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Winter Limnology as a New 
Frontier 
Stephen M. Powers and Stephanie E. Hampton

No one seeks the most improved award. But if 
Limnology were to recognize a most improved 
topic, our vote in 2016 would go to winter 
limnology. While much work still remains, 
we are cautiously optimistic about recent pro-
gress in winter limnology research, especially 
for seasonally ice-covered lakes. How did we 
arrive here, and where are we headed?

Winter Research Historically Left 
Out in the Cold

Winter research in inland waters has long 
been neglected. For a variety of reasons, peri-
ods of ice cover have often been dismissed 
as ecologically unimportant relative to the 
summer open-water period, when most lim-
nological field work has occurred. Consider 
the conceptual underpinnings of the term 
“growing season,” which has been frequently 
used to describe the open-water, summer 
season in lakes. Similarly, what proportion of 
limnology articles include the words “winter” 
or “ice” in the title or abstract? How numer-
ous and diverse are the lakes that have been 
sampled during ice cover, compared to those 
sampled during the open water phase? How 
many researchers have received winter-inclu-
sive training? In general, the answers to these 
kinds of questions emphasize glaring scarci-
ties of information about winter.

At the same time, a relatively small and 
scattered library of foundational limnological 
studies has indicated that under-ice ecology is 
dynamic and potentially important in ecosys-
tems. Photosynthesis can occur under ice and 
under snow cover, sometimes yielding high 
biomass of under-ice algae, even when com-
pared to summer (Kozhova 1961; Maeda and 

Ichimura 1973). Similarly, zooplankton can 
be diverse and abundant, with some popula-
tions peaking in winter rather than summer 
(Rigler et al. 1974). Such activity under ice 
also has been shown to influence plankton 
dynamics that occur in the spring and summer 
(Gerten and Adrian 2000). Studies involv-
ing under-ice nutrients (Knowles and Lean 
1987; Wehenmeyer 2004), heterotrophic 
processes (reviewed in McKnight et al. 2000) 
and greenhouse gas production (Striegl et al. 
2001) have been provocative. These are not 
the only examples, and below we highlight 
several recent developments in winter-focused 
limnology that indicate the rise of the topic, 
including articles published in Limnology and 
Oceanography, as well as contributions to a 
newly synthesized under-ice data set involv-
ing more than 100 lakes around the world. 
Despite these contributions, it appears that 
only a minority of the limnology community 
has absorbed and actively moved forward on 
existing winter knowledge, even as worldwide 
shortening in ice duration has become widely 
recognized (Magnuson et al. 2000; Benson  
et al. 2012; Sharma et al. 2016).

Multiple recent literature reviews, work-
shops, and conference activities illustrate rap-
idly increasing interest in winter limnology, 
and together they have revealed a variety of 
specific knowledge gaps (Salonen et al. 2009; 
Bertilsson et al. 2013; Hampton et al. 2015). 
In contrast to sea-ice ecosystems (Arrigo and 
Thomas 2004; Post et al. 2013), quantita-
tive analyses of winter-summer differences 
in lakes are still lacking for primary produc-
tivity, nutritional quality of phytoplankton, 
respiration, and energy flow through food 
webs. There are cross-seasonal connections 

still to explore, such as carry-over of energy 
and nutrients between the seasons (Salonen 
et al. 2009; Bertilsson et al. 2013; Hampton 
et al. 2015). The role of ice in greenhouse gas 
production and dynamics is not sufficiently 
understood, especially given societal need for 
this information. Hydrodynamics and the 
coupling of physical and biological processes 
under ice have not been frequently studied, 
despite the profound implications for lake 
organisms and biogeochemistry (Salonen et 
al. 2009; Bertilsson et al. 2013). Similar win-
ter knowledge gaps are present for many other 
structural and functional features in both 
lakes and  reservoirs.

This past June at the ASLO Summer 
Meeting in Santa Fe, we convened a special 
session titled Ecology under ice. In the session, 
we addressed questions involving under-ice 
primary productivity, food webs, and biogeo-
chemistry, and we explored how the effects of 
winter processes may carry-over throughout 
the year. Participants contributed oral and 
poster presentations that focused on topics 
such as winter productivity and metabolism, 
biogeochemistry including nutrients and 
iron, zooplankton community composition, 
and under-ice thermal structure. The session 
consistently drew approximately 100 or more 
of the approximately 600 ASLO attendees 
throughout the morning, demonstrating 
enthusiasm and a growing community of win-
ter-curious colleagues.

The Ecology under ice session in Santa Fe 
was just one manifestation of the upsurge in 
winter limnology that has been occurring. Sev-
eral ice-focused articles have been published in 
Limnology and Oceanography over the past few 
years (Table 1). For example, a review on the 
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under-ice microbiome by Bertilsson et al. (2013) 
has been cited 25 times according to Google 
Scholar. Other recent examples include research 
on ice phenology (Arp et al. 2013; Van Cleave 
et al. 2014; Beyene and Jain 2015), under-ice 
physical limnology (Forrest and Jain 2013; 
Rizk et al. 2014; Salonen et al. 2014; Titze and 
Austin 2014; Bruesewitz et al. 2015; Steel et al. 
2015; Kouraev et al. 2016), and under-ice pri-
mary production (Hawes et al. 2014; Katz and 
 Austin 2015). In addition, there has been a clear 
surge of research on biogenic gas production and 
carbon cycling under ice (e.g., Ducharme-Riel et 
al. 2015; Denfeld et al. 2016), likely built upon 
the work of Striegl et al. (2001) on potential gas 
emissions measured during ice cover, Karlsson 
et al. (2008) on under-ice respiration, and Cole 
et al. (2007) on lakes within the global carbon 
cycle, among others.

Progress in winter-inclusive research has 
been associated with a sense of urgency and 
societal need. Long-term declines in lake ice 
duration provide some of the clearest evidence 
of climate change yet observed (Magnuson 

et al. 2000; Sharma et al. 2016). Improved 
understanding is needed on how ecology in 
lakes and rivers may respond to shifting win-
ter severity (Özkundacki et al. 2016) and ice 
duration (Bertilsson et al. 2013), and how 
these trajectories can be managed intention-
ally. We need to better understand the ecology 
of under-ice processes before they are lost.

Under-Ice Data Already in Hand

Using a recently compiled data set (Hampton 
et al. 2016) generated through a National Sci-
ence Foundation supported workshop (NSF 
DEB #1431428), we are now able to ask a 
variety of questions about winter limnology, 
including the extent to which specific regions, 
lake types, and topical areas have been 
explored. So, where has prior winter limnol-
ogy research occurred? And for how many years 
and variables? Perhaps unsurprisingly, Fig. 1 
illustrates the geography of prior winter sam-
pling in lakes is highly clustered, with much 
winter effort occurring in regions around the 

Laurentian Great Lakes and the Baltic Sea, in 
addition to the permanently frozen lakes of 
Antarctica (not shown).

The under-ice data set contains season-
ally aggregated information from contributed 
data sets at 135 sampling sites on frozen lakes 
around the world. The data include under-
ice values for more than 40 variables includ-
ing biological (e.g., chlorophyll a (Chl a), 
zooplankton density), chemical (e.g., total 
phosphorus, dissolved organic carbon), and 
physical (e.g., water temperature, ice depth) 
variables. The data set is certainly not a com-
plete representation of all winter limnology 
research, especially given very recent research 
that has happened since the call for participa-
tion and data in 2014, but it does offer lessons 
about prior winter research efforts.

One of the most frequently sampled vari-
ables in the data set was Chl a (n = 94 sites, 
Fig. 1). Chl a was also often measured at the 
same site in many winters, with 34 sites hav-
ing time series across 10 or more winters, and 
12 sites having time series across 30 or more 
winters. Other frequently sampled variables 
included total phosphorus (n = 107 sites), 
total nitrogen (n = 76), and zooplankton den-
sity (n = 36). Our 136 respondents indicated 
high interest in measures of fish, periphyton, 
macrophytes, and benthic invertebrates under 
ice, but had little or no data to provide for 
these variables.

For most variables, the temporal extent of 
winter sampling has been relatively limited, 
and a relatively small proportion of the lakes 
had sustained winter research occurring over 
10+ yr. Comprehensive winter sampling, here 
defined as 20+ variables measured in at least 1 
yr, was also relatively rare, but examples where 
this has occurred include northern Wisconsin 
U.S.A. (site of the North Temperate Lakes 
Long-term Ecological Research (LTER) 
project), the Experimental Lakes Area of 
southwest Ontario, and multiple lakes in Sas-
katchewan, Estonia, Finland, and Germany. 
These are just a few of the highlights from the 
compiled data set, anticipated to be released 
for unrestricted use in 2017.

Research Opportunities in Winter 
Limnology

Our incomplete understanding about win-
ter processes in lakes, and the prospect of 
changing winter duration and severity, are 

TAbLe 1. Recent publications on under-ice limnology in Limnology and Oceanography since January 2013. 
All publications had derivations of the words “ice” or “winter” in the title or abstract, and are focused on 
inland waters.

Year Citation System and region

2016 Kouraev et al. Lakes Baikal and Hovsgol, Siberia and Mongolia

Ma et al. Lake Taihu, Jiangsu province, China

Morgan-Kiss et al. Lake Bonney, McMurdo Dry Valleys, Antarctica

Salmi and Salonen Lake Vesijärvi, southern Finland

2015 Beyene and Jain Eight lakes in Maine, U.S.A.

Bruesewitz et al. Lake Sunapee, New Hampshire, U.S.A.

Katz et al. Lake Baikal, Siberia

Steel et al. Lake Untersee, Antarctica

Dolhi et al. Four lakes in McMurdo Dry Valleys, Antarctica

2014 Hawes et al. Lake Hoare, Antarctica

Rizk et al. Lake Pääjärvi, Finland

Salonen et al. Lake Pääjärvi, Finland

Titze and Austin Lake Superior, Laurentian Great Lakes, U.S.A. and Canada

Van Cleave et al. Lake Superior, Laurentian Great Lakes, U.S.A. and Canada

2013 Arp et al. 55 lakes in Alaska, U.S.A.

Bertilsson et al. Review article, > 20 lakes were specifically referenced, 
including lakes in Germany, USA, Canada, Siberia, 
 Antarctica, Hungary, Estonia

Forrest et al. Pavilion Lake, British Columbia, Canada

Kleeberg et al. Lake Langer See, Germany
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being  recognized more than ever within the 
limnology community. It is important to fol-
low through on the winter research momen-
tum that has been built. Below, we highlight 
examples of emerging winter research oppor-
tunities in lakes, inspired not only by previous 
reviews (Bertilsson et al. 2013; Hampton et 
al. 2015), but also by the workshops, sympo-
sia, and database explorations in which we 
engaged with dozens of colleagues over the 
past 2 yr. A subset of the players and processes 
involved in these winter research opportuni-
ties (e.g., microbes, phytoplankton, gross pri-
mary production (GPP)), is shown in Fig. 2.

Further research is needed to understand 
the rates and dynamics of winter productivity 
across a wider sample of lakes. Only a small 
collection of scientific articles have focused on 
primary producers under lake ice, with exam-
ples provided by Bashenkhaeva et al. (2015), 
Catalan et al. (2002), Katz et al. (2015), Tulo-
nen et al. (1994), and Twiss et al. (2012). By 
comparison, the role of under ice productivity 
has been demonstrated more clearly in marine 
systems, where studies in both the Arctic and 
Antarctic illustrate primary productivity can 
be important to consumers (Lizotte 2001; 
Grebmeier 2012), including algae that use ice 
as a substratum (Arrigo and Thomas 2004). 
In some areas under Antarctic sea ice, algae 
contribute 25–30% of total annual produc-
tivity (Arrigo and Thomas 2004). Far less is 
known of the role of winter primary produc-
ers in lakes (Hampton et al. 2015).

The presence of a winter “ice lid” for air-
water gas exchange provides a window to 
understanding biogenic gas production in 
lakes. Once ice cover has solidified over the 
surface of a lake, air-water gas exchange is 
essentially cut off, a few exceptions being leak-
age that occurs through ice cracks, pockets of 
open water near tributaries and inlets, and 
indirect exchange through streams and lakes 
that receive water from frozen lakes. Dis-
solved gases and bubbles containing meth-
ane, nitrous oxide, and carbon dioxide often 
accumulate underneath the ice (Bertilsson et 
al. 2013). During this time, exogenous inputs 
from direct atmospheric fixation and nutrient 
deposition are negligible, offering opportuni-
ties to more closely understand things such 
as biogenic gas production, internal nutrient 
cycling, aerobic respiration, anaerobic pro-
cesses, and the functional roles of benthic 
microbes. In contrast, during the open water 

FIG. 1. Sites of prior research under lake ice, from the contributed data sets presented in Hampton et al.  
(In press). Large circles indicate under ice sampling has taken place during 10 or more years. Medium circles 
indicate sampling in 3–9 yr, and small circles in 1 or 2 yr. Sample sizes are as follows: 94 sites with Chl a data; 
40 sites with water N and P (both dissolved and total) sampled during the same winter; 28 sites with 20 or 
more variables sampled during the same winter; 11 sites with benthic variables sampled.
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period our ability to understand rates and 
controls on biogenic gas production in lakes is 
complicated greatly by the large and dynamic 
air-water exchange that occurs, and by the 
additional exogenous inputs that we cannot 
assume to be zero.

Oxygen depletion during winter is another 
research area, perhaps especially in nitrogen 
(N)-saturated lakes. In extreme cases, oxygen 
depletion under ice can result in “winterkill.” 
While winterkill has been a well-recognized 
phenomenon in limnology for decades, there 
is incomplete understanding of how winter 
oxygen depletion, and associated ammonium 
accumulation or nitrite accumulation, could 
be changing across lakes. More specifically, 
because nitrification is an oxygen-consump-
tive process, high N loading and N cycling 
in water bodies that freeze has the potential 
to increase winter oxygen depletion rates. In 

principle, changes in these processes could 
alter the frequency or severity of winterkill. 
These issues may point to a need for research 
on winterkill frequency and severity, as well as 
nitrogen-oxygen coupling, under changing ice 
phenology and land use.

Molecular methods now enable taxo-
nomic and functional characterizations of the 
microbes that participate in or drive under-ice 
processes (Bertilsson et al. 2013), as well as 
the identity of macroorganisms that are active 
under ice (e.g., environmental DNA, Gold-
berg et al. 2015). These molecular techniques 
can provide direct evidence of the mecha-
nisms involved in elemental cycling, pathogen 
transmission, presence/absence of impactful 
species, and functional responses to pollut-
ants at the ecosystem level (Rosi-Marshall 
and Royer 2012). Clearly, there are many pos-
sibilities where molecular techniques could be 

applied in concert with the winter opportuni-
ties we address in this article.

The presence of ice and snow on lakes 
can regulate local weather, including air tem-
perature, precipitation, and wind, especially 
around large lakes. How will lake-atmos-
phere-land linkages affect local climate during 
winter under shifting snow-ice regimes? This 
is a rich area for research with important soci-
etal implications (Brown and Duguay 2010), 
perhaps especially for those communities 
affected by extreme lake-effect snow events. 
Shifts in lake-effect snow could also alter 
stream and groundwater flows seasonally or 
annually, potentially affecting large numbers 
of lakes simultaneously.

Remote sensing approaches may allow 
characterizations of under-ice algal biomass 
and patterns of productivity, facilitating a 
broad geographic perspective on under-ice 
lake ecology. Remote sensing may be most 
promising for lakes that are large and only 
partially covered with snow, such as Lake 
Baikal and Lake Hovsgol, or those where 
substantial blooms occur inside ice and at its 
edges. While such constraints may limit the 
number of lakes where remote sensing studies 
are feasible, these opportunities are intriguing, 
partly because the clarity of some lake ice can 
greatly exceed that of sea-ice systems.

The reduced turbulence under ice rela-
tive to summer could allow more detailed in 
situ sensor-based and image-based surveys 
of the benthos, pelagic zone, and organisms. 
While not frequently used within limnology 
to date, there is optimism that use of moored 
sensors (Baehr and DeGrandpre 2002) and 
autonomous underwater vehicles (Forrest et 
al. 2008) will expand in the future. In addi-
tion, although not often demonstrated, there 
are likely opportunities to deploy sensors and 
probes from the ice surface, perhaps to explore 
linkages between ecology and hydrodynamics. 
These approaches could allow us to revisit 
familiar limnology research questions in new 
spatially and temporally explicit ways, or 
reveal completely new questions about under 
ice processes and lake structure and functions 
generally.

The compiled under ice data set from 
Hampton et al. (In press) includes data from 
both the under-ice period and ice-free period, 
so there remain opportunities to address broad 
questions about cross-seasonal connections, 
including seasonal carry-over, and negative feed-
backs. In addition, analyses at finer temporal  

FIG. 2. Examples of under ice players, processes, interactions, and dynamics including cross-seasonal connec-
tions (dark arrows) between the under ice phase and open water phase.
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resolutions may be possible by contacting the 
contributing researchers who provided data. 
We specifically point to future research oppor-
tunities that involve (1) the subset of long-term 
time series contained in the under ice data set, 
(2) interactions among the limnological vari-
ables, (3) analyses that integrate the compiled 
data set with independent limnological data, 
and (4) analyses that integrate the compiled 
data set with non-limnological data sets, for 
example land use, meteorology, or management 
data. Above all, we look forward to witnessing 
and contributing to the continued progress 
that is underway in winter limnology, and we 
extend a special thanks to the many partici-
pants who have generously provided winter 
data to the limnology community.
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