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Abstract

Nearly half of the world’s lakes freeze periodically. In the past few decades,
lakes in the northern hemisphere are increasingly recording unusually short
or no annual ice season due to climate variability and change. This is raising
concerns about the potential impact of short annual ice cover season on lake
ecosystem structure, stability, and function. Here we develop a tentative
framework that delineates the connection between winter climate variability,
shorter lake ice season, and related environmental and social impacts with
focus on winter thermal thresholds in lake ice. This framework organizes
existing knowledge on this topic and presents a systems-scale view. The
integrative system’s scale view presented in this study seeks to inform: (a)
usability of seasonal climatic information to understand timing of ice out and
thresholds therein, and (b) efforts seeking to develop adaptive lake related
management and planning policies in a changing climate.

Keywords: Lake Ice, Winter Thresholds, Environmental systems, Social
Systems

1. Introduction

Of the world's 117 million lakes, nearly half freeze over periodically [1].
The freezing of the lake surface creates a unique physical environment such
that its annual appearance and characteristics have societal and ecological
significance. For hundreds of years, the Shinto priests who live at the shrine
near the edge of Lake Suwa (Japan), have held their religious purification
ritual following the complete freezing of the lake [2]. Van Assche et al. [3]
describes how over the past 60 years, winter ice fishing at Lake Mille Lacs,
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Minnesota (USA) can be linked to technological (from shacks to augers to
fish finders) and institutional (resorts as owners of the ice) innovations, in-
frastructure development (e.g., ice roads), employment (e.g., guides), and
booming winter tourism industry (e.g., resorts, ice fishing gear). In remote
northern Canadian regions, lake ice sheets have been used as aircraft landing
sites, thus allowing for uninterrupted access to and from local communities
during the winter season [4]. On the environmental systems end, lake ice
acts as a lid restricting the transfer of light, oxygen, wind movement from
the overlying atmosphere to the lake (Figure 1). Consequently, lake organ-
isms and biogeochemical processes that can operate under relatively cold,
dark, calm, and oxygen limited lake environment often dominate during the
ice cover season [5, 6].

In recent decades,however, lakes in northern hemisphere are recording un-
usually short annual ice seasons including no ice season and no complete ice
cover [7, 8, 9]. Recent studies point to both inter-annual climate variability,
for example, due to El Nino-related weather [8, 10], and long-term climate
warming trends [11, 12, 13, 7] as causative factors. The shortening of the
annual ice season can have cascading, cross-seasonal effects on the lake char-
acteristics including its water quality. For instance, in the summer of 2012,
the surface of Lake Auburn—a southern Maine (USA) lake with no history
of water quality issues—turned green stemming from severe algal blooms
[14]. In subsequent weeks, severe anoxic conditions developed at the lake
bottom and killed the lake’s entire cold-water trout population. Williams
[14] suggests that the 2012 event at Lake Auburn were triggered by the early
end to the ice cover season and high summer water temperatures caused by
the unusually mild winter and high sediment flux into the lake due to heavy
springtime rains. Weather- and climate-induced contrasts in lake physical
conditions and trophic status during spring and summer seasons are also ev-
ident in European lakes, wherein milder winters with shorter ice periods or
ice-free conditions appear to lead to larger algal biomass, thus contributing
to water quality declines [e.g., 15, 16]. Large interannual swings towards
warmer temperatures, and continued warming trends portend higher inci-
dence of unusually short ice cover season and underscore the need to attend
to the following knowledge gaps: (a) nature and predictability of unusually
short ice season, (b) implication of short ice season on lake structure and
function.

Due to theoretical and practical limitations, the nature and predictability
of shorter lake ice season date arising from its links to winter weather-climate
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conditions is poorly understood [17, 18]. Very few lakes have their winter
ice-in dates recorded, and thus the effect of winter weather variability in
determining the lake ice formation and its timing has not been well stud-
ied. Since lake ice melts in spring, most studies focus on the relationship
between spring weather conditions and lake ice-out dates [e.g., 19, 12, 13].
Nevertheless, winter is the main season that provides the freeze energy to
form and thicken the ice that can be melted in spring [17]. The sharp rise
in the frequency of no complete ice cover (NCIC) and ice-free winters in the
northern hemisphere points implies that mild winter conditions and related
decrease in the winter freeze energy not only can cause the shortening of the
ice cover season but also engender dramatic changes in the lake ice regime.
Finally, winter climate variability in the extratropics is linked to large scale
oceanic-atmospheric circulation patterns such as ENSO, whose signals in the
tropical Pacific can be detected six to nine months ahead [20, 21]. Given that
this can offer prospects for seasonal or longer predictability of the annual lake
ice season at a regional scale, there is a need to rethink the importance of
winter weather climate variability on the lake ice phenology.

In the published literature, overall effects of shorter or no ice cover season
on the lake ecosystem structure, stability and and function has also received
limited attention [5, 22]. This stems from the long-held misconception that
the presence of an ice cover brings all biotic and abiotic activities in lakes to a
standstill [5]. However, the under-ice lake environment maintains substantial
biological activity [6]. Moreover, there are case-studies [e.g., 23] that have
examined the impact of shifts in lake ice phenology on the physical, chemical,
and biological constituent(s) of lakes. Finally, short or no lake ice cover
seasons have socioeconomic implications [2, 24, 25].

This study focuses on the nature and predictability of unusually short
ice season and related human and environmental systems. In what follows,
we use (a) findings from recent studies and (b) a case study (Lake Auburn),
to elaborate on the relationship between winter air temperature and lake ice
season in the northern regions including demonstrating the presence of win-
ter air temperature thresholds whose exceedance/non-exceedance produces
early/late ice-out dates. We also discuss the relationship between winter cli-
mate conditions and synoptic oceanic-atmospheric circulation pattern such
as ENSO can be used to predict the lake ice season at local and regional
scales. Following this, a review of lake ecosystem response to shorter/ no
ice cover period in freezing lakes is presented. This includes developing a
tentative social-ecological framework that maps the multiple pathways and
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feedback by which perturbations stemming from short ice cover period may
cascade across the lake-watershed system.

2. Relationship between winter weather climate variability and
lake ice-out dates in the extratropics

Variability of ice out dates: For the past few decades, the lake ice
season in the northern extratropics is recording unusually early ice-out dates
including no complete ice cover and ice-free winter [26, 7, 9]. Moreover, the
pervasiveness of unusually early ice out dates is attributed to the combined ef-
fect of secular trends and interannual annual to interdecadal scale variability
in ice-out dates [7, 27, 10]. From the late nineteenth century, Magnuson et al.
[11] and other studies [12, 13, 7, 9] have detected significant trends towards
earlier ice-out dates for lakes in the northern hemisphere with the exception
of the very northern lakes. However, the trends in the ice phenology of most
lakes are also marked by significant decadal and inter-annual variability which
enhance or reverse the trend in the lake ice out dates [28, 27, 7, 8, 29, 10].
For instance, the ice-out dates at Lake Auburn, Maine (USA) from 1870-
2010 displays a significant (p < 0.05) long-term trend towards earlier ice-out
date, wherein the mean ice-out date shifts from April 27%" for the 1870-1900
period to April 17% for the 1980-2008 period (see Figure 2). However, during
the 1870-1900 period, there were still three years when the ice-out date was
earlier than April 17%", while there were five years when the ice-out date was
later than April 27" during the 1980-2010 period. In the extratropics, the
chain of events that modulate the inter-annual variability of lake ice phenol-
ogy often involve synoptic oceanic-atmospheric circulation (teleconnections)
patterns, regional weather regimes, and local meteorological conditions that
accelerate or impede lake ice growth or melt [28, 30, 27, 29, 18].

Winter air temperatures and Ice out dates:For lakes, ice cover
formation, growth, and decay are outcomes of the thermal energy transfer
between lake and overlying atmosphere, integrated over time and space (for
large lakes) [31]. The heat energy exchange between lake and atmosphere is
primarily determined by prevailing meteorological conditions particularly air
temperature, as they indicate the energy surplus or deficit in the atmosphere
(32, 31]. In general, ice forms and grows on the lake surface under sub-freezing
daily air temperatures and in the northern extra-tropics, winter months are
often characterized by daily air temperatures below 0°C [18]. Ice melts follows
a period of above-freezing daily air temperatures, predominantly during the
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spring months in the northern extratropics. Consequently, both winter and
spring seasons temperature play a critical role in determining the length and
phenology of the ice season. In order to illustrate the effect of daily winter air
temperatures on the evolution of ice for lakes in the northern extratropics,
we model the lake ice evolution at Lake Auburn for the 2005-6 and 2006-07
ice season using a 1-D freshwater lake thermodynamic model FLake [33].

At Lake Auburn, the ice-in dates for the 2005/06 and 2006/07 ice cover
season were December 18" and 10™ respectively (Figures 3a & b). After
the ice-in date, the ice cover begins to thicken rapidly. During the two ice
cover seasons, significant thickening of lake ice occurred during the winter
(December to February) period (Figures 3a & b). Moreover, the rate of
ice growth corresponded to the daily freezing degree days —the extent (in
degrees) to which daily air temperatures fell below freezing (Figures 3e &f).
At the end of February, the ice cover thickness in 2007 was twice as much to
that of 2006 (Figure 3a & b). This was because the total sum of the daily
winter freezing degree days (Accumulated Freezing Degree Days-AFDD) in
2006/07 was about 1.5 times higher than that of 2005/06 (Figure 3c & d).
At the beginning of March, however, the ice cover stops growing and even
starts to thin (melt) given that the daily average temperature start rise above
the freezing point (Figures 3a & b). In both seasons, the rate at which
the ice melted in spring (March-June) mirrored the daily melting degree
days—the extent (in degrees) to which daily air temperatures rises above
freezing (Figures 3e & f). The ice-out date in 2006/07 was about 18 days
later than in 2005/06 ice cover season (Figures 3a & b).

The timing of the spring lake ice-out dates depends on the thickness
of winter ice and the heat energy during the melt (spring) period [34, 32].
Generally, thinner winter ice and/or warmer spring air temperatures are
associated with earlier spring ice-out dates and thicker ice and/or cooler
spring air temperatures are related to later spring ice out dates. Given that
winter is the main period that provides the bulk of the freeze energy to form
and grow ice, seasonal winter air temperatures can modulate the variability
of spring ice out date by controlling the ice thickness [34, 28]. Consequently,
for many lakes in the extratropics, seasonal winter air temperatures (and
derived degree day variables) are significantly correlated to the spring lake
ice-out dates [28, 17]. Franssen and Scherrer [35] showed for multiple lakes in
Switzerland that there are winter AFDD thresholds whose exceedance/non
exceedance determines whether ice forms on lakes. North American studies
[10, 18] have also shown for multiple lakes in northern North America that

5



181

182

183

184

185

186

187

189

190

191

192

193

194

195

196

197

198

199

200

201

202

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

the response of spring ice-out dates to seasonal winter air temperatures can
be nonlinear, and that there are seasonal winter degree-day indices whose
exceedance or non-exceedance produces dramatic changes in the spring lake
ice-out dates. Figure 4 depicts the joint winter AFDDs and AMDDs that
correspond to the earliest and latest 15 ice-out dates at Lake Auburn from
1950 to 2010.

Synoptic Teleconnection patterns and Ice out dates: For many
lakes in the northern extratropics, the spring ice out date shows coherence
with synoptic teleconnection patterns. Large-scale teleconnection patterns
refer to semi-periodic and persistent atmospheric and oceanic anomalies that
extends over a large geographical area [36]. In northern Europe, United King-
dom, and Russia, studies have found the timing of the spring ice-out date
has a strong relationship with the phases of the Northern Atlantic Oscillation
(NAO) pattern [37, 38, 29]. For lakes in northern USA and Canada, variabil-
ity of spring ice out dates has been related to one or more of the following
synoptic teleconnection patterns: NAO [30, 8, 29, 10], ENSO [30, 8, 27, 18],
Pacific Decadal Oscillation [30, 27|, Pacific North America [30], and Trop-
ical Northern Hemisphere [10]. Large-scale teleconnection patterns modu-
late the variability of spring lake ice-out date by promoting warm and cold
and/or wet and dry spells that delay or accelerate lake ice formation or
melt [30, 27, 29, 10, 18]. Moreover, in regions where multiple teleconnec-
tion patterns exist, the effect of one pattern on spring ice out dates might
be moderated by the effect of another pattern. For example, Bai et al. [§]
found that the effect of ENSO on Great lakes ice extent can be moderated
or enhanced by NAO. Livingstone [28] found that relationship between NAO
pattern and spring ice out dates at Lake Mendota have weakened since the
first half of the twentieth century.

ENSO is the largest source of global winter climate variability, and phase
shifts in ENSO arise due to its sensitivity to particular tropical Pacific sea
surface temperature anomalies [21]. The slow evolution and persistence of
ENSO events affords seasonal predictability [21, 20]. Studies show ENSO-
related wintertime climate forecast skill in the northern extratropics modu-
lates atmospheric circulation patterns [39]. Consequently, few North Ameri-
can studies have characterized the relationship between spring ice out dates,
seasonal winter air temperatures, and ENSO patterns to predict lake ice sea-
son [40, 8, 10, 18]. For example, Bai et al. [8] showed that for Great Lakes,
mild winters and reduced ice cover extent occur during El Nino (warm phase
of ENSO) and positive NAO phases. Beyene and Jain [10] found that for
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eight selected lakes in Maine, El Nino events increases the likelihood of mild
winters that are associated with early spring ice-out dates by 50-80% relative
to the climatology (1950-2010). Beyene and Jain [18] showed that for seven
out of the eight selected lakes in different North American regions, the oc-
currence probability of mild winters that produce early spring ice-out dates
increases by 1.5-2.8 times to that of the climatology during strong eastern El
Nino patterns (1951-2010).

3. Delineation of lake-watershed processes within the context of
lake ice

We reviewed over 40 peer-reviewed case studies that examined the re-
sponse of one or more lake-watershed parameter(s) to the early end of the
ice cover period (Table ??). In what follows, we summarize the potential
impact of shorter/no ice cover season on the physical, chemical, biological
and social attributes of lakes in the northern extratropics. Figure 5 shows
the response and feedback of key lake ecological and social processes.

Seasonal Thermal Structure and Mixing Regime: When the sur-
face of lakes is covered in ice, only a small fraction of the atmospheric heat
input reaches the lake water column. This is because ice reflects back 30-90%
of the solar insolation [31]. Early ice out increases atmospheric heat input
into lakes. For lakes in the northern cold regions, this can lead to warmer
spring and summer lake water temperatures [e.g., 41, 42, 43], earlier onset
of spring turnover and summer stratification period [e.g., 44, 45, 46], and
upsurge in spring/summer sensible and latent heat flux [47]. For some lakes,
the absence of lake ice during winter triggers dramatic changes in the lake’s
mixing regime such as a shift from cold monomictic to dimictic or from dim-
ictic to warm monomictic [e.g., 48, 49]. However, the persistence and degree
to which shorter or no ice duration affects the thermal structure of north-
ern cold region lakes depends on lake specific factors such as water clarity,
morphometry, and water residence time, which determine the distribution of
extra added heat in lake volume [41].

Nutrient Cycling: During long ice cover periods, benthic respiration
and decomposition of organic matter near sediment [50, 51] causes depletion
of oxygen. Oxygen depletion is pronounced in lakes with low hypolimnion
water volume and high organic matter. Oxygen depletion creates an anoxic
(reducing) environment at lake water-sediment interface, which promotes the
release of reactive manganese, iron, and phosphorous [52, 53, 54]. Conversely,
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a shorter or no ice cover season may decrease the likelihood of anoxic condi-
tions from developing at lake sediments during the winter season. However,
the early end to the lake ice season in lakes often leads to the early onset of
spring-summer lake stratification period, with limited mixing between epil-
imnion (upper) and hypolimnion waters [43, 46]. In shallow lakes or ones with
a strong thermocline at a lower depth, the lengthening of the stratification
season enhances the development of anoxic conditions at the sediment-water
interface, which in turn favors the release of reactive nutrients from sediments
to the overlying water column [55].

Aquatic species and trophic interaction: During complete ice cover
period in lakes, the surface snow-ice cover acts as a lid, creating dark, less
turbid and cold under-ice lake environment [5]. These conditions generally
favor heterotrophic processes and lower plankton biomass as the low light
setting restricts autotrophic plankton productivity, and the non-turbulent
conditions promote sinking of non-motile algae [6]. Thus, early ice-out period
may lead to increases in the spring and summer algal biomass [23, 37, 45],
change in the seasonal composition and succession of plankton species [56,
57, 53] for various cold region lakes. Significant mismatches in the response
of predator and prey plankton species caused by shorter ice cover season can
also engender the re-organization of the lake food web [58]. However, the
extent to which shorter or no ice duration alters the plankton abundance,
community and trophic relationships in lakes depend on factors such as snow-
ice conditions, nutrient availability and spring/summer climate [59]. The
cold, dark, and oxygen-limited lake environment during ice cover season also
provides an optimum environment for native cold-water fish species [60].
Therefore, the early end to the lake ice season commingling with warmer
lake water temperatures diminish the survival advantage of these native fish
species and promote the spread of invasive warm water fish species [61, 62].
It also reduces the likelihood of winter fish kills, as there is less potential for
anoxic conditions to develop at the lake bottom during short or no ice cover
period [55]. On the other hand, early ice-out dates may correspond to the
lengthening of summer stratification period in lakes, and in shallow lakes or
lakes with strong thermocline at lower depth, this promotes the occurrence of
anoxic conditions and fish kills in the hypolimnion waters during summer /fall
season [14].

Economic and Cultural Values: Over half of a billion people live in
northern cold regions, where lakes freeze periodically [9]. For humans, lake
ice has always inspired appreciation of nature’s power, value, and beauty

8
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as evidenced by the long-term ice phenology records kept for hundreds of
years [11]. Consequently, lake ice has been related to the sense of identity
and emotional, social, and spiritual wellbeing [2]. For example, for over
five centuries, Shinto priests used Lake Suwa ice phenology to start their
purification processions and predict the rice harvest [2]. In Canada, USA,
and Europe, frozen lakes are long been used as venues for various festivals
and tournaments such as ice fishing derbies and skating competitions [31, 49].
The shortening of annual lake ice season may jeopardize spiritual practices
and cultural traditions. For example, the purification processions at Lake
Suwa were performed only 69 times in the past 100 years because the lake
surface did not freeze in winter [2].

Shorter or no lake ice cover season can have local and regional economic
implications. For land locked locations, it can contribute to increased eco-
nomic hardship and scarcity of provisions, as lake ice offers an inexpensive
winter roadway to rural and distant communities and industrial develop-
ment and mining sites [49, 63]. In Manitoba (Canada), mild winter con-
ditions in 2010 prompted the closure of a 2200km winter road (located on
frozen ground, rivers, and lakes) and hindered the transport of food, gas and
construction materials to more than 30,000 first nations people [24], thus
resulting in an emergency declaration [24]. Shorter or no annual lake ice
season may cause the cancellation of wintertime recreational events and loss
of revenues from the popular outdoor winter recreational activities—ice fish-
ing, skating, and snowmobiling [49, 2, 64]. In addition, for many northern
indigenous communities, shorter ice season and thinner ice in northern lakes
may disrupt the timing, occurrence and harvests of various subsistence ac-
tivities (e.g., hunting, gathering, fishing) as ice covered lakes provides access
to traditional hunting, fishing, and trapping grounds [65, 25, 66]. Finally,
we noted earlier that shorter or no ice season might lead to increased algal
biomass and loss of cold-water fishes in cold region lakes. These conditions
may put off recreational activities during the open water season, increase
water treatment costs, and reduce lake-shore property prices [49]. However,
it is important to note that the economic implications of shorter ice cover
season are not all negative and are site specific. For instance, [67] reported
that for the Great Lakes, smaller ice cover extents and longer ice-free period
lead to longer shipping periods and lowering of ice breaking costs.

Local climate: During the open water period, lakes moderate local climate
conditions by giving up their thermal energy (via sensible and latent heat
flux) in late fall and winter to warm local atmospheric conditions and ab-

9
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sorbing (via sensible heat flux) the heat energy in the atmosphere in late
spring and summer to cool atmospheric conditions. The presence of com-
plete ice cover severely limits the thermal and moisture exchange between
the relatively3 warm lake waters under ice and overlying frigid air [5, 31].
Gerbush et al. [68] found that for Lake Erie, the latent heat flux for an ice
cover with 90% ice concentration was approximately 13% of that of the open
water period. During late fall and winter, later ice-in date or lower ice cover
extent in medium-to-large lakes can dramatically raise the moisture and heat
(sensible and latent) lost to the atmosphere. Such conditions promote the
development of severe downwind fog and precipitation (e.g., lake snow effect)
(69, 70]. For instance, due to lesser than average ice-cover extent over Lake
Ontario during the winter of 2007, the town of Redfield, New York (USA)
received about 141 inches of lake effect snowfall over seven days. In spring
and early summer, early ice-out increases solar insolation and the heat energy
stored in lakes. This enhances the seasonal and annual moisture and latent
heat fluxes from lakes. For medium to large lakes, it may also prolong the
period lake and atmosphere flux exchanges and delay the winter ice-in date.

4. Concluding Remarks

Over the past century, the length of the ice season and its phenology
of northern extratropical lakes has undergone significant changes towards
shorter or no ice season. Current and projected warming of air temperatures
and interannual and decadal climate variability are likely to exacerbate this
trend. The consequences of changes in lakes with seasonal ice cover are far
reaching and range from water supplies, ecosystem structure and health, cul-
tural uses, to local and regional tourism and economy. This review presents
a general framework by which the nature and predictability of short/no ice
cover seasons and its impacts on linked socio-ecological systems may be ex-
amined and understood at local and regional scales. To improve on this
framework, we recommend future works in the following research areas:

o Winter Limnology: Advancing our understanding of lake ice processes
requires improvement to the current monitoring and investigative ap-
proaches and topics; novel lake sampling instruments and procedures
that work when lakes are covered in ice are needed. In situ data collec-
tion must also be supplemented by adopting remote sensing monitoring
approaches [49]. In addition, to achieve improved prediction of lake ice
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effects on the lake ecosystem structure and functions, lake ice models
should be coupled with hydrological, limnological, climatic, and social
systems models.

Within winter limnology studies, the influence of lake ice on the human
population is the least studied subject. While many studied have casu-
ally noted the importance of lake ice on the lifestyle of local indigenous
population, the authors are aware of only one study [2] where the spir-
itual, cultural, economic and emotional implication of lake ice on the
social system are extensively studied. However, there are many indige-
nous communities particularly in the high latitudes whose economy,
nutritional diet, lifestyle, and transport network might be massively
disrupted by shortening of the lake ice season. More social implication
studies therefore will be needed if adaptation and mitigation options
are to be developed and effective strategies are to be adopted.

Lake ice season prediction/forecast: To date, ENSO is the only phe-
nomenon with skillful seasonal climate forecast [20]. Studies also show
that ENSO exhibits a strong influence on the atmospheric circulation
patterns [39], thus affording foreknowledge of lake ice phenomena. Ex-
perimental studies to characterize the role of winter meteorological vari-
able(s) on the lake ice season would aid management efforts. Future
climate research focused on ENSO-winter climate teleconnections are
therefore needed where approaches and frameworks that assess ENSO-

induced climate shifts will render lake social-ecological systems vulner-
able.

11



"Sox[e] UISYIOU UI SOIHIATIOR I9julm Pajdadxe Jo ureiderp renjdeouo)) :T omSrq

uabAxQ panjossiq -0a
alnjeijadwa] Jaiepn -LM

JuUsWwIpas aye Wi

m&v&’. v#ﬁak

Aen axel e

2" Hw)
awin — & __ O
2oUBpISaY pue |9Ad] o)eT e LX) :
SUONBIIUSOUOD JUBUINN @ i+—— g
uonejndod uopjueidooz |
pue uoljisodwo? sa810adg e i«—— o g
sainjesodwa) Jojep\ b
..... oeble-99) mwe aw
m\l ao]-moug

SIUSHINN % SED g

A A
[

)
5990
o3°

A4
[
11

P \'\E m
- =” 7 {
/eusloeg
\
!
1
1

1\,
&

e g T
ﬂ He R

S

uoseasg Jajep uadQ

uoseag Jan0) 39|

12



May 15[~ ' ! ! ! =
® e Lake Auburn ice out dates

— 11-years lowess smoothened curve

Linear regression line

May 1—

5 Ice—out dates
o

April 1— . e —
| | | | | | |
1880 1900 1920 1940 1960 1980 2000

Year

Figure 2: Trends and variability in the spring ice-out dates at Lake Auburn from 1850-
2010.
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