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Abstract

While the sentinel nature of freshwater systems is now well recognized, widespread integration of freshwater processes and
patterns into our understanding of broader climate-driven Arctic terrestrial ecosystem change has been slow. We review the
current understanding across Arctic freshwater systems of key sentinel responses to climate, which are attributes of these
systems with demonstrated and sensitive responses to climate forcing. These include ice regimes, temperature and thermal
structure, river baseflow, lake area and water level, permafrost-derived dissolved ions and nutrients, carbon mobilization
(dissolved organic carbon, greenhouse gases, and radiocarbon), dissolved oxygen concentrations, lake trophic state, various
aquatic organisms and their traits, and invasive species. For each sentinel, our objectives are to clarify linkages to climate,
describe key insights already gained, and provide suggestions for future research based on current knowledge gaps. We suggest
that tracking key responses in Arctic freshwater systems will expand understanding of the breadth and depth of climate-driven
Arctic ecosystem changes, provide early indicators of looming, broader changes across the landscape, and improve protection
of freshwater biodiversity and resources.
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Introduction

Inland freshwaters continuously exchange with the overly-
ing atmosphere and the surrounding landscape (Forel 1891)
and are sentinels of broader environmental change, meaning
that we can often detect and quantify climate-driven ecosys-
tem changes in lakes and rivers prior to those occurring in
adjacent terrestrial systems (Jassby 1998; Vincent and Smol
2009; Williamson et al. 2009; Camacho et al. 2012; Castendyk
et al. 2016; Zhang and Duan 2021). For this review, we define
a sentinel response of Arctic freshwater systems to climate as
a physical, chemical, and (or) biological attribute or set of at-
tributes of these systems with a demonstrated and sensitive
response to climate forcing. These responses include measur-
able changes in lake level as a consequence of shifting water
balance and hydrology (reviewed by Fritz 2008); the extent
and timing of ice off as a consequence of air temperature
anomalies (e.g., Beyene and Jain 2015; Bégin et al. 2021a); de-
oxygenation in response to lake warming and stratification
(Jane et al. 2021); changes in river discharge and timing of
spring freshet (Peterson et al. 2002; Feng et al. 2021); solute
changes as a consequence of extreme precipitation events
(e.g., Warner and Saros 2019) and changing flowpaths (Toohey
et al. 2016); changes in species diversity of algae as a conse-
quence of climate-driven changes in physical habitat struc-
ture (e.g., Saros et al. 2016), and more. The heightened
sensitivity of freshwater systems to climate underscores the
utility of routine tracking of key responses in freshwaters
across multiple spatial and temporal scales.

Sentinel responses of freshwater systems to other regional-
scale drivers have become centrally integrated into policy and
management aimed at broadly protecting ecosystems. For
example, many of the first detectable ecosystem responses
to changing atmospheric deposition across a landscape are
found in freshwaters, including measurable changes in
dissolved organic carbon concentrations with reductions
in sulfur deposition (e.g., Monteith et al. 2007) and shifts
in algal community structure with increases in nitrogen
deposition (e.g., Wolfe et al. 2001). Recognizing this high
sensitivity, many management agencies in the USA and
Europe focus on critical deposition loads that are based on
responses in freshwater systems, relying on the principle
that using the most sensitive indicators across a landscape
to develop policy and management approaches will be
broadly protective across ecosystems (Pardo et al. 2011). This
same principle can be applied to climate-driven ecosystem
changes; recently proposed frameworks call for expanded
integration of freshwater indicators into climate impact
assessments (Kenney et al. 2016).

Understanding climate-driven changes in Arctic ecosys-
tems similarly requires utilizing inland waters as sentinels.
Widespread integration of freshwater processes and patterns
into our understanding of broader climate-driven Arctic ter-
restrial ecosystem change has been slow. Freshwater systems
are a dominant feature of the Arctic terrestrial landscape
(Vincent and Hobbie 2000); 24% of the global lake area falls
between latitudes of 60-69° N (Downing et al. 2006) and
82% of Arctic lakes are situated on continuous permafrost
(Paltan et al. 2015), and Arctic rivers drain approximately
15% of the global land surface (Feng et al. 2021). Changes in
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Arctic freshwater systems highlight how rapidly these sys-
tems reflect shifting climate, ranging from shifts in water
balance in response to warming (Smol and Douglas 2007;
Lehnherr et al. 2018); altered dissolved organic and inor-
ganic carbon dynamics (Striegl et al. 2005; Wauthy et al.
2018) and higher methane emissions (Walter Anthony et al.
2016) that are likely consequences of permafrost thaw (Vonk
et al. 2015), and higher rates of algal community turnover
that are likely consequences of warming air temperatures
(Smol et al. 2005) and altered water column structures (Saros
et al. 2019; Bégin et al. 2021b). These changes highlight that
Arctic freshwater systems provide early warning signals of
change. When coupled with the spatial biases that result
from overrepresentation by some Arctic field sites (Metcalfe
et al. 2018), even with the progress to date, we are likely miss-
ing many rapid, potentially fundamental responses in Arctic
freshwater systems that signal looming, broader terrestrial
changes.

The importance of freshwater ecosystems in the Arctic has
been highlighted in several recent reviews. The Snow, Wa-
ter, Ice and Permafrost in the Arctic report (AMAP 2017)
provides a systems framework to assess the changing Arctic
cryosphere and its effects on ecosystems, including terrestrial
freshwater systems. Several recent reviews of Arctic fresh-
water biodiversity (Heino et al. 2020; Goedkoop et al. 2022)
underscore the need for more coordinated monitoring pro-
grams at greater spatial and temporal resolution, and have
suggested that Arctic countries develop more extensive pro-
grams to track biodiversity, water quality and ecosystem ser-
vices of Arctic freshwaters. These needs align with priorities
defined in a global agenda to advance freshwater biodiver-
sity research (Maasri et al. 2022). Broadly, the Arctic Monitor-
ing and Assessment Programme (AMAP 2021) has emphasized
the need to better understand the consequences of future
warming for the Arctic, specifically underscoring the need
to expand monitoring of Arctic change, address information
gaps, and improve relevance and availabilty of scientific in-
formation for decision making.

To inform and support the expansion of freshwater
monitoring efforts in the Arctic, we review the current un-
derstanding across Arctic freshwater systems of key sentinel
responses to climate. Our overall aims in this review are to: (1)
describe key sentinel responses of Arctic freshwater systems
(overview in Fig. 1), (2) clarify the various linkages between
these sentinels and climate to contextualize these responses
and inform parameter selection, (3) describe key insights
gained from these sentinels, and (4) provide a roadmap
for future research by identifying current knowledge gaps
(summarized in Table 1). This review is a contribution to the
International Arctic Science Committee project “Terrestrial
Multidisciplinary distributed Observatories for the Study
of Arctic Connections”, which examines Arctic system-level
responses to climate change (Vincent et al. 2019).

Arctic freshwater sentinels

We describe 13 Arctic freshwater sentinels below, with
their key components and knowledge gaps also summarized
in Table 1.
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Fig. 1. Climate responsive components of Arctic freshwater ecosystems: (A) snow and ice fields; (B) catchment soils and veg-
etation; (C) water and chemical inputs; (D) snow and ice cover; (E) stratification, mixing, and currents; (F) dissolved organic
carbon (and other solutes); (G) primary producers; (H) microbial processes; (I) invasive species; (J) food webs; (K) phytobenthos
and zoobenthos; (L) oxygen concentrations; and (M) greenhouse gas dynamics. Modified and extended from Vincent (2018).

BACTERIA

Ice regimes of lakes and rivers

Ice formation, growth, and decay are sequences of the nat-
ural cycle or regime of Arctic lakes and rivers in response to
the rapidly changing seasons that define Arctic climate. Ice
regimes vary from perennial ice cover on a few high latitude
lakes, to seasonal ice cover on the majority of northern water
bodies, and intermittent ice cover on an increasing number
of lakes and rivers where ice forms in some years and not
others or even breaks up and refreezes multiple times dur-
ing winter (Prowse et al. 2011). Another type of ice regime
is determined by water depth relative to maximum seasonal
ice thickness, which causes lakes and rivers to either freeze
solid with bedfast (grounded) ice or maintain liquid water be-
low floating ice (JeffTies et al. 1996; Engram et al. 2018). These
regimes of perennial to intermittent ice cover and bedfast-
to floating-ice are strongly influenced by climate, and thus
regime shifts are indicative of where and how rapidly climate
is changing. For example, at Ward Hunt Lake in the Canadian
High Arctic, perennial ice cover rapidly thinned at the begin-
ning of the 21st century, culminating in complete ice-cover
disappearance during some years because of coupled warmer
summers, warming of the water column beneath the ice,
and warm water inflows from the surrounding catchment
(Paquette et al. 2015). A surprising, counter-intuitive impact
of such complete loss of ice cover during warmer years is full
wind exposure of the lake surface and complete mixing of
the water column, resulting in heat ventilation from lake wa-
ters to the atmosphere and water temperatures several de-
grees lower than under ice-covered conditions (Bégin et al.
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2021a). These observations underscore the complex interplay
between “external” (increasing temperatures) and “internal”
(local landscape properties) driving factors, as well as the vul-
nerability of thick perennial ice cover to nonlinear climate
change.

The sentinel value of ice regimes is most apparent at broad
spatial scales (i.e., satellite remote sensing) and long temporal
scales (i.e., phenology records from river and lake-shore com-
munities or research stations). Satellite inventories of lake
(Smejkalova et al. 2017; Sharma et al. 2019) and river (Cooley
and Pavelsky 2016; Yang et al. 2020) ice regimes coupled with
model-based forecasts suggest important shifts in freshwa-
ter ice cover regimes primarily driven by air temperature. In
coastal permafrost regions where lakes are shallow and abun-
dant, slight reductions in ice thickness can lead to threshold
reductions in bedfast ice extents (Arp et al. 2012; Surdu et al.
2014), partly in response to sea ice dynamics (Alexeev et al.
2016). Records of progressively later lake ice freeze-up and
earlier break-up provide some of the best direct long-term
evidence linked to air temperature warming dating back to
the 1850’s in the northern hemisphere (Benson et al. 2012).
Ice phenology records provide important information to lo-
cal communities given the critical role rivers and lakes play
in human transportation and subsistence, for example as key
wildlife habitats and vital hunting-fishing-trapping grounds
for Indigenous communities (Brown et al. 2018; Knoll et al.
2019). The role of ice regimes in many ecosystem processes
is also largely evident, yet the varying complexities of how
this sentinel driver is manifested in physical, chemical, and
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Table 1. Summary of the major sentinel responses of Arctic freshwater systems, with applicable system (s) indicated (L = lake,
R = river), specific components listed, and knowledge gaps briefly summarized. See text for fuller description of each. Each
component is listed in simple terms; note that many of them can be further refined by defining specific spatial or temporal
scales (e.g., surface or deep water temperatures, winter or summer water temperatures, and length of period or frequency of
anoxia in hypolimnion).

Major sentinel response System Components Knowledge gaps and research recommendations
Ice regimes LR Ice freeze-up date -Quantifying variation in ice thickness and rates of decay over varying spatial and
Ice break-up date  temporal scales
Ice thickness -Quantifying sequence of freeze-up and break-up processes relative to ecosystem
processes and human uses of rivers and lakes
-Investigating ice quality of Arctic lakes and rivers, including white ice, black ice
and snow cover
Thermal regimes L, R Water temperature -Obtaining high frequency records of temperature, conductivity and oxygen from
Thermal structure moorings across a broad range of Arctic lakes, throughout all season
-Integrating in situ time series measurements with remote sensing and coupled
biogeochemical and hydrodynamic modeling to facilitate scaling up and prediction
Baseflow R Discharge -Investigating setting-specific baseflow response to permafrost thaw
-Identifying new talik formation
-Integrating discharge with biogeochemistry sentinels and landscape factors
Water balance L Surface area -Integrating lake area change with lake bathymetry and water level fluctuation
WaFer ?eve!Lake -Characterizing ground ice content, temperature, and distribution near and below
distribution lakes
-Identifying drivers of changes in lake water sources, flow paths, and residence
times
Permafrost-derived LR Dissolved ions -Identifying linkages between nutrient and ion inflow
inorganic chemical Nutrients -Characterizing soluble ion loads across permafrost gradients and boundaries
concentrations L. o . s
-Measuring ions across pre-post fire events in different settings to constrain wildfire
effects
Carbon mobilization L, R Dissolved organic -Elucidating DOM source through radiocarbon and molecular structure work
matter (DOM)
concentration
DOM composition -Quantifying rapid cycling of novel dissolved organic C inputs to freshwaters
-Quantifying regional and cross-system variability in response to warming and
permafrost thaw
CO; -Conducting more long-term studies of greenhouse gas (GHG) fluxes
CHy4 -Investigating processes to quantify effects of climate on GHG emissions
-Identifying key times, systems, and (or) variables in GHG dynamics
-Linking GHG fluxes, processes and (or) variables to remotely sensed data
-Developing process-based and statistical models of GHG dynamics and fluxes
14C of organic C  -Developing long-term baseline records of freshwater “C
14C of CO2 -Standardizing expression (i.e., units) of loss rates of permafrost-derived organic
14C of CH4 carbon
-Targeting research in transition zones between continuous and discontinuous
permafrost, and in regions severely impacted by thermokarst processes
Dissolved oxygen (DO) L DO concentration -Measuring high temporal resolution oxygen, temperature, and conductivity data
Anoxia across diverse Arctic lakes
-Collecting key complementary data to enable modeling, including light and DOM,
as well as lake bathymetry and hydrology
Trophic status L Total phosphorus  -Investigating the magnitude and extent of eutrophication across Arctic lakes to
Algal pigment decipher lake and catchment features that promote resilience
concentration -Standardizing methods to quantify trophic state and production across studies to
better enable comparisons
Prokaryotic L Indicator taxa -Employing the numerous new molecular tools to investigate microbial ecology of
communities Indicator traits Arctic lakes

-Identifying new sentinels focused on traits, processes, and ecological thresholds
revealed by molecular tools
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Table 1 (concluded).

Major sentinel response System Components Knowledge gaps and research recommendations
Algal communities LR Community -Improving understanding of climate-lake-algal linkages across lakes by employing
turnover mechanistic frameworks
Dlve1?51ty -Increasing focus on benthic algal ecology studies given prevalence of this habitat in
Habitat Arctic lakes
classification . . . . . . .
Trait classification -Coupling pigment biomarkers, DNA techniques, and experiments with taxonomic
Indicator taxa work in both contemporary and paleolimnological approaches
Invertebrates L R Abundance -Increasing monitoring of invertebrate abundance and distribution in Arctic
Diversity freshwaters
-Integrating invertebrate data with environmental data and paleolimnological
reconstructions to improve mechanistic understanding of controls on invertebrate
communities across spatio-temporal scales
Fish L R Physiology -Increasing attention to fish community structure, traits and processes, as described
Productivity in Rolls et al. (2017)
Population -Increasing involvement of Indigenous partners in monitoring populations and
structure habitats for key species that are important to northern communities, as described
Diversity in Knopp et al. (2020)
Invasive species L R Microorganisms  -Quantifying distributions of invasive species in Arctic freshwaters
Aquatic plants _pcreasing cooperation with Indigenous partners and northern communities to
Inver}::'el})lrates integrate local knowledge of invasive species presence and distribution
is
Waterfowl

biological systems (Mueller et al. 2009) require further explo-
ration.

Some of the knowledge gaps in the understanding of sea
ice dynamics and its consequences also present challenges
in the study of freshwater ice in Arctic lakes and rivers.
Observations of Arctic sea ice focus heavily on changing
extents and ice concentrations (Stroeve et al. 2012; Stroeve
and Notz 2018), whereas freshwater ice studies focus largely
on ice cover duration relative to exact periods of freeze-up
and break-up—both of which are enhanced (i.e., continu-
ally improving spatial and temporal resolution of satellite
imagery) and limited (i.e., increasing clould cover in some
regions and barriers to observation as freeze-up becomes
later in the season and thus more obscured by darkness and
shadows) by satellite remote sensing (Brown et al. 2018). Ice
growth and thickness reflect winter temperature (air and
water) and snow cover dynamics, as well as mechanical sur-
face processes (i.e., currents, wind-shear, thermal dynamics,
etc.). Rates of ice decay also reflect temperature, intensity of
solar radiation, and mechanical processes that vary greatly
by water body or watershed size (Ashton 2011; Prowse et al.
2011). Observations of both freshwater and sea ice thickness
are often lacking and much less is known about how thick-
ness and rates of growth and decay vary in time and space.
Coupling observations of ice thickness with modeling of ice
growth and decay is helping to fill this gap in the ice cycle
between freeze-up and break-up timing. Such advancements
will help link the intricacies of the ice cycle with other
complex lake processes such as sediment temperatures, light
penetration and primary productivity, methane ebullition,
and under-ice dissolved oxygen and photosensitive chemical
reactions (Hampton et al. 2017). In rivers, understanding
the often increasingly protracted sequence of freeze-up and

360

beak-up that impact winter travel (Brown et al. 2018) and
ice jam flooding (Beltaos and Prowse 2009) may be advanced
by closer examination of winter water temperature and
groundwater dynamics (Jones et al. 2015). The quality of ice
in terms of its crystalline structure, strength, transparency,
and chemical composition is another topic where general
knowledge is lacking across the range of ice regimes in Arctic
environments. Ice quality directly impacts safe travel condi-
tions on lakes and rivers (Ashton 2011; Herman-Mercer et al.
2011), but also may have un-realized effects on a range of in-
and under-ice ecosystem processes, such as the storage and
transformations of organic carbon (Imbeau et al. 2021) and
development of diverse benthic biomes (Mohit et al. 2017).
Sea ice quality is a topic where Arctic physicists and chemists
have made important advancements in recent years (Petrich
and Eicken 2017) and Arctic freshwater scientists may be
poised to make progress as well through integrative research.

Thermal regimes of lakes and rivers

Water temperatures and thermal structure of lakes and
flowing waters are components of this sentinel response to
climate. Melting degree days (MDD; annual sum of mean
daily air temperatures in excess of freezing) and the extent
of snow cover in spring are critical variables moderating
changes in temperature in Arctic streams and lakes. In the
High Arctic, an increase in MDD has led to intermittent
ice cover in formerly amictic Ward Hunt Lake, Canada’s
northernmost lake (Bégin et al. 2021a). As a result, the lake
is now intermittently cold monomictic, that is, it has fully
circulated in summer in some years with a concomitant
decrease in water temperature in summer to less than 2 °C,
whereas when amixis is maintained, temperatures under the
ice in summer can reach 8 °C and the lake stratifies (Bégin
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et al. 2021b). An increase in MDD elsewhere has led to earlier
melt of glaciers. In High Arctic Lake Hazen (Ellesmere Island,
Nunavut, Canada), the mean daily ice-free area from early
May to early September ranged from 45% to 65% from 2000
to 2012 with an overall increase in open water and increased
water temperatures (Lehnherr et al. 2018). This change re-
sults in part from an earlier onset of ice melting on the lake,
but the higher discharge from the glaciers combined with a
higher load of suspended sediments due to concomitant soil
warming has had a larger impact on the extent of ice-cover.
Lake ice off is on average 6 days earlier in West Greenland
now than in the 1990s with consequences for temperature
dependent upon the quantity of heat stored under the ice
prior to the melt and the extent to which it is mixed down-
wards (Saros et al. 2019), similar to observations in Cortés
and MacIntyre (2020) in the Alaskan Arctic. Temperatures
also depend on the quantity of incoming cooler glacier melt-
water. River temperatures depend on the timing of their melt
in spring, which is in part regulated by MDD and snowcover
(Docherty et al. 2019). In summer, stream temperatures are
highly dependent on solar radiation and air temperatures.
The same is true for small dimictic lakes. Temperatures dur-
ing the ice-free period in larger lakes (>1 km?) have a greater
dependency on wind induced mixing and the volume of
stream inflows (MacIntyre et al. 2009). Large scale differences
in warming over the Arctic moderate the extent to which
lakes in different regions are warming. Hence, greater warm-
ing is occurring in some regions of Greenland due to the
influence of the North Atlantic Oscillation (Ding et al. 2014),
and northern Finland and Russia are warming more rapidly
than Arctic Alaska. Comparative, high resolution studies are
required to assess the consequences for temperatures and
thermal structure within the lakes and streams.

Controls on temperatures under the ice depend on the ex-
tent to which salinity (as measured by specific conductance)
contributes to their density structure, ice and snow cover,
and the extent of heating and wind mixing in the preceding
summer and fall. Temperatures under the ice in salinity-
stratified meromictic lakes depend on whether the ice is
black ice (clear) or white ice (highly scattering), and whether
phytoplankton or other particulates are layered in the water
column and absorb incoming radiation (Vincent et al. 2008).
Such layering can create depth dependent changes in tem-
perature stratification. In many dimictic lakes, temperatures
are inversely stratified with the warmer near bottom temper-
atures dependent upon the amount of heat absorbed by the
sediments over the summer, thus showing a link between
summer and winter conditions. Lake size and the magnitude
of winds prior to ice-on also moderate temperatures under
the ice. Wind-induced mixing effectively strips heat from the
lakes prior to ice-on. Few time series measurements exist to
quantify the changes in temperature and thermal structure
under the ice. However, modeling studies indicate that wind
induced mixing in summer in meromictic lakes will lead to
changes in winter stratification (Vincent et al. 2008). That
is, over time, the depth of the near-isothermal layer will in-
crease and the temperature maximum will decrease. Delays
in ice on, as observed in Lehnherr et al. (2018), can also lead
to greater heat loss from the sediments and thus cooler tem-
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peratures under the ice. The extent of near-bottom density is
a critical determinant of ecosystem function under the ice.
It moderates the extent of anoxia and structure of aquatic
communities (MacIntyre et al. 2018a; Jansen et al. 2021).
Density stratification in the winter depends on heat stored
in sediments, quantity of organic matter, and flow in the wa-
ter column (MacIntyre et al. 2018a). Thus, conditions in the
preceding summer, particularly the extent of warming, strat-
ification, and loading of organic matter either from within
lake productivity or the landscape, will moderate ecosystem
processes including metabolic activity under the ice.

Ecosystem responses under the ice depend on latitude and
the extent of snow cover, as they influence the amount of sun-
light, including damaging ultraviolet radiation, and whether
mixing will be induced in autumn and spring by radiatively
driven convection (RDC) (Farmer 1975; Belzile et al. 2001;
Bouffard et al. 2019; Cortés and MacIntyre 2020). Limited
snowcover enables growth of autotrophs immediately under
the ice. The mixing from RDC determines the productivity
of diatoms versus flagellates (Jansen et al. 2021). Similarly,
the growth of heterotrophs is moderated by depth dependent
variations in anoxia and redox. These depend on the hori-
zontal convective circulation driven by heat flux from the
sediments and sediment respiration. The extent to which al-
tered mixing regimes will change gradients in key elements
is unknown, with more frequent mixing events likely to in-
duce microbially mediated processes such as methanotrophy.
While controls on the density structure under the ice have
been identified, more effort is required to establish links to
ecosystem function.

Knowing temperatures and thermal structure within lakes
and flowing waters at present, and predicting their changes
in the future, is critical for understanding how aquatic ecosys-
tems will undergo future change. A combination of time se-
ries measurements of temperature, specific conductivity, ice
thickness and snow cover, meteorology, optical properties,
discharge and the use of paleo-indicators enabled the changes
described above to be quantified in the lakes in far north-
ern Canada, Greenland, and Alaska. Expansion of time series
measurements at other sites is critical. While profile data are
available at a number of sites, only a few sites have year-round
time series measurements of temperature, specific conductiv-
ity, oxygen, snow and ice thickness, optical properties, and
meteorology. The first annual data sets for temperature, con-
ductivity, oxygen and other limnological variables were ob-
tained at 2-weekly intervals from 1969 to 1972 in Char Lake
in High Arctic Canada (Schindler et al. 1974). Year-round mea-
surements at Toolik Lake, Alaska, began in 2001, while those
in the Kuparuk River, Alaska, began by 2012, and those in
western Greenland began in 2018. Studies in northern Swe-
den began in 2009 and with concurrent biogeochemical mea-
surements enabled quantification of emissions of climate
forcing trace gases (Jansen et al. 2019; 2021). Measurements of
ice thickness in Ward Hunt Lake, Canada, began in the 1950 s
(Paquette et al. 2015), and continuous mooring data from the
lake have been recorded since 2016 (Bégin et al. 2021a). Cal-
culations of stream metabolism in the Kuparuk River con-
tributed to understanding how net ecosystem productivity
changes with temperature (Song et al. 2018). The availability
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of high quality sensors which can be deployed for one or mul-
tiple years has facilitated such measurements as has access to
remote field stations for longer periods. Software has been de-
veloped for processing time series data and quantifying sur-
face energy budgets, temperature and density structure, and
the extent of mixing in summer and winter which moderates
the persistence of anoxia and the light climate of phytoplank-
ton. Combining the physical measurements with biological
ones is critical (e.g., Hazukova et al. 2021). The addition of
oxygen sensors enables metabolism to be quantified as well
as the gradients in oxygen which favor different microbial
communities, while chlorophyll a fluorescence sensors allow
the continuous tracking of phytoplankton populations. The
time series measurements in lakes and streams at different
latitudes and of different sizes enables basic understanding.
Scaling up to assess changes on an ecosystem level requires
combining this work with remote sensing (Gardner et al.
2021; Kuhn and Butman 2021) and with coupled biogeochem-
ical and hydrodynamic modeling. The combination of ap-
proaches will enable predictions with respect to how changes
in the Arctic Ocean and elsewhere modify meteorology and
precipitation over the terrestrial landscape such that the
combined influence of MDD, air temperature, wind speed,
and precipitation on thermal structure and ecosystem struc-
ture and function within lakes and streams can be assessed.

Baseflow of rivers

Arctic streams reflect strong seasonality with often brief
warm periods of snowmelt and rainfall runoff and longer dry
and cold periods where flow is supported by groundwater
discharge as baseflow, or rivers run dry (Lewis et al. 2012).
The spatially integrative nature of rivers makes long-term
stream discharge records in northern regions valuable for
detecting multi-scale hydrologic change where weather sta-
tions and monitoring wells are sparse. Yet because multiple,
interacting processes control streamflow, challenges arise in
parsing causal relationships of detected change, particularly
between those directly attributable to surface processes (i.e.,
hydroclimatological shifts) and those attributable to subsur-
face processes (i.e., permafrost thaw). Positive trends in an-
nual streamflow discharge in the Arctic over the past several
decades (McClelland et al. 2006; Feng et al. 2021) have been
ascribed to intensification of the hydrologic cycle (Rawlins
et al. 2010; Rawlins et al. 2021) and increased contribution
of glacial meltwater in glacier-influenced regions (Liljedahl
et al. 2017). Seasonal shifts in streamflow have been linked
to a combination of processes that reflect changes in precipi-
tation amount, timing, and phase (Zhang et al. 2013; Stuefer
et al. 2017; Arp et al. 2020) as well as changes in seasonally
frozen ground and permafrost that affect groundwater fluxes
(Yang et al. 2002; Walvoord and Kurylyk 2016; Hiyama et al.
2021). Here, we highlight the baseflow component of stream-
flow for its sentinel response in detecting changing hydro-
geologic (physical and hydrologic subsurface) conditions,
conditions that are not directly or easily observable, espe-
cially across large scales.

Historical streamflow records for large Arctic rivers
show consistent multi-decadal positive trends in base-
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flow, observed in winter and low discharge periods, across
permafrost-covered regions of Europe (Smith et al. 2007;
Evans et al. 2020), North America (Walvoord and Striegl
2007; St Jacques and Sauchyn 2009), and Asia (Duan et al.
2017). Though changes in precipitation can contribute to
variations in groundwater recharge, and thus baseflow, a
primary factor responsible for pervasive, unidirectional tra-
jectories in baseflow in the Arctic is permafrost thaw (Bring
et al. 2016). In hydrogeologic settings with relatively perme-
able substrate, permafrost thaw opens and deepens pathways
for flow, promoting groundwater recharge, circulation, stor-
age, and release to streams. Physics-based modeling studies
provide theoretical support for thaw-induced baseflow en-
hancement as a direct result of active-layer deepening (Bense
et al. 2009), supra-permafrost talik development (Walvoord
et al. 2019), and wholesale permafrost loss (Walvoord et al.
2012). Stream chemistry provides additional support for
temporal increases in the proportion of groundwater in
streamflow (O’Donnell et al. 2012; Vonk et al. 2015).
Spatiotemporal trends in baseflow can help fill critical scal-
ing gaps in permafrost thaw detection and trajectories. Indi-
rect methods to map, monitor, and model permafrost across
large scales show good progress, but limitations in depth
of investigation and spatial resolution remain (Jorgenson
and Grosse 2016). Direct observations of permafrost loss are
sparse and where available yield non-uniformity and hetero-
geneity that is currently unrealistic to capture in large-scale
modeling approaches (Streletskiy et al. 2015; O’Neill et al.
2020; Rey et al. 2020). In the absence of flow regulation,
a positive baseflow trend offers a key signal that a water-
shed or basin underlain by permafrost may be undergoing
progressive thaw. Improved permafrost thaw detection via
ongoing baseflow monitoring has broad implications for
Arctic infrastructure, water resources, critical habitat, and
rural community subsistence practices. Increased baseflow
introduces its own set of ecosystem and social consequences.
Changes in baseflow impact (1) stream biogeochemistry and
riverine export of dissolved constituents (Vonk et al. 2015),
(2) stream temperatures and habitat suitability for aquatic
species (Winfree et al. 2018), (3) river ice thickness and
related safety concerns for winter transportation (Jones et al.
2015), and (4) riverbank erosion (Brown et al. 2020).
Understanding setting-specific mechanisms influencing
streamflow magnitude and seasonality is critical for fully
utilizing baseflow records as an indicator and predictor
of Arctic change. For example, in certain settings, lateral
talik development can be an important mechanism for
enhancing shoulder season baseflow (Walvoord et al. 2019).
Due to the characteristic nature of taliks as a precursor to
accelerated thaw (Rey et al. 2020), identification of new talik
formation through monitoring (Farquharson et al. 2022)
may be useful in predicting future stream conditions. Also,
baseflow recessional analysis can be a useful means of dis-
tinguishing between active layer deepening that enhances
supra-permafrost groundwater discharge to streams and
widespread permafrost loss that enhances deep subsurface
groundwater circulation and discharge to streams as the pri-
mary mechanism responsible for observed baseflow trends
(Evans et al. 2020). Advancements in developing the use
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of baseflow information as a sentinel for permafrost thaw
requires coordinated multi-disciplinary studies in various
hydrogeologic and climatic settings. Intensive subsurface
characterization and streamflow chemistry analysis with
a plan for long-term monitoring in targeted areas with
baseflow change are required to provide extensible quantifi-
cation and parameterization of permafrost changes reflected
in baseflow magnitude and recession characteristics. Taking
advantage of the tight coupling between water source and
chemistry, a comprehensive approach should incorporate
the aquatic biogeochemical response and landscape factors
(Tank et al. 2020). Geophysical investigations provide useful
hydrogeologic baseline characterization and serve as a means
of measuring and monitoring thaw response (i.e., Briggs et al.
2017) coupled to observed baseflow change. Supported by this
collection of region-specific data, coupled land surface and
cryohydrogeological models can then be constructed to sim-
ulate expected streamflow response to various modes of per-
mafrost loss spanning a spectrum of thaw rates and patterns.
Ultimately, the development of knowledge in setting-specific
baseflow response to permafrost thaw can be broadly applied
to enhance risk assessment and improve predictive model

capacity.

Water balance of lakes

Lake distribution, surface area, and water level are strongly
affected by climatic factors that influence lake water balance
both directly (e.g., precipitation/temperature/ evapotranspi-
ration) and indirectly via permafrost processes that affect
thermokarst activity (Grosse et al. 2013; Kokelj and Jorgenson
2013), vegetation change (Turner et al. 2014), subsurface con-
nectivity and drainage (Yoshikawa and Hinzman 2003; Jepsen
etal. 2013), and flooding (Jepsen et al. 2016). This climate sen-
sitivity, combined with advances in remote sensing tools, ren-
ders lake change a key sentinel response of Arctic freshwater
systems. Yet due to the multiple and interconnected factors
influencing lake water balance at different spatial and tem-
poral scales, attributing observed change to specific hydrocli-
matic and thaw mechanisms across diverse Arctic landscapes
is challenging.

Key observational findings regarding lake area, distribu-
tion, and water level changes across the Arctic have been
gathered through two main approaches: spatial analysis,
based on remote sensing, documenting recent (i.e., years
to decades) hydrological, geomorphological and ecological
changes, and paleoenvironmental reconstructions (from sed-
iment archives) providing a long-term temporal perspective
(centuries to several millennia). More rarely, such investiga-
tions combine both recent and paleoenvironmental change
perspectives (MacDonald et al. 2012; Medeiros et al. 2014;
Coleman et al. 2015).

The complexity in lake area response to climate change is
well illustrated by studies in Siberia and northern Canada
reporting on decadal-scale net expansion of lakes and wet-
lands in the continuous permafrost zone with concurrent
net contraction and lake water level decline mostly in
the discontinuous zone (Smith et al. 2005; Carroll et al.
2011). This divergence can be explained by a “continuum”
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concept: climate-induced permafrost thawing and erosion
initially leads to thermokarst lake development and expan-
sion, especially in the continuous zone where subsurface
flows are limited, but is then followed by declining area
and water level as surface and subsurface drainage events
become more frequent and widespread, especially in the
discontinuous/sporadic zone (Smith et al. 2005).

Thermokarst lake shrinkage and ultimate disappearance,
although primarily driven by climate factors, can be strongly
modulated by local landscape properties, and typically in-
volves one or more of the following, as summarized by
Bouchard et al. (2017): a) rapid drainage (partial or complete)
resulting from shoreline breaching after higher-than-average
precipitation (Turner et al. 2010; Lantz and Turner 2015); b)
lake-level drawdown due to factors that lead to increased
evaporation and sometimes complete desiccation (Riordan
et al. 2006; Bouchard et al. 2013); ¢) subsurface drainage
through an open “talik” to the deeper groundwater system
(Yoshikawa and Hinzman 2003); and d) terrestrialization via
rapid peat accumulation and lake infilling (Payette et al. 2004;
Roach et al. 2011). The Arctic lake continuum concept has
strong physical support and broad merit, but is challenged by
a growing number of studies that document heterogeneous
patterns of lake area change that deviate from generalized
expectations in continuous and discontinuous permafrost,
thereby requiring nuanced analyses that account for local-
ized hydroclimatic and landscape variables in addition to per-
mafrost conditions (Karlsson et al. 2012; Pastick et al. 2019;
Rey et al. 2019).

Numerous remote sensing studies have examined changes
in the areal extent of lakes across permafrost regions over the
past few decades, often as a means to determine hydrologi-
cal consequences of climate change, mainly increasing tem-
peratures and (or) decreasing precipitation (although with
strong spatial heterogeneity), especially during the winter
(e.g., Smith et al. 2005; Riordan et al. 2006; Labrecque et al.
2009; Jones et al. 2011; Lantz and Turner 2015; Nitze et al.
2018; Nitze et al. 2020). Some investigations have focused,
for example, on the increasing activity and areal extent of ter-
rain disturbances such as “retrogressive thaw slumps,” which
can strongly modify downstream lake hydrochemistry and
biological communities (Lantz and Kokelj 2008; Segal et al.
2016). The abundance of these landscape features, as well as
their geomorphological activity, have notably increased dur-
ing the last decades, suggesting that “downstream effects”
of climate-induced permafrost degradation on lake dynamics
will be significant in the future (see Sections 5&6), although
strongly modulated by local topography and ground-ice con-
ditions (Vonk et al. 2015; Tank et al. 2020).

Freshwater ecosystems across the circumpolar Arctic, es-
pecially lacustrine basins in permafrost regions, are unique
“sediment sinks” that can collect useful environmental
archives over their life span (Bouchard et al. 2017, and refer-
ences therein). Past hydrological changes within lake basins
and their surrounding catchments can thus be reconstructed
based on “multi-proxy” analyses of sediment archives, and
include for instance: past limnological conditions and associ-
ated sedimentological processes (Bouchard et al. 2011; 2014;
Coulombe et al. 2016), inputs of organic matter and nutrient
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balance (Coleman et al. 2015; Korosi et al. 2015; MacDonald
et al. 2015), abrupt catchment disturbances and associated
downstream limnological impacts (Thienpont et al. 2013;
Kivild et al. 2022), and extreme hydroclimatic events such as
floods and lake drainage/desiccation (Smol and Douglas 2007;
Bouchard et al. 2013; Tondu et al. 2017).

Lagging behind major advances in lake area change de-
tection are complementary applications for characterizing:
(1) lake bathymetry (static) and water level elevation (dy-
namic), required components for translating large-scale lake
area change to lake water volume/storage, and (2) ground ice
content, temperature, and distribution near and below lakes,
required information for estimating thaw rate, thermokarst
(subsidence) potential, and hydrologic impact (Grosse et al.
2013; Wellman et al. 2013; Vonk et al. 2019). In addition, in-
tegrating water isotope tracers (*H, 180) and geospatial analy-
sis at the catchment scale may provide promising avenues for
deciphering drivers of change in lake water sources (surface
runoff vs. groundwater), flow paths and residence/storage
times (Turner et al. 2014; Remmer et al. 2020), as well as
temporal hydrological “trajectories” of lakes in response to
climate change at the decadal scale (MacDonald et al. 2021).
These are key observational pieces that should be prioritized
in future Arctic research.

Progress in lake change process-based research will involve
integrated data and modeling approaches for investigating
climate response across varied landscapes at multiple spatial
and temporal scales. For example, using a set of many lakes
spanning eco-climatic gradients (e.g., from the boreal forest
to the shrub tundra), it should be possible to gain knowl-
edge about past environmental changes related to local
geomorphological and hydrological processes, in addition to
regional climate (e.g., Dallimore et al. 2000; Wolfe et al. 2011).
Ascribing hydrologic and geomorphic mechanisms responsi-
ble for lake area change is critical for understanding Arctic
lake distribution and lake water balance under continued
air temperature increase and permafrost thaw, a necessary
underpinning to advance predictive modeling capability.

Permafrost-derived dissolved ion and nutrient

concentrations in lakes and rivers

Dissolved inorganic ions in freshwaters are primarily de-
rived from the chemical weathering of minerals within soils
(e.g., Lacelle et al. 2019) and also during fluvial transport
(Striegl et al. 2007; Graly et al. 2016; Tipper et al. 2021).
The ionic strength, total dissolved solids (TDS) concentration,
and electrical conductivity of freshwater are all proportional
to the total dissolved ion content of a solution. Major ions
include chloride (C17), sulfate (SO42~), bicarbonate (HCO3z™~),
sodium (Na*), calcium (Ca?*), and magnesium (Mg**). While
nitrate (NO; ™), bromide (Br~), phosphate (PO43~), ammonium
(NH4 ™), and potassium (K™) often comprise a relatively small
proportion of overall ionic strength, these constituents repre-
sent important nutrients or markers of specific sources of wa-
ter or weathering environments (Louiseize et al. 2014). Trace
metals are not considered under this review as they typically
account for a small proportion of the total dissolved ion load,
and the fate and transport of these redox sensitive elements

364

can be very different from those of major ions (Barker et al.
2014). Previous reviews detail permafrost thaw effects on
freshwater inorganic chemistry (Colombo et al. 2018). Here,
we summarize primary linkages between climate change and
dissolved ion loading to freshwaters within the northern per-
mafrost zone.

Rising air temperatures (Serreze and Barry 2011) and in-
creased and (or) intensifying precipitation are among the
primary climatic drivers of increasing dissolved ion loading
to freshwaters across the circumpolar north (Kokelj et al
2005; Tank et al. 2016; Toohey et al. 2016; Drake et al. 2018b;
Beel et al. 2021). Rising air temperatures lead to active layer
warming and deepening (Luo et al. 2016), terrain consoli-
dation following thaw (thermokarst) (Kokelj and Jorgenson
2013), and (or) physical slope disturbances (e.g., thaw slumps
and active layer detachment slides). These thermally con-
trolled processes are increasing freshwater ion loads primar-
ily by enhancing the supply of dissolved ions (Egli et al. 2008;
Gislason et al. 2009; Romero-Mujalli et al. 2019). Increasing
thaw depths increases the residence time of water in the
subsurface (e.g., Hindshaw et al. 2018), which enhances the
pool of dissolved ions derived from chemical weathering re-
actions. In addition, the availability of soluble ions increases
substantially near the top of the permafrost, or in the tran-
sition zone in many continuous permafrost regions (Kokelj
and Burn 2005; Lamhonwah et al. 2017), as a result of verti-
cal transport with percolation during the thaw season, and
translocation of ions towards the freezing front when soils
freeze (two-way freeze back can amplify the ion enrichment).
There is also evidence to support that permafrost has higher
inorganic N loads than the active layer soils, and that this fea-
ture is relatively consistent across the Arctic (Wickland et al.
2018; Fouché et al. 2020).

Thus, thawing and permafrost disturbances enhance the
supply of soluble ions by exposing soluble ions and weather-
able sediments that were immobilized for millennia within
permafrost (Keller et al. 2010; Lafreniére and Lamoureux
2013; Tank et al. 2016; Drake et al. 2018b; Zolkos and Tank
2020). Thawing also indirectly affects the transport of the en-
hanced ion pool by activating new groundwater flow path-
ways across broad scales and opening new taliks (Walvoord
and Kurylyk 2016; Paquette et al. 2020a). This is evidenced
by studies that report on increasing ion concentrations in
large lakes (Roberts et al. 2017) and rivers across the circum-
polar Arctic (Keller et al. 2010; Drake et al. 2018b; Song et al.
2020). Increasing and (or) intensifying precipitation drives in-
creases in ion loading to freshwaters by mobilizing the ions
supplied by thaw, weathering, or disturbance, to fluvial net-
works. Thus deeper thaw combined with rainfall driven flush-
ing of solute rich soils in the transition zone and exposed
permafrost (as a result of enhanced groundwater flow, or
leaching as a result of rainfall runoff) can yield higher so-
lute (e.g., Lamhonwah et al. 2017) and nutrient loads (e.g.,
Harms and Jones 2012; Louiseize et al. 2014). In areas af-
fected by physical disturbances (e.g., mass wasting/slope fail-
ures and thermokarst), increases in rainfall runoff enhance
fluvial ion concentrations by mobilizing solutes supplied by
the exposure and weathering of material within disturbed ar-
eas, which is often on a more localized basis than observed
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for thermal perturbations (Lewis et al. 2012; Abbott et al.
2015).

The magnitude and nature of fluvial ion loading varies
regionally depending on landscape factors (Tank et al. 2020)
including permafrost extent (Petrone et al. 2007)), soil sub-
strate composition and its modification due to prior thaw
(Lacelle et al. 2019; Zolkos and Tank 2020), potential for
physical perturbation associated with ground ice content
(Koke]j et al. 2013), and glacial coverage (Tank et al. 2012;
Hawkings et al. 2016; Graly et al. 2017). Relatively ice-rich
glacial margins across the circumpolar north may become
loci of hillslope thermokarst development (Kokelj et al. 2017)
and point-sources of ion loading to freshwaters. For exam-
ple, on the formerly glaciated Peel Plateau in northwestern
Canada where accelerating hillslope thermokarst activity
is exposing previously unmodified glacial tills to chemical
weathering (Malone et al. 2013; Zolkos et al. 2018), increases
in summertime fluvial ion loads propagate through local
fluvial networks (Zolkos et al. 2020), and are likely detectable
at regional to continental scales (Tank et al. 2016). Studies
from disturbed and undisturbed permafrost settings high-
light that both thaw depth and the timing and intensity of
rainfall events are important in controlling the fluvial ion
flux response. Depending on the extent of thaw and nature of
rainfall events, the flux response can exhibit a threshold re-
sponse to warming (i.e., thaw must reach the transition zone)
and also nonlinear response to rainfall intensities due to the
importance of the controls of thaw depth and antecedent
moisture (Roberts et al. 2017; Beel et al. 2020; Beel et al.
2021).

The implications for changes in ionic loads to surface
waters depends largely on the nature of the local permafrost
(e.g., existence of brine, or saline waters at depth) and the
downstream environments and end use (Rogers 2018). Ele-
vated concentrations of major ions in the form of significant
increase in salinity (C1~ and Na™) or changes in nutrient ions
or metal contaminants (e.g., Hg and As) can have important
implication for ecosystems. Also, because solute concen-
trations are conservative, easily monitored, and are good
indicators of enhanced subsurface flows, or the exposure of
permafrost soils through disturbance, dissolved ion loads can
be important tracers of these geomorphological and hydro-
logical changes that may have direct ecological effects (Chin
et al. 2016; Levenstein et al. 2021). Electrical conductivity (EC)
is an easily measured proxy of total ion concentration, that
could be easily monitored in nearly any fluvial setting at very
low cost with long-term stability (Gillman et al. 2017). Thus,
EC may represent a very good sentinel of changes in thaw
(groundwater flow) and permafrost stability (physical dis-
turbance) (e.g., Roberts et al. 2017). Some biological proxies,
such as fish and diatoms, may be suitable for tracking ionic
changes in surface waters. Paleolimnological techniques
(e.g., Gregory-Eaves et al. 1999) can reveal past (decadal to
centuries) changes where direct measurements are absent.
Similarly, novel techniques such as otolith (ear stones from
fish that possess annular growth rings from which changes
in ionic content can be measured to generate a long-term
record) chemistry may reveal ionic trends over timescales of
years to several decades (e.g., Roberts et al. 2017).
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Important knowledge gaps include the extent to which,
and where, nutrient concentrations (e.g., PO43~, NO3~ and
NH, ") follow those of major ions. It would be helpful to es-
tablish whether there are conditions, environments, or per-
mafrost settings where electrical conductivity is a proxy for
inorganic P and N loads. We also still have a limited un-
derstanding of the landscape, permafrost and hydrological
conditions that regulate how and where ion concentrations
are enhanced in the transition zone (e.g., Lamhonwah 2020;
Paquette et al. 2020b), hence a key focus area for future work
would be to characterize soluble ion loads and nutrients es-
pecially across the active layer-transition zone boundary and
through the permafrost across permafrost types (e.g., syn-
genetic, epigenetic) and landscape/moisture gradients. In ad-
dition, pre- and post-fire (near immediate and longer-term)
measurements of ions among terrains with varying ecosys-
tems or parent material could help to constrain wildfire ef-
fects on permafrost thaw and more broadly disturbance to
aquatic ecosystems.

Carbon mobilization through lakes and rivers

One of the biggest concerns as the Arctic warms and per-
mafrost thaws is the release of carbon (C) that was previously
sequestered through plant uptake and subsequent build-up
in permafrost soils (Schuur et al. 2015). Permafrost soils are
estimated to contain ~1300 Pg C, equivalent to about 1.5
times the C currently in the atmosphere (Hugelius et al. 2014).
The release of permafrost organic C to the atmosphere in the
form of greenhouse gases (GHG) carbon dioxide (CO;) and
methane (CH4) can lead to further warming and thus form
a positive feedback loop whereby Arctic warming and per-
mafrost thaw is exacerbated—the permafrost carbon feed-
back (Schuur et al. 2015). However, there are several processes
that are still not accounted for in existing models simu-
lating this feedback loop. These include: (1) abrupt and lo-
calized landscape disturbances (thaw slumps), which may
amplify and disproportionally contribute to organic C release
through progressive thaw (Turetsky et al. 2020); (2) lateral
transport of organic C by streams and rivers which can en-
hance or attenuate C fluxes (Vonk et al. 2019); (3) interactions
between organic and mineral matter, specifically abiotic in-
teractions between mineral surfaces (e.g., clays and Fe-oxides)
and sorbed organic C aggregates which can stabilize thawed
organic C (Opfergelt 2020); and (4) the seasonal patterns of
carbon emissions across permafrost regions, especially the
winter season which is rarely studied but is likely character-
ized by non-negligible C emissions, both from soils (Natali
et al. 2019) and freshwater ecosystems (Hughes-Allen et al.
2021).

As permafrost soils thaw, previously frozen organic C com-
plexes are mobilised into pore water which, depending on
local relief, can be transported via hydrologic pathways to
freshwater ecosystems (Guo et al. 2007; Raymond et al. 2007;
Vonk et al. 2015). This organic C release is generally classi-
fied into two size classes: dissolved (generally <0.7 ym nom-
inal pore size) and particulate (generally >0.7 pm) organic
C (DOC and POC, respectively). DOC is commonly considered
more bioavailable, although there is some exchange between
DOC and POC pools (Battin et al. 2009). During its time in
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the soil zone and eventual release into freshwater ecosys-
tems, organic C can be converted by microbial processes to
the GHG CO; and CH4 (Vonk et al. 2015; Voigt et al. 2020). At
the same time, POC release—more common in abrupt thaw
scenarios—may enable re-burial of thawed permafrost car-
bon in sedimentary reservoirs (Shakil et al. 2020). Although
the mobilization and fate of organic C and GHG are depen-
dent on numerous factors, they are important components of
the permafrost carbon feedback and thus their release into
and emission from freshwater ecosystems can be valuable
sentinels of permafrost thaw.

Dissolved organic matter

Dissolved organic matter (DOM) in northern freshwa-
ters can be sourced from active layer or non-permafrost
soils, thawed permafrost soils, deep (i.e., sub-permafrost)
groundwater, leaching of terrestrial leaf litter, or from
within-system (autochthonous) productivity. Given this
diversity, DOM composition and concentration (i.e., as dis-
solved organic carbon; DOC) can be expected to change
as a result of climate forcing via a variety of mechanisms,
including, but not limited to: permafrost thaw and declining
permafrost integrity (e.g., Vonk et al. 2015; Fouche et al.
2020), changing catchment primary production (Pienitz and
Vincent 2000), changes in catchment soils and vegetation re-
lated to wildfire (Kicklighter et al. 2014; Larouche et al. 2015),
changes in land-water connection or within-catchment water
residence times (Striegl et al. 2005), increased groundwater
inputs due to permafrost degradation (Walvoord and Striegl
2007), changing residence times and possible evaporative
concentration in lakes (Johnston et al. 2020), and changing
length of ice-free season (Wrona et al. 2016) and associated
modified stratification regimes in lakes (e.g., Lau and del
Giorgio 2020). Thus, while permafrost thaw has often been
a focus for investigations of altered DOM in northern fresh-
waters, there are multiple climate-related mechanisms that
may act concurrently to drive changing DOM. One particular
example of climate-driven effects on DOM comes from open-
basin lakes, where within-lake retention of the substantial
inflows of freshet-origin DOM is largely dependent on pene-
trative convection. In lakes where near-surface conductance
declines with snowmelt inflows, only 10%-15% of DOM may
be retained, with the rest flowing downstream (Cortés et al.
2017; Cortés and MacIntyre 2020). A transition to increased
precipitation during summer relative to winter (e.g., Beel
et al. 2021) would decrease snowmelt inflows and could lead
to greater retention of DOM during a season when stream
inflows are able to penetrate deeper within the lake (see, for
example, Rueda and MacIntyre 2009).

Permafrost thaw can affect DOM concentration and com-
position directly when it enables laterally-flowing water to
access soils that vary in their carbon content, alters the du-
ration of soil-water interaction (Frey and McClelland 2009;
Wickland et al. 2018), enables the collapse of permafrost and
(or) active layer soils into freshwaters (i.e., via thermokarst;
Kokelj et al. 2005; Wauthy et al. 2018), or enables DOM inter-
actions with newly-exposed mineral soils (Opfergelt 2020). In
many regions, permafrost-origin DOM can be more aliphatic
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than DOM sourced from seasonally-thawed soils, as indicated
by higher slope ratios, lower specific UV absorbances, and H/C
ratios > 1.5 (Littlefair et al. 2017; Wang et al. 2018; Fouché
et al. 2020). However, because these aliphatic molecules are
also more labile (Mann et al. 2015; Spencer et al. 2015),
they can be rapidly mineralized (Drake et al. 2015), which
may limit our ability to use compositional differences at the
source of thaw to trace permafrost carbon within aquatic net-
works (Drake et al. 2018a). In addition, evidence is emerg-
ing that the composition of permafrost-origin DOM can vary
across permafrost soils of different origins (MacDonald et al.
2021), and that lability may vary by geographic location and
season (Wickland et al. 2018; Burd et al. 2020). As well as
degradation by microbes, photodegradation may also rapidly
consume DOM liberated by permafrost thaw within aquatic
networks (Cory et al. 2013). Regardless of the source, alter-
ations in the flow of DOC to freshwater systems are likely to
perturb a “fast cycling” component of the carbon cycle (e.g.,
Dean et al. 2020), so understanding climate drivers of change
in DOM is of broad interest. In addition to C-cycle effects,
changing DOM can provoke pronounced physical, chemi-
cal, and ecological change within aquatic ecosystems (Creed
et al. 2018). Examples include strengthening lake stratifica-
tion with consequent effects on bottom water oxygen con-
centrations (Bartosiewicz et al. 2019), fish habitats (Couture
et al. 2015), and carbon mineralization (Bartosiewicz et al.
2019); and changes to primary production and food webs
(Karlsson et al. 2009; Karlsson et al. 2015; Wauthy and Rautio
2020)

Across aquatic systems generally, rates of change will
differ based on whether press (e.g., gradual permafrost
thaw, changing catchment vegetation, effects of tempera-
ture on primary production and respiration) or pulse (e.g.,
thermokarst, wildfire, and flood) disturbances dominate.
Whether permafrost thaw engenders an increase or decrease
in DOM will also depend on the depth of organic soils relative
to the thaw front (i.e., for active layer deepening) or nature of
soils unearthed (i.e., for thermokarst). While DOM has been
shown to increase with thaw, or across permafrost gradients
in some regions (Frey and Smith 2005; Wauthy et al. 2018), in-
creasing contributions from mineral soils have caused DOM
declines in others (Kokelj et al. 2005; Littlefair et al. 2017; Beel
et al. 2021). In many cases drivers of change will be similar
across lacustrine and fluvial systems: for example, increasing
precipitation (Fowler et al. 2020) and terrestrial primary pro-
duction (Finstad et al. 2016) have both been linked to increas-
ing DOM. However, drivers may also be system specific, with
changing DOM related to changing stratification, and factors
such as evaporative concentration (Anderson and Stedmon
2007; Johnston et al. 2020) specific to lakes. Changing hydro-
logic connectivity can affect DOM in both lakes (Tank et al.
2011; Bogard et al. 2019b) and fluvial systems (Walvoord and
Striegl 2007), but the geographic scale of consideration is of-
ten necessarily larger for fluvial networks.

The fact that changes in DOM can be forced by a variety
of processes (see above) and are often “ephemeral” within
aquatic networks (Drake et al. 2018a) makes this sentinel
a complex one that should be interpreted with caution.
However, because changing DOM is of such broad interest
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to the aquatic community, we suggest here some important
next steps to help elucidate the mechanisms behind changes
observed. First, a continued (and expanded) focus on the
use of radiocarbon measurements and detailed work to
assess molecular structure, such as via Fourier-transform
ion cyclotron resonance mass spectrometry (e.g., McCallister
et al. 2018; Wang et al. 2018) will help determine DOM
source when concentration or compositional changes occur.
Developing relationships between compound-specific mea-
surements and more readily measured optical properties will
be helpful in this regard. Second, work to assess the origin
of DOC most readily mineralized to CO, and CHy4 using tools
such as radiocarbon and coupled in situ measurements of
DOC and carbon gases will help to better understand rapid
cycling of novel DOC inputs to freshwaters (e.g., Bogard et al.
2019a), and gauge the global importance of these changes
to generate climate feedbacks (Drake et al. 2018a; Dean
et al. 2020). Finally, more attention to regional and cross-
system variability is necessary for upscaling via geospatial
techniques. Specific to lakes, this includes a better under-
standing of how different lake types (i.e., via varying modes
of formation and subject to different types of thaw) may
differ in their response to permafrost thaw and warming-
driven changes in stratification and primary production (e.g.,
Préskienis et al. 2021). Across all aquatic systems, a focus on
understanding how broad-scale variation in landscape factors
(including organic carbon contained within permafrost, the
mineral composition of soils, and geomorphic change) regu-
late the yield and fate of aquatic DOM (e.g., Tank et al. 2020)
will be critical for understanding change at the pan-Arctic
scale.

Greenhouse gases—carbon dioxide and methane

The GHG carbon dioxide (CO;) and methane (CHy4) are pro-
duced and consumed by biological and chemical processes
in sediments and water columns of lakes and rivers (Tranvik
et al. 2009; Ward et al. 2017). Freshwater systems also receive
dissolved CO, and CH, from inflowing surface waters and
groundwater in their watersheds (Paytan et al. 2015; Street
et al. 2016; Rasilo et al. 2017), thus integrating terrestrially
derived and aquatic-derived GHGs. Depending on whether
dissolved CO, and CH,4 concentrations are undersaturated or
supersaturated in near-surface waters with respect to the at-
mosphere, freshwater systems absorb (from the atmosphere)
or emit (to the atmosphere) GHG across surface-layer bound-
aries. Studies have shown that many Arctic freshwater ecosys-
tems are sources of carbon GHGs to the atmosphere (Kling
et al. 1991; Abnizova et al. 2012; Striegl et al. 2012; Crawford
et al. 2013; Negandhi et al. 2013; Sepulveda-Jauregui et al.
2015; Spawn et al. 2015; Wik et al. 2016; Stackpoole et al.
2017; Denfeld et al. 2013, 2018; Zolkos et al. 2018, 2019;
Matveev et al. 2019), although lakes can be sinks of CO, (Tank
et al. 2009; Laurion et al. 2010; Bogard et al. 2019b; Lougheed
etal. 2020). In addition to regional variabilities, there are con-
siderable local spatial (Bouchard et al. 2015) and temporal
(Hughes-Allen et al. 2021; Préskienis et al. 2021) variabilities
in freshwater GHG exchange with the atmosphere, and quan-
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tifying patterns and drivers of GHG exchange is an area of
active research.

The linkage between climate and Arctic freshwater GHG
exchange with the atmosphere is complicated, as many pro-
cesses play a role in CO, and CH4 production, consump-
tion, and flux across water surfaces. The complex suite of
physical, chemical, and biological processes, autotrophic ver-
sus heterotrophic sources, and dual location of processes
within freshwater systems (sediments, water column) pre-
cludes a singular definitive response of GHG production
and exchange to changing climate. For example, it is well
known that CO, and CH4 production rates in freshwater sys-
tems generally increase with water and sediment tempera-
ture (Gudasz et al. 2010; Yvon-Durocher et al. 2011), and this
has been documented in incubation studies of high-latitude
ponds (Negandhi et al. 2016) and rivers (Wickland et al. 2012).
However, processes that consume CO, (primary production,
Lauridsen et al. 2020) and CH4 (CH,4 oxidation, Thottathil et al.
2019) also increase with temperature. Furthermore, temper-
ature has effects on physical processes that influence GHG
dynamics and flux in freshwater systems including water col-
umn mixing and stratification (MacIntyre et al. 2009; Matveev
et al. 2019; McIntosh Marcek et al. 2021) and gas transfer
velocities (Wanninkhof 2014; MacIntyre et al. 2018b, 20214,
2021b). Increased discharge will also moderate gas transfer
velocities in rivers (Ulseth et al. 2019). These examples illus-
trate the complex nature of linkages between climate and
freshwater GHG dynamics. Therefore, while it may not be
appropriate to consider Arctic freshwater GHG production
or exchange as a sentinel response to climate, the numer-
ous linkages identified between GHG processes and better-
defined climate sentinels (including several discussed in this
paper) serve to inform the varying and sometimes oppos-
ing effects of climate on GHG emissions. That said, studies
that identify regional increases in emissions in permafrost-
derived carbon and CH, emissions are directly relevant to
modeling increased atmospheric warming.

Despite the complex relationships between climate and
carbon GHG, insights into changing climate and freshwater
GHG dynamics have been achieved in the Arctic in a range
of systems using a variety of approaches. Long-term data
on GHG in these systems are rare, but at least four studies
have documented changes in dissolved inorganic carbon con-
stituents over multidecadal periods across the Arctic using
sporadic or continuous long-term data. These studies collec-
tively show that bicarbonate (HCO3;~, a constituent of total
dissolved inorganic C and a product of respiration) or alka-
linity (comprised primarily of bicarbonate) exports has in-
creased over recent 20 to 40-year periods in the Yukon River,
Alaska (Striegl et al. 2005), the Mackenzie River, Canada (Tank
etal. 2016), and the Ob and Yenisey Rivers, Russia (Drake et al.
2018c), and alkalinity has increased in three Russian tundra
lakes over 43 years (Drake et al. 2018c¢). The increases are at-
tributed, at least in part, to increased weathering and respi-
ration and longer water residence in deepening active layer
soils due to permafrost thaw, and they reveal how freshwa-
ter systems integrate carbon cycle processes relevant to GHG
across their watersheds.
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Another approach that has given insights into changing
freshwater GHG dynamics is conducting studies over gradi-
ents or chronosequences in “space for time” substitutions.
A study of riverine CO, emissions along a north-south tran-
sect in the Western Siberian Lowlands showed that emis-
sions were lowest in rivers draining continuous permafrost
and they increased moving south into discontinuous and
sporadic permafrost zones, suggesting emissions may in-
crease when continuous permafrost areas thaw (Serikova
et al. 2018). A chronosequence study in Arctic polygonal
tundra in Alaska investigated CO, and CH4 fluxes of ponds
formed from ice wedge degradation and found fluxes varied
significantly with pond evolution, which occurs on decadal
to century timescales (Wickland et al. 2020). In the first ap-
proximately ten years of formation, ponds were net CO,
sinks and moderate CH4 emitters; as ponds deepened and
widened with time (~20 years after formation) they switched
to CO, sources with no change in CH4 emissions; and as
emergent aquatic vegetation and organic matter accumu-
lated the ponds became strong net CO, sinks and strong CH4
emitters about 30-100 years after formation (Wickland et al.
2020). While several studies have investigated GHG fluxes of
polygon tundra ponds (Préskienis et al. 2021; Rehder et al.
2021), the study by Wickland et al. (2020) is the first to put
fluxes into the context of pond formation and evolution. In-
sights have also been gained by investigating links between
freshwater GHG and other sentinels or impacts of climate
change such as thermokarst formation. For example, a study
of the effects of stream GHG fluxes in western Arctic Canada
found that CO; efflux was significantly greater, but CH, efflux
was generally similar or smaller from thermokarst-impacted
streams compared to non-thermokarst streams (Zolkos et al.
2019).

While much understanding has been gained on freshwa-
ter GHG in the Arctic in recent decades, future work needs
to focus on key knowledge gaps and enact a variety of ap-
proaches not only to detect changes in GHG, but also to pre-
dict them as climate change continues. First, more long-term
data from freshwater systems are needed. Long-term stud-
ies of GHG fluxes in ecosystems representative of important
lake, pond, and river types, regions, and disturbance regime
are of utmost importance. The recovery of historic data sets,
and (or) adding to them with new efforts, will also increase
the pool of long-term data. Second, in addition to quanti-
fying emissions over time, studies that investigate relevant
processes are of utmost importance to understand why emis-
sions may be changing in response to climate. Third, studies
that focus on identifying key times, systems, and (or) vari-
ables to detect change in response to climate are needed.
For example, under-ice GHG dynamics and effects of shorter
ice-cover seasons, or the impact of flood events and shift-
ing hydrological regimes that drive terrestrial-aquatic link-
ages are gaps in our current knowledge. Fourth, linking GHG
fluxes, processes, or key variables to remotely sensed data
will vastly improve our ability to assess systems over larger
areas and with greater frequency (e.g., Kuhn et al. 2020). Fi-
nally, development of process-based and statistical models of
GHG dynamics and fluxes in aquatic systems, with an eye to
how processes may vary regionally and seasonally across sys-
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tem types, will provide platforms to evaluate past and future
change.

Radiocarbon (14C)

Organic C has been building up in permafrost soils and
Arctic peatlands since at least the Holocene or even older
(MacDonald et al. 2006; Hugelius et al. 2020). In some parts
of the Arctic, particularly east Siberia, Alaska, and the Yukon
territory in the western Canadian Arctic, substantial deposits
of Pleistocene-aged organic C is frozen in permafrost as well
(Strauss et al. 2017). Because permafrost has potentially been
sequestering C since >50 000 years ago, radiocarbon (14C) is a
powerful tool for identifying whether C found in Arctic fresh-
water ecosystems has come from recent biological turnover
or from the thawing of long frozen permafrost. In some
regions, the age of thawed permafrost organic C has been
linked to its biolability (how readily it is broken down by mi-
crobial activity), and thus its conversion to GHG. Vonk et al.
(2013) and Drake et al. (2015) found that very old, permafrost-
derived DOC (20 000-30 000 years old) could be rapidly
converted to CO, upon thaw. This high biolability of aged
permafrost C may limit the potential of “C of organic C as a
sentinel within systems with high residence times. Neverthe-
less, measurements that are less affected by residence-time,
such as those of CH4 bubbles released in thermokarst (thaw)
lakes in Alaska and east Siberia (Walter Anthony et al. 2016),
have found C ages up to 42 900 years. Radiocarbon of freshwa-
ter C therefore has the potential to be a powerful sentinel for
the thawing of very old permafrost soils, and by extension,
the processes driving the Permafrost Carbon Feedback.

Radiocarbon dating of the GHGs emitted by Arctic fresh-
water ecosystems can show whether thaw of very old per-
mafrost material is directly contributing to ongoing climate
forcing. Walter Anthony et al. (2016) showed that the age and
amount of CH, released from Arctic and boreal lakes were
directly related to the input of organic matter from adjacent
permafrost soils. This study focused mainly on thermokarst
lakes which, by definition, are impacted by permafrost thaw,
and measured only ebullition CH,4, which is generated in lake
sediments and released in stochastic events leading to highly
heterogeneous fluxes and locally specific C sources (isolated
ebullition “seeps”). In a study of lakes across the Alaskan
north slope more broadly, Elder et al. (2018) focused on dis-
solved CHy4, an “integrated” CH4 pool more representative of
whole lake processes. This study found that CH, emissions
tended to be driven by younger permafrost C, with a maxi-
mum age of 3300 years compared to the maximum age of 42,
900 years found in CH,4 ebullition from thermokarst lakes
(Walter Anthony et al. 2016; Elder et al. 2018). The oldest CH,4
ages observed by Elder et al. (2018) were in lakes developed
in fine-grained, ice-rich sediments that thawed rapidly to ex-
pose older C beneath the lakes.

There are far fewer studies of the #C composition of
CO; emissions from Arctic freshwater ecosystems. In gen-
eral, freshwater CO, emissions tend to be younger than CH,
(Bouchard et al. 2015; Elder et al. 2018, 2019; Dean et al.
2018, 2020). CO, emissions from Alaskan lakes were found
to contain anything from 0% to 50% carbon > 5000 years
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(Elder et al. 2018), while in headwater streams and lakes in
the NW Canadian Arctic, CO; older than 1000 years likely
contributed only 0%-1% of emissions (Dean et al. 2018). It is
harder to detect contributions of old permafrost C within
younger bulk *CO, ages due to the potential for contem-
porary biological turnover to overwhelm relatively small old
permafrost C signatures (Drake et al. 2018a; Wild et al. 2019).
However, incubation studies of freshwater DOC have demon-
strated that organic C released from thawing ancient Yedoma
soils (>20 000 years old) is not only biolabile (Vonk et al. 2013;
Drake et al. 2015), but this older organic C may be preferen-
tially respired by heterotrophic microorganisms (Mann et al.
2015). Recent in situ studies comparing the age of freshwa-
ter organic C and dissolved CO, have shown that contempo-
rary C will generally dominate freshwater C emissions overall
(Campeau et al. 2019), even in the presence of ancient organic
C sources (Dean et al. 2020). This suggests that the detection
of old organic C in freshwater ecosystems may not necessar-
ily be a good indicator for substantial release of old C to the
atmosphere.

Despite these limitations, the age of freshwater organic C
is a good sentinel for the release of old permafrost OC in
general. Wild et al. (2019) analysed the C content of or-
ganic C across the major Siberian Arctic Rivers, finding that
while DOC was dominated by C fixed by contemporary biolog-
ical turnover, POC was dominated (63 + 10%) by thawed per-
mafrost C, potentially because POC is less labile than DOC.
These findings should be couched by the total flux data,
which show that POC represented only 5%-35% of the total
organic C transported by these rivers, and thus total organic
C in these large rivers is mostly dominated by contemporary
DOC (Holmes et al. 2012; McClelland et al. 2016). Regions
dominated by abrupt thaw processes, such as the Peel Plateau
in NW Canada, can be overwhelmed by particulate fluxes,
where PO'“C reflects the primary release of permafrost C into
watersheds (Shakil et al. 2020). To summarize, DOC in head-
waters can show clear evidence of permafrost thaw (Vonk
et al. 2013; Dean et al. 2020). However, in larger rivers, or in
regions where abrupt thaw is the norm, POC is a better in-
dicator of the mobilization of permafrost organic C. This is
because the DOC pool can be quickly overwhelmed by con-
temporary organic C inputs downstream, which is exacer-
bated by the potential for rapid decomposition of biolabile
old organic C (Drake et al. 2015; Wild et al. 2019).

To improve our understanding of permafrost thaw contri-
butions to Arctic freshwater carbon export, we suggest some
considerations and net steps. First, future studies looking
to employ “C analyses of permafrost-derived freshwater
carbon should consider which are the most appropriate
forms (s) of carbon to sample based on the research question,
region and measurement scale. POC and CH, are more likely
to be sensitive to the mobilisation of old organic C from
permafrost thaw while DOC and CO, are more likely to be
the largest components of lateral and vertical freshwater
C fluxes, respectively. Both compound-specific and ramped-
pyrolysis oxidation radiocarbon analyses hold promise to
overcome the biolability and low-sensitivity constraints of
riverine organic C pools (e.g., Zhang et al. 2017). Second,
severe permafrost destabilization is generally clear in fresh-
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water “C signatures at the site of thaw (Vonk et al. 2013;
Walter Anthony et al. 2016), but gradual permafrost thaw,
such as increasing active layer depths over several years, are
much harder to detect (Dean et al. 2018; Schwab et al. 2020).
Long-term baseline records of freshwater “C for comparison
are only available for the major Arctic Rivers (Raymond
et al. 2007), and expansion of these records would be very
beneficial. In addition, work that can provide independent
estimates of expected range of freshwater C ages in a river or
lake based on catchment characteristics, such as net primary
production and soil organic C turnover times derived from
vegetation distribution and soil C content, or inputs of
glacier-meltwater or groundwater, would also help contextu-
alise individual or sets of freshwater “C observations (Dean
et al. 2018; Estop-Aragonés et al. 2020). Third, expressing
loss rates of previously frozen organic C sources per unit
of soil organic C stocks thawed, e.g., mass of permafrost
C released to the atmosphere as CO, or CH; per mass of
thawed soil organic C per unit area and time, would help
compare loss rates of old permafrost carbon between sites
(Estop-Aragonés et al. 2020). Finally, the Arctic is a vast and
diverse space. Research efforts to understand how the age of
freshwater C may be expected to change in the future should
consider targeting transition zones between continuous and
discontinuous permafrost, and regions severely impacted by
thermokarst processes (Vonk et al. 2019).

Dissolved oxygen concentrations in lakes

Oxygen is a master variable that controls numerous ecolog-
ical and biochemical processes in the aquatic environment.
The threshold response of dissolved oxygen (DO) as a sentinel
can be broken down into six discrete states that might be
considered in Arctic lakes and across which we can expect a
reversible “regime shift” to a new set of conditions, with ma-
jor implications for aquatic biota and ecosystem functioning.
Those states range from frozen solid without DO (state 1) to
oxygen supersaturation (state 6). State 1 refers to the case of
shallow lakes that freeze to the bottom, which are common
in the Arctic, and therefore have no liquid water to contain
DO. Conversely, at the other end of the spectrum, DO super-
saturation is a feature of productive lakes in the spring, even
under ice, and in the summer. Some organisms may then
experience high oxidative stress. The potential for the for-
mation of light-mediated reactive oxygen species (Rose 2016)
occurs within this state, although such conditions would be
mostly optimal for net phototrophy.

In between the two end members (states 6 and 1), DO
levels range from saturation with respect to atmospheric
oxygen (state 5) that is conducive to diverse aquatic life
dominated by aerobes, to successive levels of oxygen de-
pletion, from below saturation but above hypoxia (state 4)
to hypoxia (state 3). Definitions of hypoxia depend on the
field of study or taxa of interest, and can be considered as
DO levels that fall below thresholds that affect organisms
such as salmonids (2 mg/L; Leppi et al. 2016), mesozooplank-
ton (1-3 mg/L; Vanderploeg et al. 2009a), cladocerans (0.3-
2 mg(L; Wright and Shapiro 1990; Vanderploeg et al. 2009q;
Vanderploeg et al. 2009b) and copepods (0.6-1.2 mg/L; Stalder
and Marcus 1997; Vanderploeg et al. 2009D).
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Under conditions of extreme depletion, the water becomes
anoxic (state 2), which can be operationally defined as levels
below 0.03 mg/L (1 umol/L). Zooplankton taxa that are toler-
ant to anoxia include taxa such as Chaoborus (Doubek et al.
2018). Anoxia may also be defined as a chemically-relevant
threshold below which anaerobes respire electron acceptors
other than DO, such as nitrate, metal oxides, sulfates and ulti-
mately CO,, leading to methanogenesis (e.g., Vigneron et al.
2019). This is a key threshold for sediment release of P and
reduced chemical species (Orihel et al. 2017). The accumula-
tion of reduced species such as sulfidic compounds results in
a strong DO deficit (oxygen demand).

Shifts between the discrete states listed here have major
implications for aquatic ecosystem structure and function-
ing. These thresholds are likely to be highly responsive to cli-
mate, in particular via changes in the physical barriers to DO
and mixing (ice cover and thermocline), and changes in rates
of microbial metabolism (organic carbon supply and direct
temperature effects). While the pathways linking climate to
oxygen dynamics are increasingly understood in aquatic sys-
tems (e.g., Jane et al. 2021), high latitudes are poorly repre-
sented in this area of research.

Many recent changes in water column stratification and
the resulting seasonality of DO concentrations in freshwater
systems are climate-driven (e.g., Fang and Stefan 2009;Palmer
et al. 2014; Couture et al. 2015; Schwefel et al. 2016; Nelligan
et al. 2019). Environments with seasonal bedfast ice are tran-
sitioning to floating ice (Engram et al. 2018), which now pro-
vides habitat during winter darkness, conducive to anoxia
and methane production (Mohit et al. 2017). The disappear-
ance of bedfast and perennial ice is particularly striking as a
sentinel response to increasing air temperature (see Section
1). Permafrost thaw at the base of lakes (and talik formation;
Arp et al. 2016) opens up new anoxic habitats for anaerobic
microbes (see Section 9). Further transition implies shorter
ice cover periods, generally associated with shortened winter
anoxia period and thinner oxygen-depleted zones (Fang and
Stefan 2009; Terzhevik et al. 2009; Couture et al. 2015). An in-
creasing number of systems previously covered by perennial
ice might thus experience seasonally alternating oxic-anoxic
regimes (Mohit et al. 2017; Bégin et al. 2021a).

A longer ice-free season and elevated air temperatures can
also cause summer stratification that may result in the es-
tablishment of an oxygen depleted hypolimnion (e.g., Palmer
et al. 2014) or prolong the near-bottom anoxia which de-
velops under the ice in winter (Cortés and MacIntyre 2020)
and, if either the loading of chromophoric dissolved or-
ganic matter or primary production increases, reduced trans-
parency, which leads to stronger thermal stratification (e.g.,
Bartosiewicz et al. 2019). This is especially important in sys-
tems where organic matter and nutrients are sustaining the
respiratory oxygen demand (Golosov et al. 2007; Fang and
Stefan 2009). While recent evidence from temperate systems
suggests that fixed morphometry does not play as broad of
a role in controlling thermal structure of lakes relative to
other local to regional drivers such as climate and browning
(Bartosiewicz et al. 2019; Pilla et al. 2020), the extent to which
this applies to the Arctic remains unclear. DO depletion is
more important in basins which have a small volume of wa-
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ter in relation to the surface area of sediments (Mathias and
Barica 1980; Leppi et al. 2016), and such conditions are typical
of the permafrost thaw (thermokarst) lakes and ponds that
occur throughout the Arctic landscape (Laurion et al. 2010;
Deshpande et al. 2017).

In permafrost landscapes, soil warming triggers dramatic
loss of water by drainage, percolation, thawing and erosion.
Increased evaporation, combined with warmer temperature,
results in the drying out of aquatic habitats (Bouchard et al.
2013). Furthermore, extensive dissolved organic matter in-
puts from increased precipitation, temperature, permafrost
thaw and terrestrial vegetation are likely to induce greater
oxygen depletion (Deshpande et al. 2017; Wauthy et al. 2018;
Knoll et al. 2018). DOC provides electron donors for oxic or-
ganic matter degradation (Couture et al. 2015), whose rates
depend on both DOC concentrations and temperature. Col-
ored DOC favors shallow heat absorption, leading to more
stable and persistent stratification (Houser 2006; Read and
Rose 2013; Pilla et al. 2018). While the isolation of bottom
waters impedes atmospheric DO recharge, it also allows the
deeper waters to remain cool, which slows down metabolism
(Bartosiewicz et al. 2019). Increasing DOC is likely to have
greater repercussions on the oxygen balance in clear, olig-
otrophic waters (Knoll et al. 2018). Fertilization brought
about by DOC-bound nutrients (Creed et al. 2018) are likely
drivers of enhanced metabolism and thus DO depletion. In
contrast to temperate lakes hosting aquatic vascular macro-
phytes that die off in the winter and draw down oxygen,
Arctic lakes host perennial microbial mats and mosses. We
hypothesize that Arctic lakes covered by perennial microbial
mats and mosses would respond to a transition to seasonal
macrophyte dominance under a warming climate by more
frequent anoxia.

Similar to many ecosystem responses to climate change
(Burkett et al. 2005), DO changes are largely nonlinear. Non-
linearity is associated with the coupled second order kinetic
reactions involving redox processes (e.g., the oxidation of sul-
fides) and microbial respiration, which themselves respond
to oxy-thermal and optical parameters in a nonlinear uni-
modal fashion to changing DOC. DO concentrations can also
experience threshold responses as a result of drainage or ice-
off events. This is particularly relevant for the coldest regions
of the High Arctic, where extreme warming events may cause
loss of multi-year ice and shift to a regime of higher year-to-
year variability (Bégin et al. 2021a).

Models are being developed to better understand oxygen
dynamics and the linkages with climatic drivers (Couture
et al. 2015; Golosov et al. 2012; Koue et al. 2020). Because
of logistical difficulties, what little aquatic biogeochemical
data exist from remote areas of the Arctic comes mostly
from midsummer sampling during the short, ice-free period.
Moorings equipped with oxygen and temperature probes pro-
vide high temporal resolution data, allowing analysis of the
seasonal and interannual variability (e.g., Deshpande et al.
2017; Maclntyre et al. 2018b; Paquette-Struger et al. 2018;
Begin et al. 2021a) that is important for interpreting long-
term trends. Further studies of this type are needed across di-
verse freshwater systems of the Arctic to evaluate the drivers
of variability, and as a baseline to evaluate future changes.
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Digitized information on bathymetry and local weather
time-series are essential starting points for modeling these
DO fluctuations, along with high frequency measurements
of temperature and conductivity. The latter is especially
important give that small changes in solute concentrations
can have large effects on density structure, and therefore
on stratification and mixing regimes in cold polar waters
(Cortés and MacIntyre 2020; Bégin et al. 2021b). These mea-
surements should be augmented with light data, either with
high-frequency sensors or from profiles with high vertical
resolution, allowing resolution of temporal changes in light
attenuation and its effect on primary productivity, thermal
stratification, and photooxidation. Complementary data on
DOM and dissolved sulfide concentrations would also help
better constrain the modelling of biogeochemical oxygen
fluxes and their sentinel responses to environmental change.

Trophic status of lakes

Lakes can be classified in different trophic status categories
according to their total phosphorus concentrations: olig-
otrophic (0-12 pg/L), mesotrophic (12-24 pg/L), eutrophic (24—
96 ng/L) and hypereutrophic (>96 pg/L) (Carlson and Simp-
son 1996). Arctic lakes have typically been considered olig-
otrophic, including at the lower, ultraoligotrophic end of this
range (Hamilton et al. 2001; Michelutti et al. 2002), with low P
concentrations and low content in chlorophyll a (Chl-a). The
data from about 1200 Canadian Arctic lakes and ponds from
1970s onward showed the mean TP concentration was 12 pug/L
and only 8% were classified as eutrophic based on their phos-
phorus content > 30 ug/L (Dranga et al. 2018). However, in
the warmer climate, the P concentrations are increasing. In
a study that included 254 circumpolar ponds from more re-
cent measures, the mean TP concentration was about 50 pg/L
for sites that were affected by climate-induced permafrost
thaw but < 15 pg/L for nonimpacted sites (Wauthy et al. 2018).
Region-specific studies have also indicated that the eutroph-
ication of Arctic waterways is now more common and (or)
has increased in recent years (Ayala-Borda et al. 2021; Dranga
et al. 2018; Wauthy and Rautio 2020), and it is the shallow
lakes that are first becoming eutrophic (Fig. 2). They are nat-
urally more eutrophic due the water column—sediment in-
teraction and the release of P from the high concentration
of TP in the sediment (Rautio and Vincent 2006). In the long-
term, changes in the trophic characteristics of Arctic lakes
have been traced using sediment archives. Concentration and
composition of algal pigments and subfossil community as-
semblages have shown large shifts in trophic status over the
last 150 years, in tandem with climate change (Antoniades
et al. 2007; Larocque et al. 2001; Smol et al. 2005; Michelutti
et al. 2005; Kivila et al. 2022).

The main climate drivers influencing the trophic status
of lakes are the increase in temperature due to Arctic am-
plification and changes in precipitation regimes. The effects
of temperature can be direct; for example, certain algal and
cyanobacterial species are indicators of increasing maximum
temperatures in high latitude lakes, associated with a con-
comitant change in trophic status (Freeman et al. 2020). More
commonly, temperature effects are indirect. Increasing cu-
mulative temperatures promote higher annual productivity
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in aquatic ecosystems as the growing season becomes longer,
with greater light exposure. With an earlier ice break-up,
light availability in the water column potentially increases,
allowing higher production rates of photosynthetic organ-
isms and affecting community structure (Bégin et al. 2021b;
Lehnherr et al. 2018). Indirect temperature effects are further
driven by changes in the landscape through permafrost thaw
(Vonk et al. 2015; Tank et al. 2020), Arctic greening (Campbell
et al. 2020), and shifts in migratory bird and anadromous
fish movement and reproductive patterns (Hines et al. 2000;
Reist et al. 2021), all of which potentially affect external
nutrient loading. For example, abundant goose populations
modify the terrestrial landscape through intensive grazing
and by bringing high quantities of nutrients into inland wa-
ters through feces accumulation (Buij et al. 2017; Cadieux
et al. 2005; Luoto et al. 2014), which in addition to increas-
ing T and N concentrations, alter carbon cycling due to in-
creased C demand by primary producers (Macdonald et al.
2015). Similarly, temperature together with dispersal barri-
ers (Jeppesen et al. 2021) determine the northernmost limit
of many fish in Arctic lakes. Fish communities have a cascad-
ing effect on the lower food web (e.g., Jeppesen et al. 2001),
including via nutrient excretion that causes algal biomass
to be higher in water bodies with fish (Rautio and Vincent
2006).

Large increases in precipitation are expected over the Arc-
tic landscape (especially rainfall; McCrystall et al. 2021) and
these work in tandem with higher temperatures through
their additive impact on nutrient and other external inputs.
A wetter and warmer climate intensifies the transfer of nu-
trients and organic matter into aquatic ecosystems (Schaeffer
et al. 2013), with consequences for trophic status via chang-
ing production and species composition. The increase of
temperature leads to higher evaporation rates (Lewis et al.
2016) and may reduce water volume and hence increase the
concentration of solutes that promote primary production
(Andresen and Lougheed 2015), although in a reduced habi-
tat that may even evaporate to dryness and disappear (Smol
and Douglas 2007). Without increasing temperatures, lakes
with high N and P concentrations are suggested to remain
low in productivity (Dranga et al. 2018), while increasing tem-
peratures and concurrent intensification of thermal stratifi-
cation would likely promote a trophic state shift in such lakes
(Hobbie et al. 1999; Taranu et al. 2015) (Fig. 2). However, early
studies at polluted but cold (maximum temperatures <10 °C)
Meretta Lake in the Canadian High Arctic (Kalff and Welch
1974) found that Chl-a concentrations were 20 times higher
than in nearby unenriched lakes, clearly pointing to nutri-
ents as a more important control than temperature on lake
trophic status.

Changes in trophic status have an impact on ecosystem
services from Arctic lakes, including reduction in drinking
water quality if cyanobacteria become more abundant, and
declining food web health through shifts in producer com-
munity composition. A gradual loss of benthic algae has
been well documented when lakes become more eutrophic
(Vadeboncouer et al. 2003). Concurrently, food webs that
were dominantly benthic driven have been documented to
change to dominantly pelagic as a response to increasing
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Fig. 2. Linked climate vectors (external nutrients, thermal stratification) and trophic status for Arctic lakes. The response of
trophic status to climate vectors is close to linear but the rate of increase is different for different lakes and changes when
crossing certain thresholds. Shallow lakes with a large watershed-lake ratio may respond strongly to external nutrient load and
rapidly become eutrophic (Mariash et al. 2019; Ayala Borda et al. 2021) (1). Low Arctic lakes can be monomictic if clear-watered
and not very deep but in the current climate are often thermally stratified without being eutrophic (Forsstrém et al. 2005).
When exposed to thawing permafrost or other nutrient sources, these lakes may experience an abrupt increase in trophic
status (Wauthy and Rautio 2020) (2). Another rate change in these lakes occurs when summer hypolimnion anoxia triggers
internal nutrient load from the sediments (3). High-Arctic lakes are currently mostly oligotrophic and monomictic and may
stay resilient to changes in trophic status because they are cold and fishless. An increase in trophic status may however abruptly
occur if the lake is exposed to a rapid impulse of nutrients, e.g., from anthropogenic pollution (Kalff and Welch 1974) (4).

Monomictic

Dimictic

Eutrophic

Trophic status

Oligotrophic

External nutrients, thermal stratification

trophic status (Korhola et al. 2002; Lehnherr 2018) with con-
sequences on macroinvertebrate (Kivild et al. 2019) and fish
communities (Lehnherr 2018) that are supported by habitat
and resource variability in Arctic lakes (Grosbois et al. 2022).
Increasing temperature and productivity appear to shift sub-
arctic lake communities toward increasing dominance of
cyanobacteria and cyprinid fish, associated with decreasing
quality in terms of essential fatty acids content in phyto-
plankton, zooplankton and deep-water macroinvertebrates
(Keva et al. 2021).

While climate drivers and the pathways and processes af-
fecting trophic shifts are rather well known, the knowledge
gaps remain when it comes to estimating the magnitude and
geographical extent of eutrophication in the Arctic. The key
climate vector, permafrost thaw, is intensifying across the
circumpolar Arctic but the trophic response in water bod-
ies depends on lake morphology, hydrological connectivity,
thermal stratification, water retention time and watershed
size. Shallow lakes and hydrologically isolated systems may
be less resilient because they lack volume and have a long
residence time that would dilute the impact of external nu-
trients. Shallow and deep lakes as well as lakes at different
latitudes have a different thermal stratification, with strati-
fied lakes being more prone to steep increases in trophic sta-
tus as they are subject to internal loading if hypolimnetic
waters become anoxic. However, the northernmost lakes,
even when deep, are monomictic in the present climate and
may not become stratified for decades, making latitude an
important element in defining how a given lake reacts to
the warming climate and associated change in trophic sta-
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tus. Lakes in the High Arctic, although influenced by the
highest relative temperature increase, are therefore likely
more resilient and respond slower to the initial increase in
nutrients than lakes in the Low Arctic (Bonilla et al. 2005)
(Fig. 2).

Coordinated increased baseline measures, long-term mon-
itoring and accompanying experiments should be a focus of
future studies of Arctic freshwater ecosystems (Culp et al.
2012). Although trophic status is a climate sentinel with di-
rect climate feedback effects and consequences on ecosys-
tem services, sporadic spot measures and different sampling
methods and analyses do not allow for adequate assessment
of the rates, places and conditions of change. Nutrients, Chl-a
samples, and measurements of primary production are col-
lected from different depths and at different times in dif-
ferent studies, and are rarely accompanied by microscopic
and pigment analyses that would quantitatively measure phy-
toplankton species composition and biomass and allow for
the detection of, for example, the geographical expansion of
bloom-forming cyanobacteria. At present, the greatest limita-
tion is the poor geographical coverage of limnological studies
across the Arctic.

Prokaryotic communities of lakes

Within lakes, prokaryotic communities (Bacteria and Ar-
chaea) are key players in many ecological and biogeochem-
ical processes, including primary production, pathogenesis,
food web transfers, degradation of DOM, cycling of nitrogen
and other elements, oxygen regulation and GHG emissions.
This pervasive influence on lake functioning makes prokary-
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Fig. 3. Alternative stable states of northern lakes in tran-
sition. The white and black balls at the bottom of the two
troughs represent alternative stable states of the lake envi-
ronment and its associated microbiome, while the grey ball at
the top indicates that the lake ecosystem is at a tipping point
for abrupt change between states. States 1 and 2 represent dif-
ferent environmental conditions and microbial assemblages;
for example, low and high DOM, nutrient, temperature or
light exposure regimes, and their respective communities.
As the climate continues to warm, Arctic lake ecosystems
and their microbiomes are exposed to increasing pressure
on their structure and integrity. These changes will push
lake ecosystems to microbial tipping points that depend on
intrinsic properties of the communities (e.g., taxonomic com-
position; functional redundancy; resistance to change), pop-
ulations (e.g., metabolic flexibility; intraspecific variations in
environmental responses), and cells (e.g., gene expression;
microbial lipid and protein acclimation to warming).
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otes an important set of indicators to detect and track cli-
mate impacts on lake ecosystems. In this respect, microbial
sentinels can be identified at two levels: indicator taxa that
respond to threshold changes in the lake environment, and
indicator traits that describe the status of a lake ecosystem
along its climate-driven environmental trajectory. The rela-
tive importance of these two components and their interplay
in the overall response of lake ecosystems to global warming
remain poorly known, but an improved understanding is ur-
gently needed to determine the direction and speed at which
Arctic lakes are pushed closer to tipping points for the shift
between microbial states (Fig. 3), with potentially largescale
changes in ecosystem functioning and services. The sensitiv-
ity of Arctic lakes is determined by an ensemble of microbial
properties that operate at different temporal and biological
scales (from genes to communities; Fig. 3) that collectively
affect the resistance and resilience of Arctic lakes to environ-
mental change. We present below some examples of these
state changes that operate within Arctic lake ecosystems in
response to warming.
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As described in previous sections, climate change has
direct effects on lakes through changes in snow cover, ice du-
ration and thickness, the amount and spectral composition
of underwater solar radiation, and the stratification, mixing
and oxygenation regimes. Changes in these factors are likely
to cause threshold effects on the microbial communities,
with appearance or disappearance of certain taxa. For ex-
ample, psychrophiles such as Polaromonas currently thrive in
Arctic snow, rivers and lakes (Comte et al. 2018), and warming
effects may push these cold-water taxa towards extinction.
Conversely, warm-water taxa such as the colonial, bloom-
forming cyanobacteria Microcystis, Dolichospermum and Aphani-
zomenon are conspicuously absent from the phytoplankton of
most northern lakes, but may be favored by warming temper-
atures and increased stratification (Pick 2016;Przytulska et al.
2017; Ayala-Borda et al. 2021; Sivarajah et al. 2021), as well
as by changing nutrient and DOM regimes. Warming may
indirectly favor the success of bacterial and other pathogens
of northern animals, including cold-dwelling aquatic species
like Arctic char, by weakening their physiological perfor-
mance and immune systems (Bradley et al. 2005).

The development of anoxia in bottom waters is a major en-
vironmental pressure on aquatic microbiota, and is favored
in northern lakes by prolonged ice cover that cuts off re-
oxygenation from the overlying atmosphere (see Section 7).
This has a decisive influence on microbial species composi-
tion by selecting for obligate anaerobic taxa. A notable exam-
ple is methanogenic Archaea. These are known to thrive in
many ice-covered waterbodies, including thermokarst lakes
and ponds that are considered to be biogeochemical hotspots
of methane production and emission in the tundra landscape
(Matheus Carnevali et al. 2018; Vigneron et al. 2019).

The shift of many shallow Arctic lakes from bedfast ice
conditions to liquid water environments over winter is allow-
ing an expansion of anoxic habitats and the development of
methanogenic populations in benthic biofilms that were pre-
viously frozen and inactive during winter (Mohit et al. 2017).
Cyanobacterial constituents of these biofilms may also have
longer periods of photosynthesis under these liquid water
conditions, shifting to an increased importance of photosyn-
thetic sulfur bacteria once anoxia is established and light is
available in fall and spring (McGowan et al. 2016).

The subsequent summer loss of ice and water column
circulation leads to a lake environment favouring methan-
otrophic bacteria (Crevecoeur et al. 2015), which affects the
net emission of methane. Recent studies have identified
diverse Verrucomicrobia in water columns under ice as well
as abundant bacteria from the Candidate Phylum Radiation
group. These taxa are poorly understood and may play key
roles in the methane cycles of northern lakes (Vigneron et al.
2020), with indicator value as microbial sentinels.

Under future climate scenarios (IPCC 2022), the projected
warming and increased precipitation will not only cause
changes within lakes, but also across the terrestrial land-
scape in which they are embedded (Wrona et al. 2016). For
example, higher precipitation will result in increased run-off,
which in turn will translate into greater terrestrial inputs of
DOM into lakes, thereby changing the quantity and compo-
sition of organic carbon available for microbial degradation
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(Williamson et al. 2015). This effect has already been observed
in northern lakes (Wrona et al. 2016; Wauthy et al. 2018), and
may accelerate with the increasing shift from snow to rain
dominance for Arctic precipitation (McCrystall et al. 2021).
In addition, climate change has also caused increases in veg-
etation cover (“greening”), and this terrestrial biomass and
leaf litter represents another potential source for export of
organic carbon to lakes, in particular in northern regions
(Finstad et al. 2016). This mobilization of carbon derived
from climate change may affect Arctic microbial commu-
nity composition and metabolism (e.g., Colatriano et al. 2018;
Comte et al. 2016) in ways that can be used as indicators of
change.

Arctic lakes are mostly clear, oligotrophic waterbodies and
may therefore be more sensitive to increasing DOC than lakes
with naturally higher DOM concentrations, due in part to
the limited metabolic potential of oligotrophic bacteria to
utilize refractory terrestrial carbon (Kirchman 2018). Given
that climate will alter the connectivity between arctic lakes
and their terrestrial surroundings (Comte et al. 2018; Wauthy
etal. 2018), aquatic microbiomes may shift from a dominance
of psychrophiles to cold-tolerant generalists that can out-
compete psychrophiles in carbon utilization under warmer
temperatures. This transition to a new regime may be abrupt
beyond a certain threshold of DOM and temperature (Fig. 3),
or may occur more gradually.

Recent advances in next generation sequencing have al-
lowed the widespread and cost-effective applications of
metabarcoding and meta-“omics” in microbial ecology
(Knight et al. 2018), which is opening up new opportunities to
detect and monitor microbial sentinels in high latitude envi-
ronments (Edwards et al. 2020). These techniques now allow
the specific characterization of microbial traits such as the
genes they carry (genomics) and whether those genes are be-
ing transcribed and translated into functional proteins and
enzymes (transcriptomics). The use of these molecular tools
paves the way to investigate more deeply northern lake fea-
tures such as anoxia, including previously overlooked bio-
geochemical cycles such as those for sulphur and metals,
and newly discovered microbial processes (e.g., the archaeal
shunt; Vigneron et al. 2022). The large-scale characterization
of proteins (proteomics; e.g., Reyes-Gonzdlez et al. 2022) and
lipids (lipidomics; e.g., Holm et al. 2022) is also opening up
new perspectives on microbial community interactions and
responses to environmental change. These —omic approaches
offer the possibility to identify new sentinels that are more
focused on microbial traits and processes (e.g., expression
of methanogenesis and denitrification genes; microbial lipid
and protein reponses to warming) than taxonomic composi-
tion, which in turn could lead to new definitions of sentinel
thresholds and shifts in Arctic lake function.

Algal communities of lakes and rivers

Research on aquatic eukaryotic phototrophs has been dom-
inated by the study of diatoms and other siliceous taxa in
the Arctic. Siliceous diatom frustules and chrysophyte cysts
preserve in lake sediments and can be identified to species
level allowing algal investigations over timescales spanning
decades to millenia. Such records have proven valuable in
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the Arctic where routine monitoring is scarce (Kahlert et al.
2022; Goedkoop et al. 2022). However, interpreting causal
linkages between climate and algal community shifts is not
straightforward because climate effects on lake biota are in-
direct and mediated by limnological conditions (Leavitt et al.
2009). Here, we explore three main ways that algae can be
used as sentinels by (1) summarising community or assem-
blage changes; (2) using habitat- or trait-based classifications;
and (3) using indicator taxa.

Summarizing community or assemblage changes

Diatoms in lake sediment cores provided some of the first
indications of major shifts in High Arctic lake biota over
recent centuries which were inferred to be associated with
warming (Douglas et al. 1994). Compositional turnover (S-
diversity) of diatom and chrysophyte cyst sediment records
assessed using detrended correspondence analysis in > 40
Arctic lakes showed pan-Arctic regime shifts over the past
200 years (Smol et al. 2005). Greater turnover in the Cana-
dian High Arctic and Hudson Bay Lowlands was interpreted
as evidence for more pronounced warming in these regions
in comparison to the eastern Canadian Arctic (Kahlert et al.
2022). However, linkages of community shifts to climate rely
on inference. Due to the scarcity of systematic Arctic moni-
toring programmes, diversity metrics have been rarely used;
but the Circumpolar Biodiversity Monitoring Programme re-
cently collated data sets of phytoplankton and benthic algae
in Arctic lakes and rivers. These spatial analyses illustrate
that diatom species richness is lower in the High Arctic in
comparison to Low Arctic and sub-Arctic regions, providing
baseline data against which to assess future shifts in biota
as the Arctic warms (Kahlert et al. 2022). a-diversity of di-
atoms in North American Arctic river sites is correlated with
bedrock geology and temperature (Lento et al. 2019), suggest-
ing that river diatom assemblages may hold promise as sen-
tinels for assessing temperature change in the Arctic.

Habitat or trait-based classifications

Categorizing lake diatoms by the habitats in which they
live can help to detect climate-driven lake ecosystem re-
sponses. Paleolimnology records integrate algal remains
from across different lake habitats (Law et al. 2015) and cate-
gorizing diatoms as planktonic (P, living in the water column)
or benthic (B, living in the sediments) to create a P:B ratio
can indicate changes in lake habitat apportionment. Habitat
availability for benthic diatoms is more commonly limited
by light than nutrients (Bonilla et al. 2009; Vadeboncoeur
et al. 2014). Declines in P:B ratios may indicate increasing
water clarity as seen, for example, in West Greenland lakes
between the 1990s and 2013 (Fowler et al. 2020; Saros et al.
2019) and in thermokarst slump-affected lakes in Northwest
Canada (Thienpont et al. 2013). In contrast, P:B ratios may in-
crease when exogenous inputs of DOM (Rosén et al. 2009) or
glacial meltwater (Burpee et al. 2018; St. Pierre et al. 2019) re-
duce water clarity and restrict benthic habitat. Higher P:B ra-
tios have been linked to reduced ice cover, longer open-water
periods, and enhanced stratification in Arctic lakes (Sorvari
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et al. 2002; Smol et al. 2005; Lehnherr et al. 2018; Michelluti
et al. 2020). High planktonic biomass can lead to shading and
decline in transparency, reducing the surface area of habitat
available to benthic algae (Vasconcelos et al. 2018). On the
other hand, “benthification” can lead to higher retention of
nutrients in the benthic zone, supporting clear-water condi-
tions in the waters above (Vander Zanden and Vadeboncoeur
2020) and possibly enhancing the coverage of aquatic macro-
phytes and so the diversity of benthic algae (Mesquita et al.
2008; Thienpont et al. 2013). While it is difficult to defini-
tively link community-level shifts with changing climate, P:B
allows sheds some light on how changes in habitat might link
to physical lake structure and, ultimately, climate. Proper
contextualization of this sentinel response also requires con-
sideration of lake basin morphometry and water level shifts
(Stone and Fritz 2004; 2019).

Trait-based classifications of Arctic algae hold promise for
understanding climate-related changes in aquatic systems.
Early Arctic paleolimnology work interpreted that shifts
away from smaller adnate (low-growing) towards larger (Pin-
nularia spp.) diatoms that grow on mosses reflected increasing
habitat complexity associated with High Arctic warming over
the last century (summarized in Douglas and Smol 1999). The
complexity of benthic diatom assemblages in lakes around
Kangerlussuaq (West Greenland) has increased since the late
1990 s to encompass a broader range of cell sizes and growth
forms (Saros et al. 2019). In the latter case, limnological
measurements were able to link this biological change with
a possible climate-driven reduction in lakewater DOC and
TP in this region and an associated increase in water clarity.
Assignation of functional traits to phytoplankton taxa classi-
fies them in terms of how they reproduce, acquire resources
and avoid predators (Litchman and Klausmeier 2008). There
are obvious applications in Arctic systems for tracking shifts
in biogeochemical processes. Shifting terrestrial-aquatic
DOC fluxes are likely to have impacts on the “microbial
loop” of Arctic water bodies (see Sections 6, 9; Kling 1995).
Mixotrophy (the acquisition of carbon by both autotrophic
and heterotrophic pathways) is a common strategy for Arc-
tic phytoplankton when inorganic nutrient availability is
limited (Laybourn-Parry and Marshall 2003; Brutemark et al.
2006; Charvet et al. 2012). Widespread shifts in chrysophyte
cysts in Arctic lakes (Betts-Piper et al. 2004) might suggest
a change in this mixotrophic group, but cyst taxonomy
is not yet well correlated with functional traits. However,
climate-driven “greening” of vegetation around Arctic
lakes increases the dominance of potentially mixotrophic
cryptophye taxa (assessed using bioindicator carotenoid pig-
ments) over millennial timescales, suggesting that aquatic
organisms are responding to the increasing fluxes of terres-
trial carbon (McGowan et al. 2018a). Nitrogen fixation is a
common trait of cyanobacteria in Arctic benthic biofilms
(Bonmilla et al. 2009). Some diatoms including Epithemia and
Rhopalodia may host symbiotic N,-fixing cyanobacteria and
their relative abundance in epilithic diatom assemblages
increases in Greenlandic lakes with low nitrogen availability
(McGowan et al. 2018b). Over millennial timescales, increases
in sedimentary Epithemia are observed during periods of low
precipitation when soil development and nitrogen delivery
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to lakes is lower (McGowan et al. 2018b), suggesting a link
between hydroclimate and the prevalence of N,-fixing taxa.

Indicator taxa

“Indicator taxa” defines a taxon or group of taxa that
demonstrate a strong affinity with an environmental condi-
tion of interest; ideally, some mechanistic information about
the basis of that environmental association is determined
through observations or experiments. In Arctic lakes, one of
the most well quantified algal sentinels of climate is the Cy-
clotella sensu lato complex of diatoms, particularly the small,
planktonic Cyclotella sensu lato taxa such as Discostella stelligera
(Saros et al. 2014; Malik and Saros 2016; Saros et al. 2016;
Malik et al. 2017). In many lakes, relative abundances of D.
stelligera are higher during periods of strong thermal strat-
ification and relatively shallow surface mixed layer depths
(Saros et al. 2012; Saros et al. 2016). Lake thermal struc-
ture is shaped by both climate-driven energy and mass in-
puts, with the strength of each depending largely on lake
surface area. In smaller lakes (<500 ha), mass inputs of dis-
solved organic matter and nutrients dominate the link be-
tween climate and lake thermal structure because water
clarity is the primary control on thermal structure. In larger
lakes (>500 ha), energy inputs form wind dominate this link.
While the response of D. stelligera to changing thermal struc-
ture is documented through experiments and observations
in some Arctic lakes, we note that additional drivers that al-
ter lake resource availability (e.g., lake ontogeny, permafrost
thaw) can also influence the success of D. stelligera, an op-
portunistic, fast-growing taxon. Increased nitrogen influx to
Lone Spruce Pond (Alaska, USA) as a consequence of alder de-
velopment on the watershed likely drove increased relative
abundances of D. stelligera in the early Holocene (Perren et al.
2017).

Indicator taxa have been used in Arctic lakes to pinpoint
climate-driven shifts in lake ecosystems. The pan-Arctic syn-
thesis of Smol et al. (2005) found increases in the relative
abundances of small C. sensu lato taxa in many lake sedi-
ment records after 1850, suggesting widespread limnologi-
cal change as a consequence of warming. Recent warming
over the past few decades in West Greenland has also driven
changes in the relative abundances of D. stelligera across 18
lakes, but in this case, these relative abundances have de-
clined (Saros et al. 2019). Since the early 1990 s, as June
and July mean air temperatures increased, water clarity of
these lakes increased as DOC concentrations declined, and
ice-out dates became earlier; both of these changes would
elicit deeper mixing depths in these small Arctic lakes, creat-
ing less favorable conditions for D. stelligera. In Arctic rivers,
the use of indicator taxa is less well established, but the
mucous-rich and sometimes invasive diatom Didymosphaenia
geminata is associated with nutrient-scarce riverine environ-
ments, with a circum-Arctic distribution (Lindstrem and Skul-
berg 2008), suggesting that it could be a useful indicator
taxon of changing nutrient status.

Diatoms are very well-established sentinels for tracking
changes and regime shifts in Arctic lakes, particularly in
lake sediment records. However, each of the examples above
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underscore the importance of understanding algal ecology
and the limnological context when using diatoms and other
algae as climate sentinels (Saros and Anderson 2015). Aquatic
phototroph responses to climate are indirect because me-
teorological drivers (e.g., temperature, solar radiation, and
precipitation) influence diverse lakes and catchments in dif-
ferent ways. The unifying concept of energy and mass fluxes
(Leavitt et al. 2009) can help to better understand climate-
lake-phototroph linkages, providing a way forward for inter-
preting sentinels. This integration will enable clearer insights
into patterns (e.g., why opposite trends in relative abun-
dances of an indicator taxon can happen in different lakes
experiencing the same climate forcing). Because benthic taxa
are frequently dominant in Arctic lakes, a better understand-
ing of their ecology could be an important avenue for future
research (Vadeboncoeur et al. 2003; Karlsson and Sdwstrom
2009; Mariash et al. 2014). Broader detection of eukaryotic
algae beyond diatoms can be achieved through microscopic
approaches, pigment biomarkers and DNA techniques which,
in combination with experimental approaches, can facilitate
a better understanding of Arctic phycology (Brutemark et al.
2006; Whiteford et al. 2016). Analysis of DNA in sediments
(sed DNA) from the aquatic environment (eDNA), and from
individual organisms will facilitate taxonomic advances and
allow a more complete assessment of spatial and temporal
patterns of Arctic aquatic phototrophs (e.g., Capo et al. 2016).

Invertebrate abundance and diversity in lakes

and rivers

Occupying the middle or top (fishless systems) of aquatic
food webs, variation in the abundance and diversity of in-
vertebrate assemblages represents an integrated signal of cli-
mate change in Arctic freshwaters. As ectotherms, extreme
temperatures directly constrain invertebrate metabolic and
life-history rates, which are typically optimized under inter-
mediate conditions (Huey and Stevenson 1979). These con-
straints are invoked to explain larger-scale patterns of greater
invertebrate abundance and species richness at lower alti-
tudes (Gillooly and Dodson 2000; Danks 2007; Schartau et al.
2022) and unimodal changes in invertebrate diversity with
warmer temperatures at both local and pan-Arctic scales
(Woodward et al. 2010; Novichkova and Azovsky 2017). Tem-
perature interacts with precipitation to establish hydrologi-
cal regimes of aquatic ecosystems (Bring et al. 2016), directly
controlling habitat availability. Larger and deeper water bod-
ies often support more diverse assemblages of zooplankton
and macroinvertebrates (Friberg et al. 2001; O’Brien et al.
2004; Hessen et al. 2007) in accordance with classic ecolog-
ical area-richness relationships. In the short-term, predicted
increases in Arctic warming and precipitation could promote
higher invertebrate abundance and species richness (Lento
et al. 2022a); however, this will likely result in loss of en-
demic species as ranges shift northward (Wrona et al. 2006).
Despite these general trends, the predictive power of climate
drivers on their own is often limited (Hessen et al. 2007;
Pinel-Alloul et al. 2013) due to complex changes in ecosystem
structure and function (O’Gorman et al. 2012; Wrona et al.
2013).
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Climate change indirectly affects invertebrate commu-
nities by altering cryospheric processes. For lentic water
bodies, the clearest signal of these effects is the timing and
duration of winter ice cover (see Section 1). Earlier ice-out
leads to advanced zooplankton phenology, linked to
differential hatching rates associated with changes in
photoperiod/temperature, ultimately resulting in higher
abundances of large-bodied Daphnia and calanoid cope-
pods and declines in Holopedium, cyclopoid copepods, and
rotifers (Carter and Schindler 2012; Jones and Gilbert
2016; Beaver et al. 2019). Bedfast ice also plays a promi-
nent role in structuring riverine invertebrate assemblages,
as higher abundances and more diverse communities
are found in springfed systems with perennial flow
(Huryn et al. 2005). Winter precipitation and summer
thermokarst activity further influence these communi-
ties by elevating spring runoff and suspended sediment
loads, which can result in catastrophic declines in in-
vertebrate abundance and diversity (Chin et al. 2016;
Docherty et al. 2018). These effects are most profound
in glaciated catchments where declines in both macroin-
vertebrate and zooplankton richness are associated with
the delivery of tremendous amounts of runoff and sedi-
ments into aquatic systems (Cauvy-Fraunié and Dangles
2019).

Cryospheric changes also influence invertebrate assem-
blages by altering food-web dynamics. Higher annual temper-
atures and precipitation are likely to elevate nutrient inputs
into aquatic ecosystems through increased permafrost melt-
ing and overland flow (see Section 5). Nutrient enrichment of
Arctic rivers can stimulate primary production (see Section 8)
leading to increased invertebrate production and abundance,
most commonly favoring chironomid and tricopteran taxa
(Deegan et al. 1997; Slavik et al. 2004). Enrichment responses
in ponds and lakes have received less attention, but nutrient
concentrations have been linked to greater abundances
of Daphnia (O’Brien et al. 1992; Van Geest et al. 2007) and
diversity of macroinvertebrates (Lento et al. 2022b). Climate
change can also strongly affect invertebrate assemblages
by altering connectivity between water bodies (Bennike
et al. 2008). Increased connectivity could lead to higher col-
onization by fish predators, which are a primary control on
invertebrate community composition through size selective
predation on larger-bodied zooplankton and macroinverte-
brates (Jeppesen et al. 2017). In contrast, greater visitation
by migratory birds could enhance zooplankton abundance
and richness by stimulating primary production through
nutrient excretion and serving as vectors of transport for
new species (Jensen et al. 2019). Together, indirect and direct
climate effects will considerably alter Arctic invertebrate
community structure resulting in significant changes in
aquatic ecosystem function and food web dynamics.

Teasing apart these different drivers to predict future
changes in invertebrate communities will require a wholis-
tic ecosystem-level approach. To begin, this effort will require
an increase in monitoring, as basic data on aquatic inverte-
brate abundance and distribution lags well behind that for
aquatic primary producers and vertebrate consumers. Recent
progress in this area has been made by the Circumpolar Bio-
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diversity Monitoring Program of the Conservation of Arctic
Flora and Fauna Working Group of the Arctic Council (Culp
et al. 2022). Initial results from these efforts confirm geo-
graphic patterns described above and highlight the impor-
tance of including in situ physiochemical measurements in
long-term monitoring programs. These data, combined with
remote sensing (ice-out dates, primary production, and sed-
iment delivery) and paleolimnological approaches, should
allow for a better mechanistic understanding of local, re-
gional, and pan-Arctic controls on invertebrate communities.
Increased use of experimental methods is also critical for iso-
lating and investigating the effects of specific climate drivers
on invertebrate assemblages and, when combined with long-
term monitoring data, this approach can be a powerful tool
for understanding past and predicting future dynamics of
whole foodwebs under a changing climate (Klobucar et al.
2018).

Fish in lakes and rivers

Fish are excellent integrators of limnological change, and
therefore provide a wide range of sentinel responses as
indicators of climate-induced changes in lake ecosystems.
These include changes in physiological condition, productiv-
ity, population structure of fish communities, including the
extirpation of native taxa and the arrival and expansion of
invasive species, and diversity. The Arctic fish fauna has a
limited number of species, and many of these are potentially
sensitive to climate impacts on their habitats (Laske et al.
2022).

Salmonids are commonly found in northern waters, and
these generally have a requirement for cold, highly oxy-
genated, oligotrophic lakes. Arctic char (Savelinus alpinus) is an
iconic species of northern salmonids that plays an important
role in the diet of Inuit and other northern cultures, and there
is an urgent need to identify habitat features that may lead
to the impairment of these populations. Moderate warming
may increase overall lake productivity, and thereby stimulate
Arctic char production (Reist et al. 2006), however shifts to
warmer, lower oxygen conditions are likely to have negative
effects. Observations from the southern end of the Arctic char
range, in the north temperate zone, are helpful in this regard.
For example, at Lake Windermere in northwest England, Arc-
tic char appear to have changed their migration patterns to
avoid hypoxic oxygen levels (Jones et al. 2008). Modeling of
water temperatures suggests that European populations of
Arctic char are highly vulnerable to climate warming (Kelly
et al. 2020).

We refer the reader to Rolls et al. (2017), which provides an
extensive review of insights and knowledge gaps on the topic
of fish as sentinels of climate change in subarctic freshwaters,
as well as Knopp et al. (2020) for a review of documented In-
digenous knowledge of historical fish diversity in the Arctic.

Invasive species in lakes and rivers

There has been considerable discussion about the north-
ward movement of invasive species into the Arctic Ocean due
to climate change (Chan et al. 2019) and increased human ac-
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tivities (Sardain et al. 2019), but little attention to the risk
and potential impacts of similar invasions into Arctic lakes
and rivers. In other parts of the world, invasive species have
had wide-ranging effects on freshwater ecosystems, includ-
ing displacement and extirpation of native species, perturba-
tion of food webs, and disruptions of ecosystem services such
as drinking water and fisheries (PySek et al. 2020).

Climate warming is an important driver of species inva-
sions in general, and water temperature is considered a key
variable influencing the suitability of high latitude habitats
for new species (Rolls et al. 2017). For example, thermal
modelling predicted that numerous lakes in Canada, includ-
ing some lakes in the Arctic, would have suitable temper-
ature regimes for the invasion of smallmouth bass by the
end of this century (Sharma et al. 2007). Subsequent mod-
eling indicated a potential shift toward new fish community
structures and species interactions, increasing the vulnera-
bility of coldwater species (Van Zuiden et al. 2016). Slimy
sculpin, a fish species until recently thought to be limited to
the North American mainland, was recently found in lakes
in the Canadian Arctic Archipelago (Power et al. 2022), in-
creasing the number of fish species to nine in the Cana-
dian Arctic. Subarctic species such as Atlantic salmon (Salmo
salar) are likely shifting northwards, in the process competing
with native species such as Arctic char (Bilous and Dunmall
2020).

Increased human activity is another important factor, act-
ing in concert with climate change. The dispersion of the
invasive macrophyte Elodea in Alaskan lakes has been tied
to float plane activities (Larsen et al. 2020), which may be
conduits for other freshwater species (Schwoerer et al. 2019)
that are increasingly favored by warmer water temperatures
and a longer ice-free season. Another example of human ac-
tivity is increasing fish tourism in the Arctic. Infected fish-
ing gear acts as a vector to carry parasites and pathogens to
northern lakes and rivers. The ectoparasite Gyrodactylus salaris
has invaded Arctic river systems, causing the total loss of
Atlantic salmon populations in several freshwaters in Nor-
way (Adolfsen et al. 2021). The optimum temperature for the
growth and spread of this parasite is around 13 °C, and in-
creasing summer temperatures heighten the risk of its north-
ward expansion. These examples also highlight the need for
Arctic limnologists to take special care in the cleaning and
disinfection of sampling equipment that has been used in the
South.

Bird species are also known to be moving northwards and
may have a variety of impacts on northern lakes. For exam-
ple, the arrival of certain species may add a new trophic level
(e.g., the observed colonization by Red throated loons of high
Arctic lakes that have lost their ice cover because of climate
warming; Vincent et al. 2009), or may change the trophic sta-
tus of lakes. Increasing populations of geese migrating from
lower latitudes have the potential to cause changes in the
nutrient regime of northern lakes; for example, in a goose-
breeding site in the eastern Canadian Arctic, a decadal rise
in populations of Lesser snow geese (Chen caerulescens) was ac-
companied by a doubling of total phosphorus concentrations
in lakes of the area (Mariash et al. 2018) and an increase in
planktonic cyanobacteria (Mariash et al. 2019).
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Table 2. Approaches for the collection of freshwater sentinel data in Arctic regions categorized as well-established for high
quality data (XXX), providing a medium quality or simplified overview of sentinel data (XX), and methods that have potential
or are under development but not yet widely applied (X). Relative timescales covered by each approach indicated by circles.

Remote sensing

In situ sensors

Paleolimnology  Sampling/analysis Indigenous knowledge

Timescales of approach

Ice regimes XXX XX
Thermal regimes XX XX
Baseflow XX XXX
Water balance XXX XXX
Nutrients and major ions XX
Dissolved organic matter X XX
Greenhouse gases X

Radiocarbon

Dissolved oxygen XXX
Trophic state XX XX
Prokaryotes

Algae

Invertebrates

Fish

Invasive species

XXX XXX
XX XXX X
XXX XXX
X XXX XXX
X XXX
X XXX X
XXX
XXX XXX
XXX
XX XXX X
X XXX X
XXX XXX X
XX XXX X
X XXX XXX
X XXX XXX

Perhaps the most numerous and potentially most harm-
ful invasive organisms are various microorganisms. As the
cryosphere changes, Arctic lakes become more susceptible to
infection by opportunistic parasites which spread northward
when the environment becomes more favorable for them
or their hosts. For instance, specialized fungi (chytrids) and
diverse protists are some key early warning indicators of
ecosystem balance. These parasites destroy and decompose
phytoplankton prior to their becoming food and available up
the food chain (Frenken et al. 2017), and can also attack zoo-
plankton, causing changes in species composition (Redfield
and Vincent 1979). Cold winter temperatures in Arctic lakes
have provided a cold-water refuge that has reduced the preva-
lence of certain parasites such as chytrids with their capacity
for epidemic development (Bruning 1991). Warmer winters
are expected to cause a gradual disappearance of this refuge
for parasite-free development of phytoplankton early in the
season.

The arrival of new species and changes in the popula-
tions of migratory species have the potential to substan-
tially alter lake and river trophic status, food web structure
and ecosystem functioning. In the extreme case, native (fish)
species may be extirpated, as has happened in freshwaters in-
fected by G. salaris. Less evident but perhaps more important
changes include disruptions in carbon transfer along energy
transfer pathways in food webs, which occur for example by
fungal or viral attacks of specific phytoplankton or zooplank-
ton.

Invasive species are increasingly present in the Arctic and
the risks associated with them are recognized but informa-
tion of their distribution is limited. Working with Indigenous
partners and other people living in the North would be a
key in recognizing lakes where locals have seen a change in
fish taste or health, often associated with the prevalence of
parasites and changes in the food web. Local and Indigenous
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knowledge is also critical when it comes to observing changes
in the arrival of new bird species, shifts in population sizes
or changes in dispersal regimes.

Synthesis and future directions

Numerous climate sentinels have been identified and mea-
sured in Arctic freshwater systems, as summarized here.
These sentinel responses span physical, chemical, and bio-
logical variables, and their links to climate vary in nature
and strength. We have attempted to clarify these links to
aid selection of sentinel responses used in future research
and monitoring. Table 1 provides a guide to the major sen-
tinel responses and their components, and summarizes the
knowledge gaps and research recommendations that are de-
scribed further in the text. It is important to realize that, as
with all research, the selection of which sentinel responses
to measure will depend on the research questions and ob-
jectives. Defining those questions and objectives early and
clearly will aid in sentinel selection; the links, insights, and
knowledge gaps identified in this review provide guidance
to help inform that selection. We have distilled some of the
information presented throughout as well as our collective
experience to summarize the current state of approaches
used to measure sentinel responses and the timescale typi-
cally possible with each approach (Table 2). In addition to aid-
ing parameter selection, the information depicted in Table
2 underscores that our understanding of Arctic freshwater
sentinel responses would be advanced by further develop-
ment of some methods (e.g., new capabilities with sensors
or remote sensing) as well as by continuing to use multiple
approaches to quantify sentinel responses. We further note
that when establishing any monitoring program, we encour-
age freshwater scientists to engage early in the study design
(as well as throughout the research) with local communi-
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ties in the Arctic to integrate their interests and co-produce
knowledge.

It is important to recognize, as highlighted in many cases
throughout this manuscript, the myriad linkages among vari-
ous sentinel responses. There are too many to describe within
the scope of this paper, so we simply provide some exam-
ples. Oxygen depletion induces nutrient and metal release
from sediments which can influence trophic state, but also
bioavailability and toxicity of numerous chemical species
(Borch et al. 2010; Kirf et al. 2015). The quantity and season-
ality of GHG emissions from Arctic lakes are responding to
climate-driven changes in oxygen dynamics (Cadieux et al.
2017). It can stimulate methanogenesis, especially in sulfate-
poor systems (Bastviken et al. 2004; Isidorova et al. 2019). The
enhanced release of mineral ions or nutrients (N, P, Si) from
permafrost thaw or increases in weathering can enhance bi-
ological productivity in downstream lakes and rivers (Frey
et al. 2007; Hobbie et al. 1999). It is possible that over longer
timescales, increasing alkalinity export (e.g., Tank et al. 2016)
to coastal oceans may help to temper ecological effects of
acidification (Terhaar et al. 2020). Increasing trophic status,
which is accompanied by higher pelagic nutrients and DOC,
and intensification of thermal stratification, further changes
carbon sequestration in Arctic lakes and therefore their GHG
emissions (Laurion et al. 2010). While the interconnected na-
ture of sentinel responses may complicate our inferences
from them, it also underscores the broadly integrative na-
ture of these responses. Using the most sensitive indicators
across a landscape to assess climate impacts will be broadly
protective across ecosystems.

In closing, we provide three recommendations for future
work to deepen insights that may be gained from the fresh-
water sentinels approach in the Arctic:

1) Coordinate the measurement of sentinel responses of
freshwater systems across diverse Arctic landscapes.
Adopting the same protocols when quantifying a sentinel
response across regions will enable identification of large-
scale effects as well as local-scale modifiers of signals.
This goal could be accomplished through deeply collab-
orative efforts, and (or) standardized methods and pro-
tocols shared across independently operating groups, as
developed for example by the permafrost thaw research
community for landscape monitoring (Boike et al. 2022)
and by CAFF for freshwater biodiversity monitoring (Culp
et al. 2012). Several recent reviews of Arctic freshwater
biodiversity (Heino et al. 2020; Goedkoop et al. 2022) un-
derscore the need for more coordinated monitoring pro-
grams at greater spatial and temporal resolution.

2) Integrate Indigenous knowledge into the understand-
ing of Arctic freshwater sentinels. Arctic Indigenous
knowledge and subsistence systems are tightly connected
to ancestral lands; responsible inclusion of Indigenous
knowledge systems of the environment will deepen
understanding of Arctic climate change and support envi-
ronmental justice (David-Chavez and Gavin 2018; Vincent
2020; Hauser et al. 2021). Across Arctic freshwater sys-
tems, Knopp et al. (2020) identified local-scale loss or gain
of fish species as well as changing water levels, length of
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ice cover, and ice thickness as frequent observations from
Indigenous knowledge; greater integration of knowledge
systems (as indicated in Sections 12 & 13) will advance
our understanding of climate-driven ecosystem changes
in the Arctic.

3) Employ a systems approach to quantify and integrate
multiple linked sentinel responses. It is apparent that
more work remains in investigating and quantifying the
links among sentinel responses and how climate features
affect them. As future studies are designed, employing
integrative frameworks and systems approaches (with
attention to linkages, feedbacks, thresholds and scale)
will yield deeper insights into the mechanisms by which
climate features drive changes in multiple sentinels (e.g.,
Anderson et al. 2017).

Freshwater systems are widespread and abundant across
the circumpolar Arctic. They play vital roles as wildlife habi-
tats, biogeochemical conduits (e.g., carbon and nitrogen cy-
cles), and water resources and fishing-hunting grounds for
local/Indigenous communities. The high sensitivity of fresh-
water systems to various climate features renders them par-
ticularly vulnerable to climate change, and quantifying their
sentinel responses is key to understanding the scope of cur-
rent change and predicting future conditions.
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