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Ice cover persists throughout summer over many lakes at extreme polar latitudes but is likely to 34 

become increasingly rare with ongoing climate change. Here we addressed the question of how 35 

summer ice-cover affects the underlying water column of Ward Hunt Lake, a freshwater lake in 36 

the Canadian High Arctic, with attention to its vertical gradients in limnological properties that 37 

would be disrupted by ice loss. Profiling in the deepest part of the lake under thick mid-summer 38 

ice revealed a high degree of vertical structure, with gradients in temperature, conductivity and 39 

dissolved gases.  Dissolved oxygen, nitrous oxide, carbon dioxide and methane rose with depth 40 

to concentrations well above air-equilibrium, with oxygen values at >150% saturation in a mid- 41 

water column layer of potential convective mixing. Fatty acid signatures of the seston also varied 42 

with depth. Benthic microbial mats were the dominant phototrophs, growing under a dim green 43 

light regime controlled by the ice cover, water itself and weakly colored dissolved organic matter 44 

that was mostly autochthonous in origin. In this and other polar lakes, future loss of mid-summer 45 

ice will completely change many water column properties and benthic light conditions, resulting 46 

in a markedly different ecosystem regime. 47 

 48 
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Introduction 52 

Winter ice cover is a key feature of north temperate and high latitude lakes and has a 53 

controlling effect on underwater light and gas exchange with the atmosphere. It can prevent 54 

complete mixing of the water column, thereby allowing stable physicochemical gradients to 55 

develop that in turn shape the biology of the lake ecosystem.1 In high latitude lakes, the ice-cover 56 

season may extend over most of the year, and in Antarctica and colder parts of the High Arctic 57 

perennial or multi-year ice may persist throughout summer.2 Major changes in extent, thickness 58 

and duration of summer ice are now being observed in the High Arctic associated with climate 59 

warming,3,4 and are also predicted for certain lakes in Antarctica that are currently covered by 60 

thick perennial ice.5 There is a pressing need to define and understand the current state of water 61 

column properties of perennially ice-covered lakes before these ecosystems shift to summer ice-62 

free conditions. 63 

Ward Hunt Lake, Canada’s northernmost lake (Fig. 1), was covered by thick perennial ice 64 

for at least five decades, with the first measurement of 4.24 m thickness in mid-summer (July) 65 

1954. Thinning of its ice-cover was reported in 2009, and complete disappearance of its ice for 66 

the first time in fall 2011.3 This lake is entirely freshwater and thereby differs from other 67 

waterbodies along the adjacent northern coastline of Ellesmere Island, notably lakes A, B, C1, 68 

C2 and C3. These coastal lakes are deep and meromictic, characterized by saline bottom waters 69 

that do not mix with the surface freshwater layer.6 Similarly, many of the well-known lakes of 70 

continental Antarctica, such as those in the McMurdo Dry Valleys, are meromictic with strong 71 

salinity gradients7. Less is known about perennially ice-covered polar freshwater lakes, and 72 

about their water column structure that could be perturbed by the loss of ice-cover. 73 
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The objectives of this study were to characterize the vertical structure of Ward Hunt Lake 74 

during the ice-covered summer period and to identify features that may be disrupted by ice loss 75 

and water column mixing. Given the vertical patterns that have been observed in seasonally ice-76 

covered lakes with stable water layers located above and below solar driven convection cells8, 77 

our central hypothesis was that ice-cover presence and persistence would result in pronounced 78 

gradients in chemical, physical and biological properties, despite the lack of extreme salinity-79 

density effects as observed in nearby meromictic lakes. We profiled Ward Hunt Lake at its 80 

deepest point, and examined changes in water chemistry with depth, including dissolved gases, 81 

the chlorophyll and carotenoid pigment stocks in the phytoplankton and benthic communities, 82 

and the fatty acid profiles of the planktonic communities. Finally, we applied a number of optical 83 

analyses to measure and interpret the changes in spectral irradiance down the water column. 84 

Given that the inputs of allochthonous carbon to the lake from the poorly developed soils in its 85 

barren polar desert catchment (Fig. 1; Supplementary Fig. S1) are likely to be small, we 86 

hypothesized that the underwater light regime would be controlled largely by the ice-cover, as 87 

well as by phytoplankton and water itself, with little contribution by colored dissolved organic 88 

matter (CDOM). To test this hypothesis, we characterized the DOM by spectral absorption and 89 

parallel factor fluorescence analysis (PARAFAC), and measured a set of apparent and inherent 90 

optical properties of the water column beneath the summer ice. 91 

 92 

Results 93 

Physicochemical profiles 94 

Ward Hunt Lake was covered by 2.18, 1.98 and 1.47 m of ice without snow cover when we 95 

sampled on 14 July of 2015, 2016 and 2017 respectively. Each year, an ice-free water zone 96 
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(moat) forms on the northern and western shore of the lake and remains 10-20 m wide for most 97 

of the summer (Supplementary Fig. S1). The water column showed a pronounced stratification 98 

mainly driven by its dilute salinity gradients (Fig. 2). The buoyancy profile of Brunt-Väisäla 99 

frequency showed two stable water layers: a surface boundary layer just below the ice cover and 100 

a bottom boundary layer over the lake sediments. These density-stratified layers delimited an 101 

unstable stratum between 4 and 8 m (Fig. 2b) that contained homogeneous concentrations of 102 

dissolved oxygen at values well above saturation (Fig. 2c), suggesting a convection cell with 103 

high primary productivity. Inverse thermal stratification (warm water lying beneath cooler water) 104 

was observed in all mid-summer sampling profiles (Supplementary Fig. S2 for 2016 and 2017, 105 

with additional years shown in Supplementary Fig. S3a). Temperatures measured in the Ward 106 

Hunt Lake water column were higher in 2016, reaching 6.5°C (Supplementary Fig. S2). The 107 

density gradients closely followed the specific conductivity profile (Fig. 2b,c), consistent with 108 

salinity control of stratification despite the low solute concentrations (dominated by Ca2+ and 109 

HCO3-; Supplementary Table S1). Dissolved O2 concentrations rose from near-equilibrium 110 

values immediately under the ice to well above saturation in the depth region 3 to 8 meters, and 111 

declined to around 50% near the bottom of the lake (Supplementary Fig. S2d). This bottom layer 112 

also contained the highest concentration of Chl a (Supplementary Fig. S2e). For the more 113 

detailed profile in 2017 (Supplementary Fig. S2e), oxygen (O2) and Chl a concentrations were 114 

negatively correlated (Pearson’s correlation test, r = -0.71, df = 20, p < 0.001). Throughout most 115 

of the water column, Chl a values were in the range 0.4-0.7 µg L-1 (Supplementary Fig. S2e), 116 

indicative of oligotrophic conditions. 117 

 118 
  119 
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Dissolved gases 120 

Concentrations of dissolved gases were well above atmospheric equilibrium below the ice 121 

cover, with maximum saturation values of 186% O2, 222% nitrous oxide (N2O), 497% carbon 122 

dioxide (CO2) and 355 thousand % methane (CH4). The concentrations of all four gases were 123 

homogenous in the mid-water column and then changed at lower depths, with divergent patterns: 124 

CO2 and CH4 increased sharply towards the bottom (Fig. 3a,b), whereas concentrations of N2O 125 

and O2 decreased (Fig. 3c,d). The CO2 and CH4 stored in the water column (from 2 to 9 m) 126 

dropped by half from June 7 to July 16, while N2O concentrations decreased by 19%; in contrast, 127 

dissolved O2 concentrations increased during this period, by 32% (Supplementary Table S2).  128 

 129 

Pigment stocks 130 

Benthic mats coat the bottom of Ward Hunt Lake, and pigment analysis of benthic core samples 131 

taken in the present study confirmed the high biomass of these biofilm communities. This 132 

photosynthetic mat community was compared with the phytoplankton community by integrating 133 

the pigment concentrations for the water column and comparing pigments (Chl a and total 134 

carotenoids) per unit area. This showed that benthic microbial mats had pigment stocks that were 135 

were one to two orders of magnitude higher than the phytoplankton pigment stocks in the 136 

overlying water column (Table 1). There were large differences among the triplicate samples 137 

despite their proximity within the mid-lake area (radius of 15 m) and the same sampling depths.   138 

139 
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Table 1. Pigments in the benthic mats and phytoplankton of Ward Hunt Lake. Benthic core 140 
samples were from three mid-lake locations (WH1, WH2 and WH3) collected in July 2015. 141 
Total benthic pigment stocks per unit area are given for comparison with phytoplankton values 142 
integrated for the overlying water column at each site. 143 
 WH1 WH2 WH3 
CONCENTRATION (mg m-2) 
Chl a benthic mats 841 65 148 
Chl a water column† 3.7 2.7 3.4 
    
Carotenoids benthic mats 642 29 99 
Carotenoids water column† 2.6 2.3 2.7 
†Integration using the mean concentrations from three samples at each of the two 144 

depths: 2.2 and 7.5 m. 145 
 146 

Fatty acids 147 

The fatty acid composition of water column seston was analyzed by principal coordinate 148 

analysis (PCoA) and showed a separation into upper and lower water column clusters 149 

(Supplementary Fig. S4; the main axis accounted for 54% of the variance). This separation was   150 

largely driven by differences in the fatty acid C16:1n-7, known to occur in cyanobacteria and 151 

diatoms, and C20:5n-3 (eicosapentanoenoic acid; EPA) and C22:6n-3 (docosadienoic acid; 152 

DHA), which are fatty acids common in many phytoplankton groups, including chrysophytes 153 

and dinoflagellates.9,10 Linoleic and linolelaidic acids (regrouped in C18:2n-6) and alpha-154 

linolenic acid (C18:3n-3), generally found in green algae,9 were also present in the seston. The 155 

fatty acid assemblages for the total water column samples of zooplankton clustered along the 156 

first axis with seston from the upper water layer (Supplementary Fig. S4).  157 

 158 

Irradiance profiles 159 

The ice-cover reflected and attenuated 71% of total incoming light energy, allowing 41% 160 

of ultraviolet radiation (UVR) and 29% of photosynthetically active radiation (PAR) to penetrate 161 
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into the underlying water column (Fig. 4a). The total and PAR energy remained above 5% of 162 

incoming energy at the bottom of the lake, and UVR energy at the base of the water column was 163 

less than 1% incident UVR (Fig. 4a). At 3 m, the water column and ice had attenuated most light 164 

energy below 400 nm and above 600 nm and the spectrum shifted towards dominance by 165 

wavelengths around 550 nm (Fig. 4b), leaving mainly green light for the benthic microbial mat 166 

communities. Just below the ice, reflectance of light was higher within the range of 450–670 nm, 167 

whereas it shifted with a peak at 570 nm towards the bottom (Fig. 4c), consistent with the green-168 

yellow hues seen in underwater videos from the lake,11 and high values at wavelengths around 169 

650 nm that may have been influenced by solar-induced chlorophyll a fluorescence in addition to 170 

the orange carotenoid-rich pigmentation of the benthic mats. The diffuse attenuation coefficient 171 

(Kd) increased with depth until 4 m, decreased near 6 m and increased again to reach its highest 172 

values at 9.5 m, with an increase of attenuation at all wavelengths, but especially below 500 nm 173 

(Fig. 4d). The markedly higher Kd values at the bottom of the water column corresponded to the 174 

depth of highest concentrations of phytoplankton pigments (Supplementary Fig. S2).  175 

176 
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Optical properties of the lake water constituents 177 

Ward Hunt lake had low concentrations of dissolved and particulate matter, and light 178 

absorption in the offshore water column and in the littoral zone was mainly attributable to water 179 

itself (aw; Fig. 5a-e). At lower wavelengths, CDOM was the main light-absorbing component, 180 

with highest aCDOM values just below the ice (1.5 m, Fig. 5a). When multiplied by the 181 

downwelling spectral irradiance at the depths of sampling (Supplementary Table S4), the relative 182 

contribution of phytoplankton to the total in situ absorption of light summed from 400 to 700 nm 183 

increased with depth to reach a maximum of 13% at 7.8 m, while CDOM absorbed 39% of the 184 

light energy at that depth, surpassing the contribution of water (35%). In contrast, phytoplankton 185 

only contributed 1.2% of total absorption at the surface of the shallow littoral zone whereas 186 

water itself contributed 71.6%.  187 

According to the PARAFAC model, components C1, C2 and C3, which contributed around 188 

30% of the lakewater CDOM, are terrestrially derived humic-like substances (Supplementary 189 

Fig. S5 and Table S4). C3 was found in lower concentrations at the surface of the water column 190 

and in the littoral zone, indicating low terrestrial inputs at the surface of the lake (Supplementary 191 

Fig. S6), as also suggested by the S289 index. The water tracks had a slightly higher proportion of 192 

terrestrial component C2 than in the water column (Supplementary Fig. S6). Components C4 and 193 

C5 correspond to protein-derived substances related to the amino acids tryptophan and tyrosine, 194 

typically associated with autochthonous primary production or other microbial processes. These 195 

two components contributed 60 to 79% of the total CDOM fluorescence in all samples, with the 196 

highest values in the light-exposed littoral zone (Supplementary Fig. S6). The water tracks 197 

contained 40% terrestrial components (sum of C1, C2 and C3), consistent with its higher CDOM 198 

content (a320, Fig. 6; Supplementary Fig. S6). 199 
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A PCA analysis with all the optical data and carbon data (DOC and DIC concentrations) 200 

was performed to understand their contribution through the lake. The PCA showed a distinct 201 

separation of the littoral zone, mid-lake water column of Ward Hunt Lake and preferential 202 

subsurface flowpaths that are referred to in the permafrost literature as water tracks12 (Fig. 6). 203 

CDOM absorption (a320) and the SUVA index (DOC-normalized absorbance at 254 nm) were 204 

much higher in water tracks than in the water column (Supplementary Fig. S6). The largest S289 205 

values in the water column were recorded towards the bottom of the lake while higher Chl a 206 

concentrations and aph values were obtained at 7.8 m (Fig 5d; Supplementary Fig. S2e). Chl a 207 

concentrations and algal particle absorbance (aph) were constant between 1.5 and 6.0 m (Fig. 5; 208 

Supplementary Fig. S2e) and non-algal particle absorption (aNAP) exceeded that by algal 209 

particles, with higher values at 1.5 and 7.8 m (Fig. 5a,d).  210 

The lowest values of the slope ratio (SR) were observed in the water tracks, indicating 211 

higher DOM molecular weight, and the highest values were recorded in the littoral zone (Fig. 6). 212 

The water tracks had lower DOC and DIC concentrations than in the offshore water column, but 213 

higher absorption coefficients (Fig. 6, Supplementary Fig. S6). The higher specific absorption 214 

coefficients (absorption per unit DOC) co-occurred with lower S289 and SR values, indicating a 215 

higher proportion of carbon from terrestrial sources in the water tracks. 216 

  217 



 11 

Discussion 218 

Our aim in the present study was to define the water column properties of a high Arctic 219 

freshwater lake capped by thick ice in summer. Given the accelerated warming taking place 220 

along this far northern coastline,13 we also aimed to place these observations in the context of 221 

climate change, and to identify features that might be disrupted  by summer ice loss. Figure 7 222 

summarizes many of these observations from our field results reported here combined with 223 

information from previous reports on this lake, and considers potential changes that could occur 224 

after the loss of mid-summer ice in the future. Ward Hunt Lake was capped by >4 m of summer 225 

ice in the past, but is now subject to ice-out at the end of summer in the warmest years, notably 226 

in 2016. With ongoing climate change in the High Arctic and the increased frequency of extreme 227 

warming events13, this loss of mid-summer ice may not be far into the future.  228 

In brief, our observations show that despite its freshwater characteristics, the water 229 

column of Ward Hunt Lake was highly structured, with pronounced depth variations in 230 

limnological properties such as dissolved gases across the gradients of water density. The latter 231 

were maintained by solutes, which although in the freshwater range, varied sufficiently with 232 

depth to have effects on density that greatly exceeded those caused by temperature. This 233 

stabilizing effect of small changes in freshwater salinities has been described in Arctic ice-234 

covered lakes in Alaska,14,15 and would be lost by the loss of ice-cover and full water column 235 

circulation. This complete mixing would be favored by exposure to strong winds in the area, 236 

without the protection provided by ice-cover, and water temperatures below 4°C that are 237 

conducive to cold monomixis. Other potential changes would include a cooler water column, 238 

ventilation of gases to the atmosphere, oxygenation of the sediments, loss of the moat and 239 
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associated horizontal structure (described in Bégin et al.16), changes in phytoplankton 240 

composition, increased planktonic versus benthic production and increased turbidity (Fig. 7).          241 

 242 

Water column properties 243 

Inverse thermal stratification occurred beneath the mid-summer ice of Ward Hunt Lake in 244 

all years of observation (Supplementary Figs S2a, 3a), with a stable boundary layer immediately 245 

beneath the ice. When the ice-cover completely disappeared in August 2016, wind induced 246 

mixing of the entire water column at that time led to pronounced heat loss17, and this ventilation 247 

of stored heat to the atmosphere is likely to occur after full ice loss in mid-summer in the future 248 

(Fig. 7), with implications for all temperature-dependent biogeochemical processes. 249 

Oxygen profiles were similar in 2016 and 2017, with maximal concentrations above 150% 250 

air-equilibrium between 4 and 8 m. The homogeneous mid-water column concentrations of O2 as 251 

well as other gases are consistent with a convective mixing cell, which is observed in north 252 

temperate lakes in spring8 and here in Ward Hunt Lake extending into mid-summer. This 253 

penetrative convection can be halted by the density effect of small gradients in solute 254 

concentration (including possibly at the time of measurement), and horizontal convection along 255 

with currents induced by internal waves can also produce complex patterns in water column 256 

structure beneath the ice.15 The presence of a moat (Supplementary Fig. S1) and the associated 257 

horizontal structure16 may contribute to the water column features observed here, but these 258 

effects would be lost with mid-summer ice loss (Fig. 7). 259 

The mid-water column layer of oxygen supersaturation attained its highest value (180%) in 260 

mid-summer 2017, likely as a result of improved light availability for photosynthesis under the 261 

1-year ice relative to the thicker and less transparent multi-year ice in the summers of 2015 and 262 
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2016. Oxygen supersaturation is a common feature of ice-capped polar lakes, for example ca. 263 

300% of air-equilibrium in the photosynthetic maximum of Lake Fryxell, Antarctica.18 Complete 264 

water column mixing in 2016 resulted in ventilation of oxygen to the atmosphere, and a decrease 265 

to air-equilibrium values.17 This equilibration with the atmosphere is likely to occur for all gases 266 

under summer ice-free-conditions (Fig. 7).  267 

 268 

Phototrophic communities 269 

Despite the presence of an ice-cover almost 2 m thick, up to 10% of PAR (400–700 nm) 270 

reached the bottom of the water column of Ward Hunt Lake and provided adequate energy for 271 

the growth of primary producer communities, particularly given the continuous daylight regime 272 

in summer. The fatty acid composition of seston in the lower water column suggested a high 273 

abundance of chrysophytes, which have been previously identified in the Ward Hunt Lake water 274 

column and in other Arctic lakes.19 Their motility as well as likely mixotrophic capabilities may 275 

offer a competitive advantage over obligate phototrophs such as diatoms20 in low light, low 276 

nutrient environment of Ward Hunt Lake. Abundant large colonies of the chrysophyte genus 277 

Uroglena were observed during summers 2016 and 2017, and continuous Chl a fluorescence 278 

records suggest their periodic migration in the water column according to in situ light 279 

fluctuations.17 The presence of diatoms and dinoflagellates higher in the water column was 280 

suggested by the presence of the fatty acids C16:1n-7, C22:6n-3, and C20:5n-3, and could be a 281 

highly quality food for consumers. These groups have been previously identified by microscopy 282 

in the littoral zone of this lake.21,22 Diatoms have been conspicuously sparse or absent from 283 

previous analyses of Ward Hunt Lake phytoplankton samples from beneath the ice, although 284 

they occur in the open waters of the moat.16 These fast sinking taxa may be more likely to thrive 285 
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under full water column mixing with the loss of summer ice, while such conditions may cause 286 

the breakup of delicate chrysophytes such as the large Uroglena colonies, resulting in a shift of 287 

species (Fig. 7). 288 

 289 

Benthic microbial mats are a common feature in Antarctic and Arctic lakes, where they can 290 

dominate overall ecosystem biomass and productivity.23,24 The microbial mats sampled here all 291 

contained pigment stocks that were much larger than those in the overlying water column. The 292 

optical analysis showed that there were large changes in light quality as well as quantity with 293 

depth, and this spectral change with depth will favor spectral matching by the phytoplankton and 294 

also the microbial mats in their photosynthetic accessory pigments.25  295 

 296 

Greenhouse gas concentrations 297 

Concentrations of CO2 in Ward Hunt Lake were well above air equilibrium values 298 

throughout the water column (Fig. 3). Carbon dioxide supersaturation is common in boreal lakes 299 

as respiration rates are generally higher than photosynthetic carbon fixation rates,26,27 and this 300 

effect is also observed in many high latitude lakes and ponds.28,29 This supersaturation is 301 

generally attributed to the mineralisation of carbon subsidies from allochthonous sources, but 302 

these inputs are likely to be small in Ward Hunt Lake. Here the supersaturation most probably 303 

derives from net heterotrophy over winter, with decomposition processes in the plankton and 304 

especially in the high biomass microbial mats. Bicarbonate ions dominate the relatively high DIC 305 

of the lake water30 and may be taken up by cyanobacterial mat photosynthesis in summer, to be 306 

partially released by bacterial decomposition in winter. The summer consumption of CO2 in the 307 

water column (271 mmol m-2) was only 24% that of oxygen production and a minimal fraction 308 
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(2%) of the water column DIC stock (15 800 mmol C m-2 ), which could be related to the 309 

photosynthetic use of bicarbonate. 310 

Concentrations of CH4 rose sharply with depth to extreme values that were three orders of 311 

magnitude above air-equilibrium at the bottom of the water column. Methane accumulation is 312 

common in ice-covered lakes,27 and these values are within the range of concentrations 313 

reported in Arctic trough ponds31 and subarctic thermokarst ponds.29 They are consistent with the 314 

anoxic conditions measured previously during winter in the bottom waters of this lake.16  315 

Nitrous oxide concentrations were also above air-equilibrium, although not at the extreme 316 

levels found in some ice-capped Antarctic lakes.32 This accumulation of N2O implies active 317 

nitrification under low oxygen conditions. Both CH4 and N2O concentrations dropped 318 

substantially over summer, consistent with active photosynthesis at the bottom of the water 319 

column at this time of year, and provision of oxygen for methanotrophy above the mats, along 320 

with more complete nitrification to nitrate, and less production of N2O, that may be ultimately 321 

consumed by denitrifiers deep within the mats. In the absence of summer ice, these gradients 322 

would be lost, and greenhouse gases that accumulated during winter would be vented to the 323 

atmosphere at ice break up and mixing in spring, without this opportunity for biogeochemical 324 

conversion.29 The more oxygenated benthic environment may be less conducive to methane 325 

production, and colder water conditions may dampen all gas-producing processes.  326 

 327 

CDOM and under-ice spectral irradiance 328 

The analysis of CDOM in Ward Hunt Lake indicated that it was derived mainly from 329 

autochthonous microbial sources, as we initially surmised. This oligotrophic waterbody lies in a 330 

sparsely vegetated polar desert catchment, and the reduced terrestrial influence is reflected in its 331 
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low DOC and CDOM concentrations, as well as by the weak coloration of CDOM in the lake 332 

versus water tracks. The lake water column values of a320 of around 0.5-0.6 m-1 (Supplementary 333 

Fig. S6) are one to two orders of magnitude below those in subarctic tundra lakes and ponds that 334 

receive inputs from degrading permafrost soils in a well-vegetated region (lake water a320 values 335 

of 10-56 m-1).33 Similarly, the water column values of DOC-specific absorption (a*CDOM) of 336 

around 0.5 m2 g-1 are well below values found in Subarctic and Arctic rivers (2.5-4.2 m2 g-1),34 337 

and are more similar to oceanic values (0.6 m2 g-1 in the offshore Arctic Ocean).34 338 

The low contribution by terrestrial sources to DOM in Ward Hunt Lake was further 339 

indicated by the PARAFAC analysis, which showed that protein-associated compounds 340 

contributed up to 79% of total DOM fluorescence. This is in striking contrast to thaw ponds in 341 

eroding peatland soils, where these components contributed only 27% of the DOM 342 

fluorescence.35 Ward Hunt Lake values are more comparable to the range found in the open 343 

ocean, for example the Atlantic Ocean where these low molecular weight compounds can 344 

account for 93% of DOM fluorescence.36 The sparse vegetation and its low productivity in the 345 

Ward Hunt Lake watershed is likely to limit the input of nutrients and plant degradation products 346 

to the lake, as in polar deserts elsewhere, making this lake an interesting end-member among 347 

lakes of the world for ongoing limnological analysis and monitoring.    348 

Reflection and attenuation by the ice cover of Ward Hunt Lake blocked 40 to 60% of the 349 

incoming irradiance, with attenuation of longer wavelengths by the H2O molecules shifting the 350 

spectrum towards blue-green wavelengths (Fig. 4). Changes in the surface reflectivity (albedo) 351 

are likely to play a major role in controlling the under-ice irradiance. Ward Hunt Lake is rarely 352 

covered by snow in mid-summer, and by July each year the surface ice has begun to candle, 353 

which can increase light transmission.37 Deeper in the water column, and despite its low 354 
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concentration and weak coloration, DOM also played an important role in the underwater light 355 

regime of Ward Hunt Lake. Contrary to our hypothesis, although water was the primary light 356 

absorbing component in the ice and water column, CDOM was optically more important than 357 

phytoplankton. It was present in sufficient quantities to alter underwater spectral irradiance, 358 

producing a yellow-green light regime centred at 550 nm reaching the microbial mats. This 359 

might be partly associated with a small but highly colored terrestrial fraction, possibly derived 360 

from the water tracks, which had higher values of a*320. Water tracks are subsurface features that 361 

pass through and beneath mixed assemblages of terrestrial cyanobacteria, heterotrophic bacteria, 362 

lichens, mosses and some higher plants such as Phippsia algida, Saxifraga oppositifolia and 363 

Carex spp.,12 likely picking up a mixture of microbial and plant-derived organic materials. 364 

Phytoplankton and non-algal particles played a relatively minor role in the absorption of photons 365 

in the lake water column, but may have contributed to attenuation via scattering. Contrary to 366 

expectation, CDOM was the main contributor to light absorption at lower wavelengths in the 367 

ultra-oligotrophic waters of Ward Hunt Lake, especially just below the ice (1.5 m) and near the 368 

lake bottom (7.8 m).  369 

Large changes may occur in the underwater irradiance regime with ongoing climate 370 

warming and the loss of summer ice (Fig. 7). Although the ice cover reduces light at the top of 371 

the water column, this effect may be completely countered by an increase in water column 372 

attenuation, via several mechanisms. Increased mixing and increased nutrient inputs from a 373 

warmer, more biogeochemically and hydrologically active catchment may stimulate 374 

phytoplankton and this would increase light attenuation by phytoplankton pigments. Increased 375 

wind exposure and mixing may suspend pigments and cause shoreline erosion, leading to an 376 

increase in non-algal particulates. Evidence for this effect was seen in the open water period of 377 
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2016, when PAR attenuation values increased to 0.8 m-1.17 This would result in PAR at the 378 

bottom of the lake dropping from >5% as measured here to 0.03% of incident PAR, which may 379 

preclude the development of microbial mats at these depths, and shift the balance of primary 380 

production more towards the phytoplankton community (Fig. 7). An additional effect moving the 381 

ecosystem in the same direction may be CDOM, which is an increasingly important component 382 

of Arctic freshwater ecosystems as more terrigenous inputs are expected in the future with 383 

accentuated precipitation, permafrost degradation and increased vegetation;36 Ward Hunt Lake 384 

and other polar desert waterbodies may be especially sensitive to these changes.  385 

 386 

Conclusions 387 

High latitude lakes are ice-bound ecosystems and are therefore vulnerable to ongoing 388 

contraction of the cryosphere. The physicochemical structure of Ward Hunt Lake in summer is 389 

fundamentally influenced by its ice-cover. A density stratified water column and accumulation of 390 

gases to well above air-equilibrium are made possible by the ice-impeded exchanges with the 391 

atmosphere. Moreover, the ice-cover limits the quantity of incoming light by a factor of two and 392 

attenuates longer wavelengths to a greater extent than UVR. With low DOC inputs from the 393 

watershed, carbon cycling in Ward Hunt Lake is essentially based on internal, autochthonous 394 

production, with microbial mats growing under a dim CDOM-influenced spectral irradiance 395 

regime. These biomass-rich mats likely play the dominant role in the production and 396 

consumption of greenhouse gases. In this and other polar lakes, vertical gradients in the under-397 

ice water column reflect not only current conditions, but also the biogeochemical consequences 398 

of prolonged darkness, heterotrophy and anaerobic metabolism over the preceding winter.  399 
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With ongoing rapid warming at high northern latitudes13, mid-summer ice loss is likely to 400 

occur in the future. The resultant complete mixing of the water column will reconfigure Ward 401 

Hunt Lake, and other freshwater lakes of the extreme High Arctic. This will result in shifts in the 402 

magnitude of energy and gas exchanges with the atmosphere, and the accompanying variations 403 

in vertical structure will provide a sensitive guide to ongoing change.   404 
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Materials and Methods 405 

Study site 406 

Ward Hunt Lake (83°05.226'N; 74°08.721'W; WGS84 map datum) is located 6 km off the 407 

northern coast of Ellesmere Island, within Quttinirpaaq National Park, Nunavut (Fig. 1). The 408 

lake has a maximum depth of 9.7 m and an area is 0.37 km2. The region experiences a polar 409 

desert climate characterized by a -16.6 °C mean annual temperature,38 and 154.6 mm yr-1 mean 410 

annual precipitation was recorded at Alert, 170 km to the east (1950–2017; Environment Canada, 411 

data available at http://climate.weather.gc.ca). Complete loss of the ice-cover was observed in 412 

2011, 2012 and 2016.3,17 413 

Vertical profiling 414 

Vertical profiling was performed in the deepest part of the lake (offshore zone) and at its 415 

margin (littoral zone) in July 2016 and 2017. Samples in the pelagic zone were collected at four 416 

depths: 1.5, 4.0, 6.0, and 7.8 m. Temperature and conductivity were recorded with a RBR 417 

Concerto profiler (RBR, Ottawa, Canada). Dissolved O2 and chlorophyll a (Chl a) profiles were 418 

recorded with a YSI-600QS probe in 2016 and a YSI-EXO2 in 2017 (YSI, Yellow Springs, OH). 419 

Salinity- and temperature-based density profiles were computed with the LIM toolbox for 420 

MATLAB39 integrating the major ion composition (including bicarbonate) of inflows measured 421 

in the watershed in 2014. Water for anions was filtered through 0.2 µm cellulose acetate filters 422 

(Advantec MFS, Dublin, CA) and both anions and cations were measured by ion 423 

chromatography (ICS-2000 Dionex Corporation, Sunnyvale, CA). The Brunt-Väisälä’s 424 

frequency (N) was calculated as: " = $% &∆"∆#' /) , where g is the gravitational acceleration 425 
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(9.8 m s-2), ∆) the difference in density between two layers of water, ∆, the distance between the 426 

two layers and ) the maximal density of pure water (1000 kg m-3). 427 

Downwelling (Ed(l)) and upwelling irradiance (Eu(l)) in the water column were measured 428 

with a Ramses ACC UV/VIS cosine corrected probe (TriOS, Germany). Transmittance was 429 

calculated as the proportion of downwelling irradiance at a given depth relative to incident 430 

downwelling irradiance in air at the surface. Reflectance was expressed as the ratio of upwelling 431 

to downwelling irradiance at the same depth (Eu(l)/Ed(l)). Total energy was the sum of 432 

downwelling irradiance values (in mW m-2) for all measured wavelengths (278–720 nm). Diffuse 433 

attenuation coefficients (Kd) were calculated between adjacent water layers with the equation: Kd 434 

= -ln (E2/E1) / (z2 – z1) where E1 is the irradiance measured above (depth z1 in m) and E2 is the 435 

irradiance measured below (z2). 436 

For the greenhouse gas analyses, lake water was collected every meter between 2 and 10 m 437 

on 7 June and 16 July 2017, and immediately transferred to 2L gas exchange water bottles. CO2, 438 

CH4 and N2O dissolved in the water were equilibrated with 20 mL of ambient air by shaking 439 

vigorously for 3 minutes, and the headspace gas then transferred to Exetainer vials (Labco, 440 

United Kingdom) with butyl rubber septa; our previous tests showed that a vacuum was 441 

maintained (no leakage) in these vials for at least one year and that they were therefore suitable 442 

for long term storage of gas samples. . The Ward Hunt Lake samples were analyzed 3 months 443 

after collection by gas chromatography with a Trace 1310 GC (Thermo Fisher Scientific, U.S.A.) 444 

that was calibrated with gas standards from Merck Millipore (Analytical Grade; Sigma-Aldrich, 445 

Canada) for the ranges 0-5000 ppm (CH4, low range),0-45000 ppm (CH4, high range), 10-10000 446 

ppm (CO2) and 0-1 ppm (N2O).  The dissolved gas concentrations were calculated as described 447 

in Prėskienis et al.,40 taking into account the headspace gases and water volume ratio.  Major 448 
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ions concentrations were dilute in Ward Hunt Lake (maximum of 0.3 g L-1), and therefore no 449 

correction was made for salinity since it was too low to have a measurable effect on gas 450 

solubility.41 451 

CDOM, pigments, and fatty acids  452 

Lake water for colored dissolved organic matter (CDOM), dissolved organic carbon 453 

(DOC) and dissolved inorganic carbon (DIC), in vivo absorbance and pigment analysis was 454 

collected in July 2017 at 4 depths (1.5, 4.0, 6.0 and 7.8 m from the top of the ice-cover) with a 455 

Limnos sampler (Limnos, Turku, Finland). Samples from preferential subsurface flow paths 456 

known as water tracks are abundant on the western shore of the lake. The water from these tracks 457 

was directly collected where it was seeping up to the surface near the lake shore. Water for 458 

CDOM, DOC and DIC was filtered through 0.2 µm cellulose acetate filters (Advantec MFS, 459 

Dublin, CA) pre-rinsed with Milli-Q water and stored in the dark in glass bottles at 4°C until 460 

analysis. DOC and DIC concentrations were measured by infrared detection in a carbon analyzer 461 

(TOC-VCPH, Shimadzu, Kyoto, Japan) after catalytic combustion. Absorbance (Al) of CDOM 462 

was measured through 10 cm quartz cuvettes from 200 to 800 nm at 1 nm interval using a Varian 463 

Cary 100 dual-beam spectrophotometer (Varian Inc., Santa Clara, CA). Following the protocol 464 

described by Helms et al.,42 we conducted a null point correction by the subtracting the mean Aλ 465 

from 750 to 800 nm to the complete spectra after the subtraction of the blank spectrum. 466 

Absorption coefficients were calculated as aλ = 2.303 * Aλ / L, where aλ is the absorption 467 

coefficient (m-1) at the wavelength λ, Aλ is the absorption at the wavelength λ, and L is the length 468 

of the cuvette (m). The specific ultraviolet absorbance at 254 nm (SUVA254) was used as an 469 

indicator of CDOM aromaticity.43 The indexes S289, corresponding to the slope parameter 470 
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between 279 and 289 nm, and SR, the ratio between the slope parameters S285 (275–295 nm) and 471 

S375 (350–400 nm), were calculated as in Loiselle et al.44 and Helms et al.42 472 

The fluorescence intensity of dissolved organic matter (DOM) was measured with a Cary 473 

Eclipse spectrofluorometer (Agilent, Santa Clara, California) from 300 to 560 nm (2 nm 474 

increments) with excitation from 250 to 450 nm, at 10 nm increments. The fluorescence index 475 

(FI) was used as an indicator of the origin of fulvic acids and was expressed as the ratio of 476 

fluorescence emission intensities at 450 nm and 500 nm exposed to excitation at 370 nm.45 The 477 

fluorescence excitation and emission matrices (EEMs) were divided in DOM components with a 478 

parallel factor model (PARAFAC) using MATLAB v R2013a (MathWorks, Natick, 479 

Massachusetts) as in Murphy et al.46 In addition to our 15 samples from Ward Hunt Lake, 100 480 

samples from Wauthy et al.35 were included to run the model. The EEMs were corrected for 481 

Raman and Rayleigh scattering and for inner filter effects, and were standardized to Raman units 482 

with the FDOMcorr 1.4 Toolbox.47 The maximum fluorescence ([Cx]) obtained by the model for 483 

each component was summed to quantify the total fluorescence (FT). The proportion of 484 

contribution of every component was then calculated for each sample as in Wauthy et al.:35 %Cx 485 

= ([Cx]/FT) x 100.  486 

A principal component analysis (PCA) was performed to understand the spatial distribution 487 

of CDOM with the standardized fluorescence and absorbance indicators using the rda function 488 

of the vegan package in R.48 As the components C1 to C5 obtained via the PARAFAC analysis 489 

are expressed as percentages of contribution to the CDOM composition and are mathematically 490 

dependent, an additive log-ratio transformation for compositional data was performed with C1 as 491 

the denominator variable (alr function from the compositions package). 492 
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Lake water for seston absorbance measurements was filtered through 25 mm GF/F filters 493 

that were preserved at -80 °C until analysis. The optical density of the material collected on the 494 

filters (in vivo) was measured from 300 to 720 nm in a Varian Cary Bio 300 dual-beam 495 

spectrophotometer (Agilent, Santa Clara, California) equipped with an integrating sphere 496 

(Labsphere Inc., North Sutton, NH) and processed as described in Bégin et al.16 Absorption 497 

coefficients for pure water were obtained from the IOCCG Protocol Series.49 498 

Lake water for pigment analysis was filtered through 25 mm GF/F filters that were 499 

preserved at -80 °C until analysis. Pigments were extracted from the filters with warm methanol 500 

95% and measured with high pressure liquid chromatography (HPLC), as described in Bonilla et 501 

al.21 Pigments were associated with phototrophic groups according to Roy et al.50 and Bonilla et 502 

al.21 Microbial mats were collected in July 2015 in the offshore zone at around 9 m depth using a 503 

Mini-Glew corer51. The upper 3-4 mm of the core containing live cells (as indicated by light 504 

microscopy of fresh samples within 36 hours of collection) were kept frozen at -80 °C until 505 

analysis. Pigments were analyzed by the same HPLC method described above, after a succession 506 

of four extractions on lyophilized samples with 90% acetone/10% water.  507 

Seston samples for fatty acid analyses were collected at 1.5 and 7.8 m under the ice-cover 508 

with the Limnos sampler and preserved on GF/F filters. Zooplankton samples were collected 509 

with a tow net (63 µm mesh) and transferred onto GF/F filters. Seston and zooplankton samples 510 

were kept frozen and freeze-dried. Fatty acids were extracted following a one-step 511 

transmethylation in methanol:toluene:acetyl chloride (4000:1000:125) at 90 °C for 20 min; the 512 

fatty acid methyl esters (FAMEs) were then extracted with water and hexane, and quantified by 513 

gas chromatography-mass spectrometry (GC-MS) as described in Schneider et al.52 Analyses 514 

focused on the unsaturated FA C16:1n-7, C18:2n-6, C18:3n-3, C20:4n-6, C20:5n-3, C22:6n-3 515 
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and C24:1n-9 as biomarkers of different phytoplankton groups, the saturated FA C20:0, C22:0, 516 

and C24:0 as terrestrial biomarkers and the branched-chained saturated FA aC15:0, iC15:0, 517 

iC16:0 and iC17:0 as bacterial biomarkers.9,10,53  518 
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Figure legends 686 

Figure 1. Ward Hunt Island, Canada. The map of the island (red star in location map) shows 687 
the lake and its watershed (red dashed line). The photograph shows the mid-summer (July) ice 688 
cover and the barren polar desert catchment. Shapefiles obtained via https://atlas.gc.ca/. 689 
 690 
Figure 2. Physicochemical profiles in Ward Hunt Lake. a) Density calculated considering 691 
temperature only (T; in black) and considering both temperature and salinity, as measured by 692 
conductivity (T+C; in red), b) Brunt-Väisäla frequency and c) dissolved oxygen profiles 693 
(expressed as % of air equilibrium).  694 
 695 
Figure 3. Concentrations of dissolved gases in Ward Hunt Lake on 7 June and 16 July 696 
2017. a) carbon dioxide (CO2), b) methane (CH4), c) nitrous oxide (N2O) and d) oxygen (O2) 697 
expressed in % equilibrium with air, in Ward Hunt Lake in June (black) and July (red) 2017. 698 
Note the differences in logarithmic scales.  699 
 700 
Figure 4. Underwater optical properties. a) downwelling irradiance for total shortwave, PAR 701 
and UVR; b) transmittance as % downwelling incident irradiance in air; c) reflectance as the 702 
ratio of upwelling to downwelling irradiance; and d) diffuse attenuation coefficients under the 703 
summer ice of Ward Hunt Lake, 14 July 2016. The Kd values were plotted at z2; the Kd values for 704 
just below the ice (JBI) are ‘apparent attenuation coefficients’ because they were not corrected 705 
for reflection of incident light by the upper ice surface. 706 
 707 
 708 
Figure 5. Spectral absorption by the optically active constituents in Ward Hunt Lake. The 709 
total absorption coefficients are partitioned according to: phytoplankton (aph), non-algal 710 
particulates (aNAP), colored dissolved organic matter (aCDOM) and water molecules (aw). For 711 
comparison with four depths at the midlake station, data are also shown for surface waters of the 712 
littoral zone sampled on the same day.    713 
 714 
Figure 6. Principal component analysis of samples from Ward Hunt Lake, inflowing water 715 
tracks and the littoral zone in July 2017. DIC: dissolved inorganic carbon; DOC: dissolved 716 
organic carbon; a320: absorption coefficient at 320 nm; SUVA254: specific ultraviolet absorbance 717 
at 254 nm; S289: absorption slope parameter between 279 and 299 nm; SR: absorption slope ratio; 718 
FIL fluorescence index; C1 to C5: contribution of the five components identified by the 719 
PARAFAC model. Water tracks are subsurface flow paths draining the west side of the 720 
watershed. 721 
 722 
Figure 7. Summary of limnological observations in Ward Hunt Lake. Conditions under the 723 
mid-summer ice of Ward Hunt Lake and potential changes associated with loss of that ice in the 724 
future.  725 
 726 
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• Homogeneous, cooler,
mixing�water column

• Loss�of horizontal structure
• Air-equilibrium

gas�concentrations
• Increased�phytoplankton

DQG�WXUELGLW\
• Species�shifts

• Decreased�irradiance
• LHss�benthic�photoV\QWKHVLV

SUMMER ICE SUMMER ICE-FREE

• Stratified�water column
• Horizontal structure�ZLWK�

PRDW
• 3ossible convection

• O2��&H4��&O2��N2O�
above�air�equilibrium

• Dilute�phytoplankton
• 3K\WRIlagellates

• Benthic�JDV�IOX[HV

• Benthic�SKRWRV\QWKHVLV�


