res. 40: 371-389. doi:10.1016/S006
5-2504(07)00016-5

Cortés, A., and S. MacIntyre. 2020. Mixing processes in small
arctic lakes during spring. Limnol. Oceanogr. 65: 260-288.
doi:10.1002/In0.11296

Dokulil, M. T., A. Jagsch, G. D. George, T. Jankowski, B.
Lenhart, D. Weilheim, and T. Blenckner. 2006. Twenty years
of spatially coherent deepwater warming in lakes across
Europe related to the North Atlantic Oscillation. Limnol.
Ocean. 81: 2787-2793. doi:10.4319/10.2006.51.6.2787

Dugan, H. A. 2021. A comparison of ecological memory of
lake ice-off in eight north-temperate lakes. J. Geophys. Res.
Biogeosci. 126: 1-13. doi:10.1029/2020JG006232

Findenegg, 1. 1937. Holomiktische und meromiktische Seen.
Int. Rev. Ges. Hydrobiol. Hydrogr. 35: 586-610. doi:10.
1002/iroh.19370350130

Hanna, E., T. E. Cropper, R. ]J. Hall, R. C. Cornes, and M.
Barriendos. 2022. Extended North Atlantic Oscillation and
Greenland blocking indices 1800-2020 from new meteoro-
logical reanalysis. Atmosphere 13: 1-28. doi:10.3390/atm
0513030436

Hazukova, V., and ]J. Saros. 2024. Thermal structure and dis-
solved oxygen data from 13 lakes in West Greenland ranging
from 2003-2022. Arctic Data Center. doi:10.18739/A21
834419

Jane, S. F., G. J. A. Hansen, B. M. Kraemer, P. R. Leavitt, J. L.
Mincer, R. L. North, R. M. Pilla, and J. T. Stetler. 2021.
Widespread deoxygenation of temperate lakes. Nature 594:
66-70. doi:10.1038/s41586-021-03550-y

Johansson, E., L. G. Gustafsson, S. Berglund, T. Lindborg, J. O.
Selroos, L. Claesson Liljedahl, and G. Destouni. 20135. Data
evaluation and numerical modeling of hydrological inter-
actions between active layer, lake and talik in a permafrost
catchment, Western Greenland. J. Hydrol. 527: 688-703.
doi:10.1016/j.jhydrol.2015.05.026

Kettle, H., R. Thompson, N. ]J. Anderson, and D. M.
Livingstone. 2004. Empirical modeling of summer lake

AsUA0I7 suowwoy) aanear) a[qearjdde ayy £q pauIaA0s aIe sa[onIE V() fasn Jo sa[ni 10§ K1eiqr] aurjuQ) L[IA\ UO (SUOHIPUOD-PUE-SULIA) W0 Ka[Im’ KIRIqI[aur[uo//:sd)y) SUONIPUO)) puk SULI [, a4 29§ *[$70Z/80/87] U0 AIeIqi auljuQ) A3[IA ‘QUIBIN WIINOS JO ANsIaAtun £q 98¢0 1°ZI01/Z001 01/10p/wod* Kajim* Kreiqraurjuo-sqndofse//:sdny woiy papeoumod ‘¢ “b70T ‘THTI8LET



Hazukova et al.

surface temperatures in southwest Greenland. Limnol.
Oceanogr. 49: 271-282. doi:10.4319/10.2004.49.1.0271

Kirillin, G., T. Shatwell, and L. Wen. 2021. Ice-covered lakes
of Tibetan plateau as solar heat collectors geophysical
research letters. Geophys. Res. Lett. 48: 1-12. doi:10.1029/
2021GL093429

Klanten, Y., R. Couture, K. S. Christoffersen, and W. F.
Vincent. 2023. Oxygen depletion in arctic lakes: Circumpo-
lar trends, biogeochemical processes, and implications of
climate change global biogeochemical cycles. Global Bio-
geochem. Cycl. 1-20. doi:10.1029/2022GB007616

Koenker, R. 2023. quantreg: Quantile regression. R package
version 5.97. Available from https://CRAN.R-project.org/
package=quantreg. doi:10.1186/s12936-023-04609-z

Kraemer, B. M., and others. 2021. Climate change drives wide-
spread shifts in lake thermal habitat. Nat. Clim. Change
11: 521-529. doi:10.1038/s41558-021-01060-3

Li, X., S. Peng, Y. Xi, R. I. Woolway, and G. Liu. 2022. Earlier
ice loss accelerates lake warming in the Northern Hemi-
sphere. Nat. Commun. 13: 5156. doi:10.1038/s41467
-022-32830-y

Magnuson, J. J., and others. 2000. Historical trends in Lake
and river ice cover in the Northern Hemisphere. Science
289: 1743-1746. doi:10.1126/science.289.5485.1743

MaclIntyre, S., and M. Melack. 2009. Mixing dynamics in lakes
across climatic zones, p. 603-612. In G. E. Likens [ed.],
Encyclopedia of inland waters. Elsevier. doi:10.1016/B978-
012370626-3.00040-5

Maclntyre, S., J. P. Fram, P. ]J. Kushner, N. D. Bettez, W. J. O.
Brien, J. E. Hobbie, and G. W. Kling. 2009. Climate-related
variations in mixing dynamics in an Alaskan arctic lake.
Limnol. Oceanogr. 54: 2401-2417. doi:10.4319/10.2009.
54.6_part_2.2401

Maclntyre, S., A. Cortés, and S. Sadro. 2018. Sediment respira-
tion drives circulation and production of CO 2 in
ice-covered Alaskan arctic lakes. Limnol. Oceanogr. Lett. 3:
302-310. doi:10.1002/1012.10083

Mortimer, C. H. 1981. The oxygen content of air-saturated fresh
waters over ranges of temperature and atmospheric pressure
of limnological interest, Internationale Vereinigung fiir Theo-
retische und Angewandte Limnologie: Mitteilungen. 22: 1-
23. doi:10.1080/05384680.1981.11904000

Oleksy, L. A., and D. C. Richardson. 2021. Climate change and
teleconnections amplify lake stratification with differential
local controls of surface water warming and deep water
cooling. Geophys. Res. Lett. 48: 1-11. doi:10.1029/2020GL09
0959

Olsen, J., N. J. Anderson, and M. F. Knudsen. 2012. Variability
of the North Atlantic Oscillation over the past 5,200 years.
Nat. Geosci. §: 808-812. d0i:10.1038/ngeo1589

Pilla, R. M., and others. 2020. Deeper waters are changing less
consistently than surface waters in a global analysis of
102 lakes. Sci. Rep. 10: 1-15. doi:10.1038/s41598
-020-76873-x

266

Earlier ice-melt in Arctic lakes

Pilla, R. M., and C. E. Williamson. 2021. Earlier ice breakup
induces changepoint responses in duration and variability
of spring mixing and summer stratification in dimictic
lakes. Limnol. Oceanogr. 67: 1-11. doi:10.1002/In0.11888

Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar, and R Core Team.
2021. nlme: Linear and nonlinear mixed effects models. R
package version 3.1-152. Available from https://CRAN.R-
project.org/package=nlme

Rantanen, M., A. Y. Karpechko, A. Lipponen, K. Nordling, O.
Hyvirinen, K. Ruosteenoja, T. Vihma, and A. Laaksonen.
2022. The Arctic has warmed nearly four times faster than
the globe since 1979. Commun. Earth Environ. 3: 1-10.
doi:10.1038/543247-022-00498-3

Saros, J. E., C. L. Osburn, R. M. Northington, S. D. Birkel, J. D.
Auger, C. A. Stedmon, and N. J. Anderson. 2015. Recent
decrease in DOC concentrations in Arctic lakes of south-
west Greenland. Geophys. Res. Lett. 42: 6703-6709. doi:
10.1002/2015GL065075

Saros, J. E., and others. 2019. Arctic climate shifts drive rapid
ecosystem responses across the West Greenland landscape.
Environ. Res. Lett. 14: 1-11. doi:10.1088/1748-9326/
ab2928

Saros, J. E., and others. 2022. Sentinel responses of Arctic
freshwater systems to climate: Linkages, evidence, and a
roadmap for future research. Arct. Sci. 1-87: 356-392. doi:
10.1139/as-2022-0021

Schmid, M., and ]J. Read. 2021. Heat budget of lakes. In Earth
systems and environmental sciences. Encyclopedia of inland
waters, Elsevier. doi:10.1016/B978-0-12-819166-8.00011-6

Smits, A. P., S. MacIntyre, and S. Sadro. 2020. Snowpack deter-
mines relative importance of climate factors driving sum-
mer lake warming. Limnol. Oceanogr. Lett. §: 271-279.
doi:10.1002/1012.10147

Warner, K. A, R. A. Fowler, R. M. Northington, H. L
Malik, J. McCue, and ]J. E. Saros. 2018. How does chang-
ing ice-out affect arctic versus boreal lakes? A compari-
son using two years with ice-out that differed by more
than three weeks. Water 10: 1-20. doi:10.3390/w10
010078

Winslow, L. A, J. S. Read, G. J. A. Hansen, K. C. Rose, and
D. M. Robertson. 2017. Seasonality of change: Summer
warming rates do not fully represent effects of climate
change on lake temperatures: 2168-2178. doi:10.1002/Ino.
10557

Winslow L, Read ], Woolway R, Brentrup ], Leach T, Zwart J,
Albers S, Collinge D (2019). _rLakeAnalyzer: Lake Physics
Tools_. R package version 1.11.4.1.

Zeileis, A., C. Kleiber, W. Kramer, and K. Hornik. 2003. Testing
and dating of structural changes in practice. Comput. Stat.
Data Anal. 44: 109-123. doi:10.1016/50167-9473(03)00030-6

Zeileis, A., F. Leisch, K. Hornik, and C. Kleiber. 2002.
strucchange: An R package for testing for structural change
in linear regression models. J. Stat. Softw. 7: 1-38. doi:10.
18637/jss.v007.102

AsUA0I7 suowwoy) aanear) a[qearjdde ayy £q pauIaA0s aIe sa[onIE V() fasn Jo sa[ni 10§ K1eiqr] aurjuQ) L[IA\ UO (SUOHIPUOD-PUE-SULIA) W0 Ka[Im’ KIRIqI[aur[uo//:sd)y) SUONIPUO)) puk SULI [, a4 29§ *[$70Z/80/87] U0 AIeIqi auljuQ) A3[IA ‘QUIBIN WIINOS JO ANsIaAtun £q 98¢0 1°ZI01/Z001 01/10p/wod* Kajim* Kreiqraurjuo-sqndofse//:sdny woiy papeoumod ‘¢ “b70T ‘THTI8LET



Hazukova et al.

Acknowledgments

Data from the Programme for Monitoring of the Greenland Ice Sheet
(PROMICE) and the Greenland Analogue Project (GAP) were provided by
the Geological Survey of Denmark and Greenland (GEUS) at http://www.
promice.dk. This project was possible thanks to the generous support of
the Dan and Betty Churchill Exploration Fund and US National Science
Foundation grants #1144423 and #1203434. We thank to editors and two
anonymous reviewers for their help with the manuscript. We would also
like to thank Jim Almendinger, Rachel Fowler, Amanda Gavin, Hamish
Greig, Suzanne McGowan, Andrea Nurse, Emily Rice, Kevin Rose, Kristin
Strock, Carl Tugend lll, Kate Warner, and Erica Whiteford for their help

267

Earlier ice-melt in Arctic lakes

with field work, Scott Lariviere and Tamara Levitsky for analyzing water
chemistry, and Brian McGill for his insights about statistics.

Submitted 25 May 2023
Revised 29 February 2024
Accepted 06 March 2024

AsUA0I7 suowwoy) aanear) a[qearjdde ayy £q pauIaA0s aIe sa[onIE V() fasn Jo sa[ni 10§ K1eiqr] aurjuQ) L[IA\ UO (SUOHIPUOD-PUE-SULIA) W0 Ka[Im’ KIRIqI[aur[uo//:sd)y) SUONIPUO)) puk SULI [, a4 29§ *[$70Z/80/87] U0 AIeIqi auljuQ) A3[IA ‘QUIBIN WIINOS JO ANsIaAtun £q 98¢0 1°ZI01/Z001 01/10p/wod* Kajim* Kreiqraurjuo-sqndofse//:sdny woiy papeoumod ‘¢ “b70T ‘THTI8LET



	 Earlier ice melt increases hypolimnetic oxygen despite regional warming in small Arctic lakes
	Methods
	Site
	Ice-out model
	Thermal structure analysis
	DO analysis

	Results
	Discussion
	References
	Acknowledgments


