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Abstract: The timing of lake ice-out has advanced substantially in many regions of the Northern
Hemisphere, however the effects of ice-out timing on lake properties and how they vary regionally
remain unclear. Using data from two inter-annual monitoring datasets for a set of three Arctic lakes
and one boreal lake, we compared physical, chemical and phytoplankton metrics from two years
in which ice-out timing differed by at least three weeks. Our results revealed regional differences
in lake responses during early compared to late ice-out years. With earlier ice-out, Arctic lakes had
deeper mixing depths and the boreal lake had a shallower mixing depth, suggesting differing patterns
in the influence of the timing of ice-out on the length of spring turnover. Differences in nutrient
concentrations and dissolved organic carbon between regions and ice-out years were likely driven by
changes in precipitation and permafrost thaw. Algal biomass was similar across ice-out years, while
cell densities of key Cyclotella sensu lato taxa were strongly linked to thermal structure changes in the
Arctic lakes. Our research provides evidence that Arctic and boreal regions differ in lake response in
early and late ice-out years, however ultimately a combination of important climate factors such as
solar insolation, air temperature, precipitation, and, in the Arctic, permafrost thaw, are key drivers of
the observed responses.
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1. Introduction

Lakes throughout the Northern Hemisphere are experiencing changes in the timing of ice-on,
ice-out and the duration of ice cover [1–5]. Changes in the timing of ice-out are of particular interest
for understanding plankton dynamics, as ice-out marks the onset of spring conditions and the period
leading to the peak of the growing season. Ice-out timing also has stronger direct connection to climate
change than ice-on because individual lake properties influence the freezing process more strongly
than the thawing process [6,7]. The timing of ice-out has advanced substantially, occurring up to
21 days earlier over the past 40 to 100 years at mid-latitudes [8–11] and up to 13 days earlier since 2000
in the Arctic [12].

Correlations suggest that the timing of ice-out is an important driver of phytoplankton community
structure and biomass. Paleolimnological studies have inferred that earlier ice-out has triggered
changes in lake properties that caused shifts in diatom communities at both high and mid-latitudes and
that the taxon-specific shifts occurred earlier in Arctic lakes (ca. 1870) than in boreal lakes (ca. 1970) due
to expansion of planktonic diatom habitat and lengthening of the growing season [13–15]. Specifically,
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it has been hypothesized that shorter periods of ice cover induced by warming air temperatures favor
small Cyclotella taxa due to increased water column stability throughout the growing season [15,16].
However, based on neo- and paleolimnological approaches, small Cyclotella sensu lato taxa can be more
abundant during early [14,17] or late [18,19] ice-out years. Similarly, monitoring of a boreal lake over a
14-year period and a temperate lake over a 15-year period both revealed that the timing of ice-out does
not clearly influence total phytoplankton biomass during the growing season [20,21]. Collectively,
these studies reveal that the links between ice-out and phytoplankton dynamics vary in pattern and
strength across systems.

This regional variation is well illustrated by comparing Arctic and boreal lakes. The rate of
warming is at least twice the global average at high Arctic latitudes above 60◦ North compared to
other latitudes [22–24], which will influence seasonal light patterns, the length of the growing seasons,
timing of ice-out relative to phytoplankton blooms [25] and the onset of stratification [26] differently
than at lower latitudes that contain boreal regions. The relationship between air temperature and
the actual timing of ice-out is also not linear among different latitudes and differs greatly between
Arctic and boreal regions within the Northern Hemisphere [27]. With both Arctic and boreal regions
experiencing rapid climate change, questions remain regarding the magnitude of effect between the
regions. In Arctic lakes, ice-out occurs between May to July depending on latitude, while in boreal
lakes it occurs between March to May. Therefore, Arctic lakes experience a shorter ice-free season
during which there is higher light exposure and rapid onset of stratification shortly after ice-out
compared to boreal lakes, which have a longer spring turnover period, longer growing season and a
gradual increase in light exposure and temperatures. These differences suggest that the strength of
effects of changes in the timing of ice-out may differ between Arctic and boreal lakes.

Changes in ice-out are an important physical change in lake ecosystems and there are several
potential pathways by which the timing of ice-out can affect phytoplankton ecology (Figure 1). These
pathways, however, are not only affected by the timing of ice-out but also by other climatic factors
including precipitation, wind and cloud cover (i.e., incoming solar radiation). For example, while
there are assertions in much of the limnological literature that earlier ice-out will lead to earlier onset
and strengthening of thermal stratification [28–30], there is not extensive evidence to support an
exclusive relationship. Dependent on elevation, precipitation can be more influential than temperature
in driving ice-out [31]. However, the timing of ice-out is also strongly related to air temperatures in
the month or two prior to ice breakup [3,32], and these months vary by region, with ice-out dates in
mid-latitudes reflecting February to March air temperatures and at higher latitudes April to May air
temperatures. While air temperatures during those months will be important for lake stratification via
effects on ice-out timing, many additional factors (e.g., air temperatures during open water months,
wind, cloud cover, water clarity) will affect thermal stratification patterns, potentially weakening any
links with ice-out timing. Changes in the length of spring turnover and the length of the open water
season are additional physical changes in lake ecosystems that are altered by climatic factors and
affect phytoplankton ecology through similar pathways (Figure 1). Earlier ice-out will likely lengthen
spring turnover and increase the length of the open water season, potentially altering phytoplankton
growth and succession [19]. A subsequent physical implication from earlier ice-out and changes in
thermal stratification and the length of the open water season, is a change in light exposure (Figure 1).
The light environment plays an important role in phytoplankton abundance and composition [21] and
will change variably in boreal and Arctic regions based on changes in ice-out timing, thus clear links
between ice-out timing and light climate are still being investigated. It is also important to note that
under-ice algal growth is greater than previously understood [33], raising questions about the extent
to which earlier ice-out will strongly affect seasonal phytoplankton dynamics.
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Figure 1. Conceptual diagram of a subset of the potential effects of ice-out on lake ecosystems. 

These pathways that drive physical changes in lake ecosystems may also contribute to chemical 
changes that influence phytoplankton (Figure 1). Earlier ice-out may lead to increased nutrient 
loading [34], or conversely, reductions in the duration of winter ice cover may contribute to reduced 
under-ice nitrate production [35], thus links between ice-out and changes in nutrients remain 
unclear. In addition, increased light exposure from earlier ice-out can alter dissolved organic carbon 
concentrations and quality [36]. It is important to note that changes in ice-out have effects on 
chemical pathways in lakes, but that climate factors also influence chemical pathways independent 
of ice-out. For example, in the Arctic, warming promotes thawing of permafrost, which may increase 
nutrient loading to lakes [37] and further affect aquatic ecosystems, making it important to 
distinguish links between ice-out and phytoplankton to better resolve how future climate will alter 
aquatic ecosystems. 

To address the extent to which ice-out affects phytoplankton dynamics requires a better 
understanding of how spring and summer lake conditions vary between early and late ice-out years 
and how they compare in different regions. How different are lake conditions in an early versus late 
ice-out year? To improve mechanistic understanding of the influence of ice-out on Arctic and boreal 
lake ecosystems, we evaluated the effects of ice-out timing on thermal stratification and differences 
in biological and biogeochemical characteristics in an early and late ice-out regime. We analyzed 
data from two inter-annual monitoring datasets, one from the Arctic (a set of 3 lakes in West 
Greenland) and one from the boreal zone (a lake in Maine, USA). These datasets were collected over 
multiple years to assess changing lake conditions over time and were originally collected for two 
different studies. We chose two years from each of these datasets for which monitoring data were 
available and that had the largest differences in ice-out dates (Table A1). Ice-out timing differed by at 
least three weeks and we compared a suite of physical, chemical and phytoplankton metrics 
between the years in each area. 

2. Materials and Methods 

2.1. Study Design 

To compare the responses of Arctic and boreal lakes to the timing of ice-out, we used data from 
two inter-annual monitoring datasets that were originally collected for two different studies. In the 
Arctic, a set of three lakes was monitored, while in the boreal region, one lake was monitored. For 
the boreal lake, we chose two years from the dataset in which ice-out timing differed by 41 days 
(2012 early ice-out and 2015 late ice-out; Table 1). Data were available for both years to compare lake 

Figure 1. Conceptual diagram of a subset of the potential effects of ice-out on lake ecosystems.

These pathways that drive physical changes in lake ecosystems may also contribute to chemical
changes that influence phytoplankton (Figure 1). Earlier ice-out may lead to increased nutrient
loading [34], or conversely, reductions in the duration of winter ice cover may contribute to reduced
under-ice nitrate production [35], thus links between ice-out and changes in nutrients remain unclear.
In addition, increased light exposure from earlier ice-out can alter dissolved organic carbon concentrations
and quality [36]. It is important to note that changes in ice-out have effects on chemical pathways in
lakes, but that climate factors also influence chemical pathways independent of ice-out. For example,
in the Arctic, warming promotes thawing of permafrost, which may increase nutrient loading to
lakes [37] and further affect aquatic ecosystems, making it important to distinguish links between
ice-out and phytoplankton to better resolve how future climate will alter aquatic ecosystems.

To address the extent to which ice-out affects phytoplankton dynamics requires a better
understanding of how spring and summer lake conditions vary between early and late ice-out years
and how they compare in different regions. How different are lake conditions in an early versus late
ice-out year? To improve mechanistic understanding of the influence of ice-out on Arctic and boreal
lake ecosystems, we evaluated the effects of ice-out timing on thermal stratification and differences in
biological and biogeochemical characteristics in an early and late ice-out regime. We analyzed data
from two inter-annual monitoring datasets, one from the Arctic (a set of 3 lakes in West Greenland)
and one from the boreal zone (a lake in Maine, USA). These datasets were collected over multiple years
to assess changing lake conditions over time and were originally collected for two different studies.
We chose two years from each of these datasets for which monitoring data were available and that had
the largest differences in ice-out dates (Table A1). Ice-out timing differed by at least three weeks and
we compared a suite of physical, chemical and phytoplankton metrics between the years in each area.

2. Materials and Methods

2.1. Study Design

To compare the responses of Arctic and boreal lakes to the timing of ice-out, we used data from
two inter-annual monitoring datasets that were originally collected for two different studies. In the
Arctic, a set of three lakes was monitored, while in the boreal region, one lake was monitored. For the
boreal lake, we chose two years from the dataset in which ice-out timing differed by 41 days (2012 early
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ice-out and 2015 late ice-out; Table 1). Data were available for both years to compare lake parameters
during late spring (hereafter referred to simply as spring), as well as during the peak of summer
stratification (hereafter referred to as summer). For the Arctic lakes, data were available to compare
spring lake parameters during two years in which ice-out timing differed by 30 days (2016 early
ice-out and 2015 late ice-out; Table 1). Summer data were not available for 2015 but were available
for 2013, a year in which ice-out was 22 days later than in 2016 (Table 1). As a result, for the Arctic
lakes, the comparisons of spring lake parameters are from one set of years (2016 versus 2015) and for a
different set of years (2016 versus 2013) for summer responses. This limits our ability in the Arctic lakes
to address questions about whether ice-out effects on spring conditions are sustained into summer.

Table 1. Dates of comparison for early ice-out versus late ice-out years in Arctic and boreal ecosystems.
Comparisons were also made in the late spring (denoted Spring) and in mid-summer during peak
thermal stratification (denoted Summer). Range of dates for Arctic includes sampling at all three lakes.

Region
Spring Summer

Early Ice-Out Late Ice-Out Early Ice-Out Late Ice-Out

Arctic Year 2016 2015 2016 2013
Ice-out date 18 May 17 June 18 May 9 June

Sampling dates 28–30 June 27 June–1 July 15–17 July 19–21 July

Boreal Year 2012 2015 2012 2015
Ice-out date 19 March 29 April 19 March 29 April

Sampling dates 11 June 11 June 12 July 10 July

2.2. Site Description

The Arctic lakes in this study are located adjacent to Kangerlussuaq, southwest Greenland, which
is situated within the Arctic Circle and spans from the Greenland Ice Sheet to midway to the coast
(Figure 2). Soils are derived from weathered granidoritic gneisses [38] and vegetation is variable but
consists largely of woody shrubs around the lakes in this study. Continuous permafrost underlies the
region [38] and surface inflow and outflow are not typically apparent [39]. Mean summer temperature
is 10.2 ◦C from June to August and precipitation averages 173 mm per year [40]. Ice-out typically
occurs between late May and late June with thermal stratification occurring very quickly thereafter [41].
This region contains approximately 20,000 lakes that are mostly chemically dilute and oligotrophic [42].
The three lakes selected for this study are all located in the Kellyville region to the east of Kangerlussuaq
(Table 2). The lakes are generally small and similar in depth and surface area (Table 2). These lakes are
not fed by the Greenland Ice Sheet, therefore turbidity is low.

Table 2. Select characteristics of the four study lakes.

Region Lake Lat Long Elevation
(m)

Surface Area
(km2)

Volume
(×106 m3)

Max
Depth (m)

Arctic
SS2 66.99 −50.96 190 0.368 2.49 12

SS85 66.98 −51.06 195 0.246 0.94 11
SS1590 67.01 −50.98 200 0.243 1.16 18

Boreal Jordan 44.33 −68.26 83 0.800 17.4 45

The boreal lake in this study, Jordan Pond, is located in Acadia National Park in Maine, USA
(Figure 2; Table 2). Lakes in Acadia National Park cover 2600 acres of the approximately 35,000-acre
park. Soils in Acadia are derived from granite and schist tills, and granite dominates the landscape
throughout the park [43]. Representative of northern boreal forest, spruce-fir forests persist in Acadia
with stands of oak, maple and beech dominant in some areas that were burned in a fire in 1947. Data
from Acadia National Park’s weather station suggests average summer temperature from June through
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August is 19 ◦C and average annual precipitation is 1455 mm. Ice-out timing is variable but typically
occurs between late March and late April. Jordan Pond is an oligotrophic lake with a maximum depth
of 45 m and is somewhat larger than the Arctic lakes in this study.
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2.3. Climate Variables

Air temperature and precipitation data for Jordan Pond were collected from the Acadia National
Park McFarland Hill (ACAD-MH) weather station. Air temperature and precipitation data for
Kangerlussuaq and the Arctic lakes were collected from the Kangerlussuaq airport (DMI 04231)
weather station.

2.4. Comparative Lake Sampling

2.4.1. Physical

Sampling across all four of the study lakes was conducted using the same methods during each
of the dates listed in Table 1. Secchi depth was measured on the shady side of the boat using a
black and white disc. Temperature profiles consisted of measurements at each meter down to 25 m
using a YSI EXO2 Sonde (Xylem Inc., Yellow Springs, OH, USA). Epilimnion thickness was calculated
based on temperature profiles and defined as the first depth at which there was ≥1 ◦C change per
meter. Water column stability (Schmidt stability) was calculated from temperature profiles and lake
bathymetry using the rLakeAnalyzer package in R [44]. The onset of stratification for the boreal lake
was determined as the first day there was a ≥1 ◦C difference per meter in the water column.

2.4.2. Chemical

Water was collected from the epilimnion, metalimnion and hypolimnion using a van Dorn bottle
at each lake for analysis of total phosphorus (TP) and dissolved inorganic nitrogen (DIN), which is
the sum of nitrate (NO3

−) and ammonium (NH4
+). For analysis of DIN, NO3

− and NH4
+, samples

were filtered through Whatman GF/F filters pre-rinsed with deionized water. Flow injection analysis
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using the phenate (NH4-N) and cadmium reduction (NO3-N) methods [45] on a Lachat Quikchem
8500 (Hach Company, Loveland, CO, USA) flow injection analyzer (FIA) were used to quantify NO3

−

and NH4
+. TP was determined from whole-water samples using persulfate digestion followed by

the ascorbic acid method on a Lachat Quickchem 8500 (Hach Company, Loveland, CO, USA) flow
injection analyzer [45]. After analysis, TP and DIN samples from the epilimnion, metalimnion and
hypolimnion were averaged for comparison. Nutrient limitation status was identified by the ratio of
DIN:TP, with DIN:TP < 1.5 indicating N limitation, DIN:TP > 3.4 indicating P limitation and values
from 1.5 to 3.4 suggesting co-limitation [46].

Water from the epilimnion was used for analysis of dissolved organic carbon (DOC) concentrations
and specific ultraviolet absorbance at 254 nm (SUVA254). All DOC concentration and SUVA254

samples were filtered through Whatman GF/F filters pre-rinsed with deionized water. A Shimadzu
Total Organic Carbon Analyzer (Shimadzu Corporation, Kyoto, Japan) was used to analyze DOC
concentrations and a Varian Carey UV-VIS spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) was used to analyze SUVA254 by measuring dissolved absorbance property at 254 nm.
To provide corrected dissolved absorbance values, a Milli-Q deionized water blank was subtracted
from the raw absorbance values and Naperian dissolved absorption coefficients were calculated using
the following equation [47]:

ad =
2.303 × D

r
where D is the decadal optical density value from the spectrophotometer and r (measured in meters) is
the path length of the quartz cuvette. The DOC-specific absorption coefficient, SUVA254, was calculated
by dividing ad (254 nm) by the DOC concentration (mg C L−1).

2.4.3. Biological

Water was also collected from the epilimnion, metalimnion and hypolimnion at each lake using a
van Dorn bottle to determine phytoplankton biomass (as chlorophyll a). Chlorophyll samples from
each depth were filtered through 25 mm Whatman GF/F filters, wrapped in aluminum foil and
frozen until analysis. All chlorophyll a samples were analyzed within three weeks of filtration and
processed using standard methods [45]. Filters were ground and 90% acetone was used to extract
chlorophyll overnight, then samples were centrifuged and a Varian Cary UV-VIS spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) was used to analyze chlorophyll a concentrations. After
analysis, chlorophyll a values from all three depths were averaged on each date to capture a water
column average.

We also assessed the response of key diatom taxa that are demonstrated indicators of climate-driven
lake ecosystem changes. The relative abundances of Cyclotella sensu lato taxa are often correlated with
changes in the timing of ice-out [15] and mechanistically have been linked to thermal structure [48].
Two 50-mL centrifuge tubes were collected from the epilimnion, metalimnion and hypolimnion from
each of the four study lakes on all samples dates. In the boreal lake, phytoplankton samples were
available for many dates over the two years of interest; we present results across the entire study
period for this lake to demonstrate how the two focal spring and summer dates fit into the full seasonal
pattern for this lake. All samples were preserved with Lugol’s solution, settled in Utermohl chambers
and counted using a Nikon Eclipse TS-100 (Nikon Instruments Inc., Tokyo, Japan) inverted microscope
at 400× magnification.

2.5. Data Analysis

To evaluate patterns in lake metrics in each region, responses of the three Arctic lakes were
averaged (mean ± standard error) on each date. Qualitative comparisons were made across all data,
as the limited sample size and the unequal number of sites between the two regions did not provide
enough power to conduct more advanced statistical analyses.



Water 2018, 10, 78 7 of 20

3. Results

3.1. Arctic Region

In the Arctic lakes, ice-out occurred 30 days earlier in 2016 (18 May) compared to 2015 (17 June)
and 22 days earlier compared to 2013 (9 June). Air temperatures differed between early and late ice-out
years. During the early ice-out year, monthly average air temperatures were 6.9 to 13.7 ◦C higher from
January to April with the biggest temperature differences in March (10.5 ◦C higher) and April (13.7 ◦C
higher) compared to the 2015 late ice-out year (Figure 3). Average May temperature was 3.7 ◦C higher
in the early ice-out year compared to the 2015 late ice-out year (Figure 3). Air temperatures in the early
ice-out year were 0 to 1.5 ◦C higher from January to March compared to the 2013 late ice-out year
(Figure 3). The largest temperature differences between the early ice-out year and the 2013 late ice-out
year were in April (4.7 ◦C higher) and May (5.5 ◦C higher). Air temperatures were similar in June and
July between the early ice-out year and the 2013 and 2015 late ice-out years (Figure 3).
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Figure 3. Arctic (A) average monthly air temperature in ◦C and (B) total monthly precipitation in mm
for early and late ice-out years.

Precipitation varied among early and late ice-out years. Precipitation during the early ice-out
year was 2 mm lower in each month from January to April, however in May precipitation was 11 mm
higher in the early compared to the 2015 late ice-out year (Figure 3). During the early ice-out year,
precipitation in June was 3 mm higher and precipitation in July was 5 mm lower than the 2015 late ice
year (Figure 3). Precipitation from January to April was lower in the early ice-out year compared to the
2013 late ice-out year with precipitation differences ranging from 0 to 10 mm less (Figure 3). During
the early ice-out year, May precipitation was 5 mm higher and in June precipitation was 10 mm higher
compared to the 2013 late ice-out year. In July, precipitation was 39 mm lower in the early ice-out year
compared to the 2013 late ice-out year (Figure 3).
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3.1.1. Comparison of Spring Response across Early and Late Ice-out Years

Physical variables of lakes differed in spring between the two years. Water temperature at 2 m
was 1.4 ◦C lower during the early ice-out year compared to the late ice-out year (2015; Figure 4). In the
early ice-out year, mixing depths were deeper and water clarity was greater compared to the late
ice-out year, with epilimnion thickness 2.3 m greater and Secchi depth 2.3 m deeper in the early ice-out
year compared to the late ice-out year (Figure 4). Water column stability was 20 J m−2 lower during
the early ice-out compared to late ice-out year.
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Figure 4. Comparison of lake metrics for early and late ice-out conditions during the spring and
summer in Arctic lakes. Responses of the three Arctic lakes are averaged (mean ± standard error) on
each date. For the 2016 early ice-out year, spring sampling occurred from 28–30 June and summer
sampling was conducted from 15–17 July. For late ice-out years, spring sampling occurred from
27 June–1 July 2015 and summer sampling was conducted from 19–21 July 2013.

Differences across biogeochemical metrics in Arctic lakes in the spring season were variable across
early and late ice-out years. DIN and TP had opposite responses in the spring for the two ice-out years.
DIN was 5 µg N L−1 lower and TP was 3 µg P L−1 greater in the early ice-out year compared to the
late ice-out year. DIN:TP was 1.7 (indicative of co-limitation by N and P) in the early ice-out year
compared to 13 (indicative of P limitation) in the late ice-out year (Figure 4). DOC concentration was
higher in the early ice-out year by 6.8 mg L−1 and SUVA254 was higher by 1.6 mg C L−1 m−1 during
early ice-out compared to late ice-out (Figure 4).

In terms of algal response, algal biomass was similar in early and late ice-out years. Average
integrated chlorophyll a concentration was 0.3 µg L−1 lower in the early ice-out compared to the late
ice-out year (Figure 4). Diatom cell densities of the three centric species were different in spring for early
and late ice-out years. D. stelligera was three times lower in the early ice-out year (by 55 cells mL−1)
compared to late ice-out. L. bodanica was 1.6 cells mL−1 higher in the early ice-out year compared to
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the late ice-out year. L. radiosa was five times lower (29 cells mL−1) in the early ice-out year compared
to late ice-out (Figure 5).Water 2018, 10, 78  9 of 20 
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Figure 5. Comparison of (A) Discostella stelligera; (B) Lindavia bodanica; and (C) Lindavia radiosa in Arctic
lakes and (D) Discostella stelligera and (E) Lindavia bodanica in a boreal lake for early and late ice-out years.
Phytoplankton collection occurred at the time of sampling for all lake metrics for spring and summer
and early and late ice-out years. Responses of the three Arctic lakes are averaged (mean ± standard
error) on each date. Purple points indicate overlapping results for early and late ice-out years.

3.1.2. Comparison of Summer Response across Early and Late Ice-Out Years

Water temperature at 2 m was 1.8 ◦C higher in the early ice-out year compared to the late ice-out
year (2013), the opposite of spring conditions (Figure 4). The deeper mixing depths and greater water
clarity in the early ice-out year were sustained from spring, with epilimnion thickness 1.3 m greater
and Secchi depth 2 m deeper in the early ice-out year compared to the late ice-out year (Figure 4).
Stability was 14 J m−2 higher in the early ice-out year compared to the late ice-out year; the opposite of
spring conditions (Figure 4).

Biogeochemical metrics were variable in the summer season between early and late ice-out years.
DIN and TP responded the same as during spring conditions. DIN was 9 µg N L−1 lower and TP
was 6 µg P L−1 greater in the early ice-out year compared to the late ice-out year and DIN:TP was 0.9
(indicating N limitation) in the early ice-out year compared to 8.8 (indicating P limitation) in the late
ice-out year (Figure 4). DOC concentration was higher in the early ice-out year by 1.3 mg L−1 and
SUVA254 was higher by 1.5 mg C L−1m−1 during early ice-out compared to late ice-out (Figure 4).

For algal biomass, average integrated chlorophyll a was 0.3 µg L−1 lower in the early ice-out year
compared to late ice-out, the same as during spring conditions (Figure 4). Diatom cell densities of the
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three centric species were similar between early and late ice-out years in summer, demonstrating a
different response from spring conditions (Figure 5).

3.2. Boreal Region

In Jordan Pond, ice-out occurred 41 days earlier in the early ice-out year, on 19 March 2012
compared to the late ice-out year in which ice-out occurred on 29 April 2015. Air temperature
differences between the two years were largest in February and March and the largest precipitation
differences occurred in May. In the early ice-out year, air temperatures were 9.3 ◦C higher in February
and 6.2 ◦C higher in March compared to the late ice-out year (Figure 6). In January and from April to
May, air temperature was 1.9 ◦C higher and ranged from 1.5 ◦C to 2.3 ◦C higher in the early ice-out
year in comparison to the late ice-out year (Figure 6). Precipitation in April and May was 25 mm
and 116 mm higher in the early ice-out year compared to the late ice-out year (Figure 6). In January
and March, precipitation was similar during both early and late ice-out years and in February, June
and July, precipitation was slightly lower in the early ice-out year compared to the late ice-out year
(Figure 6).
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3.2.1. Comparison of Spring Response across Early and Late Ice-Out Years

Physical parameters of Jordan Pond varied between early and late ice-out years in spring. Water
temperature at 2 m was 0.5 ◦C higher in the early ice-out year compared to the late ice-out year
(Figure 7). In the early ice-out year, mixing depths were shallower and water clarity was greater.
Epilimnion thickness was 2 m shallower and Secchi depth was 5.9 m deeper in the early ice-out year
compared to the late ice-out year (Figure 7). Water column stability was 51 J m−2 higher in the early
ice-out year compared to the late ice-out year (Figure 7). The onset of stratification in the 2012 early
ice-out year was on 18 May and on 20 May during the 2015 late ice-out year.

Biogeochemical metrics were variable in the spring between the two years. DIN concentration
was higher by 15 µg N L−1 and TP concentration was the same (2 µg P L−1) in the early ice-out year
compared to the late ice-out year and DIN:TP was 11 (indicating P limitation) in the early ice-out year
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compared to 3.5 (also P limitation) in the late ice-out year (Figure 7). DOC concentrations were equal
for early and late ice-out (1.7 mg L−1) and SUVA254 was higher by 0.2 mg C L−1 m−1 for early ice-out
compared to late ice-out (Figure 7).Water 2018, 10, 78  11 of 20 
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Figure 7. Comparison of lake metrics for early and late ice-out conditions during the spring and
summer in the boreal lake. Responses represent one sampling for each of the time periods. For the
2012 early ice-out year, spring sampling occurred on 11 June and summer sampling was conducted on
12 July. For the 2015 late ice-out year, spring sampling occurred on 11 June and summer sampling was
conducted on 10 July. Purple points indicate overlapping results for early and late ice-out years.

Algal biomass was similar in early and late ice-out years during the spring. The average integrated
chlorophyll a concentration was 1.0 µg L−1 in the early ice-out year compared to 1.5 µg L−1 in the late
ice-out year (Figure 7). Diatom cell densities in spring of the two centric species present, D. stelligera
and L. bodanica, were both lower in the early ice-out compared to late ice-out year, however the
magnitude of response of the two species varied. D. stelligera was seven times lower in the early ice-out
year (129 cells mL−1) compared to late ice-out. L. bodanica was 2 cells mL−1 or three times lower in the
early ice-out year compared to the late ice-out year (Figure 5).

3.2.2. Comparison of Summer across Early and Late Ice-Out Years

In summer, conditions of physical lake metrics were sustained from spring. In the early ice-out
year, mixing depths remained shallower and water clarity was greater. Epilimnion thickness was 1 m
shallower and Secchi depth was 2 m deeper in the early ice-out year compared to the late ice-out year
(Figure 7). Stability in summer was 227 J m−2 higher in the early ice-out year compared to the late
ice-out year (Figure 7).

Biogeochemical metrics varied in response between early and late ice-out years and also with
season. DIN, TP and DIN:TP were similar across seasons. DIN was 13 µg N L−1 higher and TP
was 1 µg P L−1 lower in the early ice-out year compared to the late ice-out year and DIN:TP was 8
(indicating P limitation) in the early ice-out year compared to 1 (indicating N limitation) in the late
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ice-out year (Figure 7). DOC quantity and quality differed across seasons during early and late ice-out
years. DOC concentration was 0.1 mg L−1 higher and SUVA was lower by 0.5 mg C L−1m−1 for early
ice-out compared to late ice-out (Figure 7).

Patterns in algal biomass switched from spring to summer during the early and late ice-out years.
In contrast to spring, integrated summer chlorophyll a concentration was 1.3 µg L−1 higher in the early
ice-out year compared to late ice-out (Figure 7). Cell density patterns of D. stelligera were sustained
across seasons and were six times lower in the early ice-out year (by 125 cells mL−1) compared to
late ice-out. Summer cell densities of L. bodanica were equal when comparing early and late ice-out
years with concentrations of 6.6 cells mL−1 (Figure 5). Overall seasonal patterns of D. stelligera and
L. bodanica suggest that the spring and summer measurements were representative of seasonal patterns.
Figure 8 demonstrates similar changes in the two phytoplankton species throughout the spring and
summer seasons. D. stelligera and L. bodanica had lower cell densities during the early ice-out compared
to the late ice-out year from May to mid June. D. stelligera remained lower from mid June to mid
July while L. bodanica became more similar between early and late ice-out years. D. stelligera were
consistently lower throughout the spring and summer seasons in the early ice-out year compared to
the late ice-out year, differences throughout the season ranged from 88 to 148 cells mL−1 (Figure 8).
L. bodanica were consistently lower from early May to mid June with differences ranging from 0.5 to
4.4 cells mL−1, slightly higher in early July by 0.96 cells mL−1 and lower by 0.37 cells mL−1 in mid
July during the late ice-out year compared to the early ice-out year (Figure 8).
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4. Discussion

Our results reveal differences in the response of certain lake metrics in Arctic and boreal regions
between early and late ice-out years. During early compared to late ice-out years, Arctic lakes had
deeper mixing depths while the boreal lake had a shallower mixing depth. This supports an influence
of the timing of ice-out on the length of spring turnover as well as the strength and stability of
stratification but with differing effects between the two regions. Nutrient concentrations and inferred
limitation patterns also differed across years and regions, though the effects of other factors that
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determine nutrient loading to lakes (precipitation, permafrost thaw) likely played a stronger role in
driving these patterns than the timing of ice-out. Biological responses in the two years across the two
regions also differed, with no differences in algal biomass in the Arctic lakes in relation to ice-out and
variable effects over seasons in the boreal lake. The cell densities of key Cyclotella sensu lato taxa that
respond to thermal structure also varied across the years and regions. Collectively, our results indicate
that the timing of ice-out is one important driver among many that influence the physical, chemical
and biological responses of lake ecosystems to climate, and that the effects of ice-out timing differ
between the two regions.

Stratification patterns differed between ice-out years and regions, likely owing to how the timing
of ice-out relates to solar insolation patterns. Ice-out occurs between May and June in Arctic lakes,
when solar insolation is near its peak ([49], Figure 9) and air temperatures are higher, relative to the
year, thus Arctic lakes stratify quickly after ice-out. The length of spring turnover is generally short
but important for the timing, depth and stability of stratification [50]. The rapid warming of surface
layers in the late ice-out year, when ice off occurred only four days before the annual peak insolation,
likely led to the observed shallower stratification depths across Arctic lakes. In contrast, ice-out occurs
between March and May in boreal lakes, when solar insolation is lower relative to peak insolation ([49],
Figure 9), leading to longer spring turnover periods with extended homothermal mixing of the water
column compared to that in Arctic lakes. In the boreal lake, earlier ice-out led to a longer period
of spring turnover compared to late ice-out, as the date of the onset of stratification in Jordan Pond
for both years was similar. Shallower mixing depths during the early ice-out year correspond with
stronger stability, stronger stratification and warmer water temperature at 2 m, similar to observations
from King et al. [51]. Compared to the Arctic lakes, the effects of ice-out on the depth and stability of
stratification were not as large in the boreal lake, even though the length of the spring turnover period
in the boreal lake was 39 days longer. This finding is supported by other work that suggests the timing
of the onset of stratification is not directly linked to ice-out timing [52,53].
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Figure 9. Change in daily solar insolation from January through July for 60◦ N (representative of the
Arctic region) and 40◦ N (representative of the boreal region). Vertical dashed lines indicate early (red)
and late (blue) ice-out dates for the Arctic region and vertical solid lines indicate early (red) and late
(blue) ice-out dates for the boreal region. Late ice-out is averaged between the 2013 and 2015 ice-out
years. Data are plotted from Buffo et al. [54].
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Precipitation amounts were greater in the Arctic and boreal regions during the spring months
in the early ice-out years, likely contributing to increased lake water nutrient concentrations. In the
early ice-out years, the Arctic region had higher precipitation in May and June and the boreal region
had higher precipitation from March through May. Spring precipitation in the Arctic region falls
predominantly as snow, including the high precipitation in May during the early ice-out year, which
was 82% snow. In the boreal region, precipitation mostly falls as snow from January through March
and falls as mostly rain for the remaining spring and summer months. The increased precipitation
in May during the early ice-out year fell as rain. Precipitation is a strong driver of increased nutrient
inputs to lakes [55,56] and has important effects on terrestrial-aquatic linkages. In both Arctic and
boreal lakes, nutrient concentrations and ratios in lakes are affected by alterations in terrestrial export
related to climate influences on weathering, precipitation and runoff [57,58]. A key variable further
influencing terrestrial-aquatic linkages and consequently nutrient limitation patterns in the Arctic, is
permafrost thawing. Permafrost thawing is accelerating the delivery of P to many Arctic lakes [59,60],
in part owing to mobilization of P stored in thawing permafrost as well as to changes in groundwater
flow paths. Patterns in nutrient concentrations across years in our study differed regionally. In Arctic
lakes, DIN concentrations were lower and TP concentrations were higher during the early ice-out year
compared to the late ice-out year. In contrast, DIN concentrations in the boreal lake were higher in the
early ice-out year and TP concentrations were the same during the two years. These differences in
nutrient concentrations led to varying spring nutrient limitation patterns across the regions. Arctic
lakes were N and P co-limited in the early ice-out year and P limited in the late ice-out year, while the
boreal lake was P limited during both early and late ice-out years. Overall, climate differences between
the ice-out years likely drove changes in terrestrial-aquatic linkages that dominated the different lake
nutrient conditions, independent of direct effects of ice-out.

While precipitation and permafrost thaw are primary drivers of nutrients in lakes, internal
processes related to changes in thermal structure can also influence nutrient availability [61,62].
Ice-out occurs closer to peak solar insolation in the Arctic lakes, likely contributing to short, perhaps
incomplete, turnover periods and rapid stratification with late ice-out, with reduced entrainment
of P into the photic zone. In contrast, regardless of ice-out timing, the boreal lake has a longer
period of spring turnover than Arctic lakes, leading to complete turnover. These differences, in
addition to changes in precipitation and permafrost, may influence nutrient cycling and nutrient
availability within the lakes. Changes in the depth of the mixed surface layer, or epilimnion, can
also alter nutrient cycling [28,62]; however, our results do not provide direct links between nutrient
availability and thermal structure or the timing of ice-out. In our study, more precipitation occurred
during the early ice-out period, after ice-out and before stratification, which may have influenced DIN
and TP concentrations due to runoff. It is possible that precipitation, temperature and epilimnion
thickness all contributed to varying DIN concentrations and N:P ratios across all lakes, but direct links
between nutrients and the timing of ice-out remain unclear. With continued changes in climate, the
relationships between nutrient availability and length of spring turnover and lake thermal structure
warrant further study.

Secchi depth was deeper during the early ice-out year in all lakes, while DOC concentrations
and SUVA254 were variable in the Arctic and boreal regions. In the Arctic lake, DOC concentrations
and SUVA254 were higher in the early ice-out year compared to the late ice-out year and in the boreal
lake, DOC concentrations and SUVA254 showed little change between ice-out years. DOC strongly
influences transparency in lakes and, similar to nutrients, is altered by many factors in addition to
ice-out. In the Arctic region, these factors may include precipitation and permafrost thaw and the
deepening of soil active layers [63,64], as well as photodegradation [34], which may increase with
earlier ice-out. Cory et al. [36] found changes in DOC may be driven by photochemical oxidation of
organic carbon and that sunlight may control the fate of DOC in Arctic surface waters. Our results are
inconsistent with photodegradation as a primary mechanism controlling DOC, as DOC concentrations
and SUVA254 were higher during the early ice-out year. Higher DOC and SUVA254 in the early ice-out
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year suggest that precipitation and permafrost thaw are likely important drivers in explaining our
results. Precipitation was higher in May and June during the early ice-out year, which could increase
inputs from terrestrial-aquatic linkages. It is important to note that the Arctic lakes in this study have
low color DOC [65], therefore deep Secchi depths may be accompanied by high DOC concentrations.
In the boreal region, DOC is usually dominated by allochthonous material and lake water DOC
concentrations often increase with precipitation [66]. Similar DOC and SUVA254 values in early and
late ice-out years do not provide evidence to support links between DOC and ice-out, nor do we have
enough evidence to elucidate mechanisms in links between similar DOC and deeper Secchi depth in
the early ice-out year based on our results. Based on our evidence, differences in climate have strong
controls on changes in DOC, which are likely key contributors to the differences observed in this study,
rather than direct effects from ice-out.

Algal biomass varied little between early and late ice-out years in both the Arctic lakes and the
boreal lake, with algal biomass generally being slightly lower in the early ice-out years compared to the
late ice-out years. An exception to this finding occurred during the summer season in the boreal lake,
in which algal biomass was higher in the early ice-out year. This result contrasts with other work that
suggests increases in algal biomass due to warming [67–69] and earlier ice-out regimes [34]; however,
Kraemer et al. [70] found that there is not a direct relationship between warming and algal biomass.
Instead, lake surface temperature and trophic state are important in determining algal biomass, thus
nutrients and light may be key contributors in algal biomass response and not only lake warming or
direct ice-out effects.

The responses of key diatom taxa that are often indicators of thermal structure conditions varied
across the two regions. In the Arctic lakes, differences in thermal stratification depths across ice-out
years affected cell densities of key diatom taxa in the spring. Cell densities of D. stelligera and L. radiosa
were lower during the early ice-out year, with deeper mixing depths, compared to the late ice-out
year. Discostella stelligera is more abundant in lakes with shallower mixing depths [40], and L. radiosa is
more abundant under high light conditions typical of shallower mixing depths [71]. In contrast, cell
densities of L. bodanica were higher during the early ice-out year with deeper mixing depths; this taxon
has a deeper mixing depth optimum than other Cyclotella taxa [46]. Patterns for these species in Arctic
lakes indicated a strong relationship with mixing depth, resulting in differences in cell densities across
differing ice-out years. In contrast, links between these taxa and thermal structure were less clear in the
boreal lake. Discostella stelligera was more abundant in the late ice-out year, which had deeper mixing
depths; this pattern was sustained over the entire open-water season. The same pattern was observed
for L. bodanica, even though mixing depths showed only small differences across the two ice-out years.
Boeff et al. [18] also found that D. stelligera was more abundant in some Maine lakes in late ice-out
years, in contrast to the early ice-out patterns found in some other areas [14,17]. The effects of the
complex interactions between light and nutrients on Cyclotella taxa are well known and reviewed by
Saros & Anderson [72], and are likely behind the weaker links between thermal structure and taxon
responses in this boreal lake compared to those observed in Arctic lakes.

Identifying seasonal effects throughout the open water season provides important insights into
the differences between lake responses in Arctic and boreal regions. In Arctic lakes, with the exception
of temperature at 2 m, spring and summer response of lake metrics (Figure 4) are sustained between
the seasons from the early ice-out year to both the 2013 and 2015 late ice-out years. The biggest
difference between spring and summer was a decrease in overall cell densities of phytoplankton
(Figure 5). The change in water temperature across the Arctic lakes was likely due to differences
between the different late ice-out years used in this study. The boreal lake had larger differences
in the lake metric values between spring and summer and a switch in algal biomass and SUVA254

concentrations between the early and late ice-out years (Figure 7). The use of two different late ice-out
years for the Arctic region make comparisons between spring and summer difficult, however the
variation in lake metric values, cell densities of phytoplankton and changes in lake characteristics
between the Arctic and boreal regions are likely due to climate conditions at ice-out, which include
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differences in solar insolation, precipitation and temperature, as well as differences in the timing of
stratification relative to ice-out between the two regions. Further investigation of how changes to lake
variables are sustained throughout the season relative to ice-out and climate factors could provide
important insights about drivers of change in phytoplankton community structure.

Our research provides evidence that lake responses in Arctic and boreal regions differ between
early and late ice-out years. However, it is ultimately a combination of climate factors, importantly
solar insolation, air temperature, precipitation, and, in the Arctic, permafrost thaw, that are key drivers
of the observed responses. Key findings of this study include regional differences in mixing depths
and the relationships between length of spring turnover and the strength and stability of stratification.
These differences, in concert with climate factors, have further implications for nutrient and light
availability and subsequent effects on phytoplankton community structure and biomass. Future work
that explicitly examines the pathways and links between the physical and biological effects would
strengthen the understanding of how the timing of ice-out influences the biological properties within
lakes. Regional differences within the Northern Hemisphere can elicit contrasting lake responses,
which will be altered with future climate changes, thus underscoring the importance of this research.
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Appendix A

Table A1. Ice-out dates from 2010 to 2016 for the Arctic lakes and the boreal lake. Ice-out is defined as
the first date that the lake is completely ice-free.

Year Arctic (Greenland) Boreal (Jordan Pond)

2010 24 May 22 March
2011 14 June 16 April
2012 3 June 19 March
2013 9 June 4 April
2014 13 June 14 April
2015 17 June 29 April
2016 17 May 17 March
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