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Key Points 24 

• δ18O and δ2H data from Arctic waterbodies showed evaporative loss from small ponds, whereas 25 

large, ice-covered lakes were less prone to evaporation. 26 

• Stable water isotopes from Andean lakes showed that temperature-driven evaporative water 27 

loss was offset by abundant precipitation. 28 

• The Arctic and Andean data indicate the importance of future precipitation trends for 29 

maintaining these ecologically and societally important waterbodies.  30 

 31 



 32 

Abstract 33 

 34 

Lakes in the Arctic and tropical Andes are experiencing some of the largest temperature increases on the 35 

planet with coeval marked limnological changes, but little data exist on water balance parameters from 36 

these regions. Here, we present a unique data set of water stable isotope composition (δ18O and δ2H) 37 

from a suite of 49 waterbodies in the Canadian Arctic (Resolute Bay, Cornwallis Island, and Cape 38 

Herschel, Ellesmere Island) and the tropical Andes (Cajas National Park, Ecuador) spanning various years 39 

from 2009 to 2016. We show that an increase in air temperature over the study period resulted in 40 

evaporative enrichment of water isotopes in most Arctic sites highlighting the significance of 41 

evaporative losses to small Arctic ponds during the prolonged ice-free summers now experienced in this 42 

part of the world. Exceptions include some Arctic waterbodies that received abundant snowmelt and 43 

large, ice-covered lakes less prone to evaporation. Data from the Andean lakes indicated evaporative 44 

effects were minimal due to abundant precipitation. These data, in combination with limnological 45 

records and paleolimnological research from each region, provide a holistic view on how freshwater 46 

ecosystems are responding to recent warming in climatically sensitive Arctic and Andean environments. 47 

 48 

 49 

Plain Language Summary  50 

Arctic and alpine ecosystems have recorded amongst the largest temperature increases on the planet in 51 

recent decades and lakes in these regions have already changed in unprecedented ways. Of particular 52 

concern is the temperature-driven increases in evaporation, which may affect the permanency of these 53 

waterbodies. Here, we track trends in evaporative loss from a suite of waterbodies in the Canadian High 54 

Arctic and Ecuadorian Andes. We show that the recent temperature increases in the Canadian Arctic 55 

have resulted in discernible signs of evaporation, especially in small, shallow ponds. In the Andes, the 56 

effect of rising temperature on evaporative loss is offset by abundant precipitation during the rainy 57 

season. Our data show the importance of future trends in precipitation to maintain and recharge these 58 

waterbodies, which are critical to regional biodiversity and an important water resource for local 59 

populations.  60 

 61 
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 64 

1. Introduction 65 

 66 

Over the past three decades, Arctic and Andean regions have warmed at a rate approximately twice the 67 

global average (Diaz et al., 2014; Larsen et al., 2014). Lakes in these environments have responded to 68 

recent warming in a variety of ways including changes in water quality variables (Roberts et al., 2017; 69 

Smol and Douglas, 2007a, b), alterations to thermal structure (Michelutti et al., 2016; Saros et al., 2016), 70 

and regime shifts in aquatic biodiversity and species abundances (Michelutti et al., 2015; Smol et al., 71 

2005). Stable oxygen and hydrogen isotopes of water respond sensitively to hydroclimate variability and 72 

can provide information on hydrological variables, such as evaporation, which is not detected by other 73 

limnological monitoring methods. For example, stable isotope composition of oxygen (δ18O) and 74 

hydrogen (δ2H) in surface waters have been used to track changes in runoff, outflow, residence times 75 

and evaporation in Arctic and Andean regions (MacDonald et al., 2017; 2021; Cluett and Thomas, 2020; 76 

Esquivel-Hernandez et al., 2018; Gibson and Reid, 2014).  77 

The primary input water of a lake is typically from precipitation. Isotope variations in 78 

precipitation are generally characterized by strong linear correlations between δ18O and δ2H that reflect 79 

mass-dependent partitioning of the water isotopes in the hydrological cycle. This coupling is exemplified 80 

by the Global Meteoric Water Line (GMWL; Craig, 1961), which closely approximates the observed 81 

relation between δ2H and δ18O in mean annual amount-weighted precipitation world-wide. The isotopic 82 

composition of precipitation collected from a single site or region, known as the Local Meteoric Water 83 

Line (LMWL), can vary from the GMWL largely because of variability in humidity during primary 84 

evaporation of water vapour from the ocean and the temperature of condensation of the precipitation 85 

(Benjamin et al., 2004).  86 

In a plot of δ2H - δ18O, the intersection of regional local evaporation lines (LELs), calculated by 87 

linear regressions of δ18O and δ2H from several neighboring waterbodies, with the LMWL can 88 

approximate the isotopic composition of source water, while displacement of surface waters along the 89 

LEL provides an indication of water balance variables, including evaporation (Edwards et al., 2004). 90 

Deuterium excess (d-excess = δ2H - 8δ18O) is a second-order stable isotope parameter that informs 91 

about the source region of precipitation and moisture changes during transport (Bershaw, 2018). In 92 

surface waters, d-excess values generally vary inversely with evaporation (Bowen et al., 2019; Wen et 93 

al., 2016). 94 



Lakes in the Arctic and Andes are exposed to markedly different environmental conditions. For 95 

example, Arctic regions exhibit extreme seasonal variation with distinct (and often short) open-water 96 

seasons, whereas tropical Andean regions are characterized by minimal seasonality with more 97 

pronounced diel variations, perennially ice-free conditions, and near constant evaporation rates 98 

throughout the year. Yet, tropical Andean lakes share many functional similarities with their Arctic 99 

counterparts including generally cool water temperatures, oligotrophic conditions, and simple food 100 

webs. Moreover, physical properties of Arctic and Andean lakes are primarily governed by temperature 101 

and wind, and thus climate variability may subject them to similar changes. In fact, over the last few 102 

decades, Arctic and equatorial Andean lakes both recorded enhanced and prolonged thermal 103 

stratification measured via direct lake water temperatures (Michelutti et al., 2016) and inferred through 104 

similar regime shifts in phytoplankton communities (Griffiths et al., 2017; Michelutti et al., 2015; 105 

Rühland et al., 2015). Given the parallel responses in thermal structure and diatom assemblage shifts 106 

recorded in our Arctic and Andean study lakes, stable isotopes of water may provide information on 107 

similarities/differences with respect to water balance parameters (e.g., evaporation). 108 

Here, we present water isotope data (δ18O and δ2H) from a suite of water bodies in both the 109 

Arctic and Andes, spanning various years from 2009 to 2016, to better understand broad patterns of 110 

water balance within and among the study regions, where water supply is dominated by precipitation. 111 

The Arctic sites are in Nunavut (Canada) and include Resolute Bay on Cornwallis Island (n=11) and Cape 112 

Herschel on Ellesmere Island (n=29). The Andean lakes (n=9) are in the southern sierra of Ecuador, near 113 

the city of Cuenca (Fig. 1). The three study regions contain a network of lakes and ponds that form a 114 

semi-continuous monitoring program with past research focusing on water chemistry, thermal mixing 115 

regimes, and paleolimnological analyses (Douglas and Smol, 1993; Douglas et al., 1994; Griffiths et al., 116 

2017; Labaj et al., 2018; Michelutti et al., 2016, 2015). We examined lake water isotope compositions 117 

from each study region to address three central questions. First, how do lakewater δ18O and δ2H values 118 

at each study site vary among years and can any changes be related to temperature records from 119 

nearby meteorological stations? Second, in the Arctic study regions, are there differential responses in 120 

δ18O and δ2H values among years between large lakes that retain ice cover well into the summer months 121 

versus shallow ponds that melt earlier in the growing season? Third, what are the 122 

similarities/differences between Arctic and Andean regions with respect to any changes in δ18O and δ2H 123 

values and their relationship to temperature variability? These data contribute to a growing limnological 124 

database for Arctic and Andean regions and provide baseline data to assess future changes in regional 125 

water cycles.   126 



 127 

 128 

2. Materials and Methods 129 

 130 

2.1 Regional settings and sample collection 131 

 132 

Resolute Bay, Cornwallis Island, Nunavut – Resolute Bay (Qausuittuq) is the only permanent settlement 133 

on Cornwallis Island (Fig. 1). The island is of relatively low relief (max elevation = 411 m asl) and contains 134 

no ice-caps or glaciers. Climate normals (1971-2000) from the Resolute Bay weather station (available 135 

from http://climate.weather.gc.ca/), centrally situated from the study sites, show a mean annual 136 

temperature of –16.4°C, with July being the warmest month at +4.3 °C and February the coldest at -137 

33.1°C. Since the start of meteorological records in 1948, air temperatures have increased steadily until 138 

present-day (Environment Canada, 2016; Stewart et al., 2014). The region is a polar desert, receiving 139 

only 150 mm of precipitation annually, with approximately two-thirds occurring as snow (Environment 140 

Canada, 2016).  141 

Eleven lakes and ponds were sampled from the Resolute Bay region during July of 2009, 2011, 142 

and 2014 (Table 1). Although not all sites were sampled each year, sites were re-sampled at least two of 143 

the three years. Mean dates of June 17 for thaw and August 26 for freeze-back leave slightly over two 144 

months of above freezing conditions (Woo and Young, 2003). Most of the Resolute Bay study sites are 145 

shallow ponds (< 2 m depth) and thus can reach relatively warm temperatures (5 – 10°C); however, 146 

during extremely cool years the larger study lakes (e.g., Char Lake) may retain partial ice cover for the 147 

entire summer (Schindler et al., 1974).  148 

 149 

Cape Herschel and Pim Island, Ellesmere Island, Nunavut – Twenty-five study sites were sampled on 150 

Cape Herschel, which is located on east-central Ellesmere Island, during July of 2009 and 2011 (Table 1). 151 

Four additional sites were sampled on nearby Pim Island (~10 km to the northeast), which is a small 152 

island (~86 km2) with a maximum elevation of 550 masl (Fig. 1). The Cape Herschel sites have been 153 

sampled at irregular intervals since 1983, as part of a long-term limnological monitoring program 154 

(Douglas and Smol, 1993; Smol and Douglas, 2007a, b; Griffiths et al., 2017). Although glaciers are 155 

nearby, none of them drain into the study sites. 156 

 Climate normals (1981-2010) from the nearest meteorological station to Cape Herschel (Eureka 157 

A; ~280 km west and ~1°N) show a mean annual temperature of -19°C, and mean maximum daytime 158 



temperatures in June, July, and August of 6°C, 9°C, and 5°C, respectively. Mean annual precipitation is 79 159 

mm. The number of ice-free days is variable and based on local climate conditions and elevation, 160 

typically ranging from 40 days to 65+ days (Douglas and Smol, 1993). Eight of the 29 lakes and ponds 161 

included in this study have been previously classified into “warm”, “cool”, and “cold” groupings, based 162 

on local climate and ice cover regimes (Griffiths et al., 2017). Briefly, the two “warm” ponds (depth < 2 163 

m), Col Pond and Elison Lake (Table 1), are located on Cape Herschel and have been repeatedly noted as 164 

amongst the first in this region to lose their ice cover. A thermistor installed in Elison Lake recorded an 165 

average of 92 ice-free days/year (from 2008-2010, determined as the number of days in one year 166 

between pond temperatures rising above 0°C to when they first fall below 0°C; (M.S.V. Douglas, pers. 167 

comm.). The “cool” sites, also located on Cape Herschel, include Moraine Pond, Paradise Pond and 168 

Plateau Pond 2. These ponds are amongst the last in the region to lose their ice cover because they have 169 

little shelter from the wind and occupy relatively high elevations or have other local features precluding 170 

warming compared to the other sites (Griffiths et al., 2017). All the “cool” ponds had persistent 171 

snowbanks in the catchment when sampled in 2011. The “cold” sites (Griffiths et al., 2017), located on 172 

nearby Pim Island, are West Lake, Proteus Lake and Greely Pond. Although Greely Pond is shallow and 173 

therefore melts completely during the summer months, historically West Lake and Proteus Lake have 174 

typically maintained between 90 to 100% of their ice cover during the summer months, as observed 175 

from field seasons dating back to the early 1980s. In 2011, however, the two lakes were largely ice-free 176 

(Griffiths et al., 2017).  177 

 178 

Cajas National Park, Azuay Province, Ecuador – The Andean study sites are in Cajas National Park 179 

(2.83°S, 79.17°W) in southern Ecuador, near the city of Cuenca (Fig. 1). The Park is a páramo ecosystem 180 

and contains over 800 lakes and ponds and covers 28,544 ha with elevations ranging from 3,100 to 181 

4,450 m asl. The Park was established in 1996, in part, to protect the numerous lakes and waterbodies 182 

that act as the main source of drinking water for the downstream city of Cuenca. There are no glaciers 183 

within the Park and all waterbodies are fed primarily by precipitation. Seasonal variations in 184 

temperature are minimal due to its equatorial location and diurnal temperature variations are greater 185 

than that experienced annually. The nearby Cañar meteorological station (~30 km from the study sites) 186 

shows a mean annual temperature (1960-2008) of 11.3°C. The seasonality of precipitation in the 187 

Ecuadorian Andes is bimodal, with two main wet seasons from March to May and September until 188 

November (Vuille, 2013). Annual precipitation ranges from 829 mm to 1,343 mm. Temperature data 189 



from the Cañar meteorological station shows a warming trend since the early 1970s with an overall 190 

increase of 1.15°C since that time (Michelutti et al., 2015).  191 

Nine lakes and ponds spanning elevations from 3,140 to 3,920 m were sampled in July 2011, 192 

August 2014, August to September 2015, and August 2016 (Table 1; Michelutti et al., 2015, 2016). Lake 193 

water samples in this study were collected at the end of the dry season (July to early September). 194 

Annual variations in daily solar radiation are minimal, and evapotranspiration is minimal (Michelutti et 195 

al., 2016). An air temperature data logger (HOBO Water Temperature Pro v2 Data Logger) was placed in 196 

a shaded area near the shore of the study site Laguna Toreadora (3,920 m asl) from August 2014 to 197 

September 2016 (ESM Table 1). Air temperatures were recorded hourly over this period, with an 198 

interruption in data collection from May to July 2015.  199 

 200 

 201 

2.2 Sampling methodology and analysis 202 

 203 

Water samples for stable isotope analysis were collected at ~10 cm depth from nearest the center of 204 

each site as possible in 30-ml high-density polyethylene bottles. The air-tight bottles were stored in a 205 

4°C cold room at Queen’s University until isotopic analysis was undertaken in 2015 and later in 2016 for 206 

some Ecuadorian sites. Isotopes were measured at the Ján Veizer (formally G.G. Hatch) Stable Isotope 207 

Lab at the University of Ottawa using the Los Gatos Research (LGR) Triple Water Isotope Analyzer with a 208 

measurement precision of ±0.8‰ for δ2H and ±0.1‰ for δ18O. Results are reported in δ-notation 209 

relative to Vienna Standard Mean Ocean Water (VSMOW).  210 

The GMWL (δ2H = 8* δ18O +10; Craig, 1961) for precipitation is plotted in all δ2H - δ18O bivariate 211 

isotope plots to visualise the importance of snow-melt and summer precipitation to regional lake sets, 212 

as well as the degree of lake isotopic enrichment through evaporation. Local Meteoric Water Lines were 213 

determined by linear regression of δ2H and δ18O for Resolute Bay, the two locations nearest to Cape 214 

Herschel (Eureka and Alert) and Cuenca using data from the Global Network of Isotopes in Precipitation 215 

(GNIP; IAEA/WMO, 2021). Deuterium-excess (d-excess), calculated as d-excess = δ2H - 8* δ18O 216 

(Dansgaard, 1964) was determined for the Cape Herschel and Pim Island sites (ESM Table 2). 217 

Climatological data from the three regions are discussed depending on their time resolution. 218 

Typically, at the Arctic sites, active snowmelt proceeds when air temperatures exceed 0°C and remain 219 

positive (Young and Abnizova, 2011), and thus we identified this day of year within each climate data set 220 

to help compare temperatures and approximate the potential starting day for the melting of lake ice 221 



between sample years. The amount of precipitation from January 1st to July 31st was totaled in each 222 

Arctic sampling year to estimate the potential snowpack and spring snow melt occurring during or just 223 

prior to water collection. Using precipitation since January standardizes across all Arctic sites; however, 224 

precipitation as snow begins earlier than January in the Arctic, although there may be confounding 225 

factors (e.g., wind, sublimation) that could erode fall snowpack. Paired student t-tests were used to 226 

compare monthly mean daily temperatures between sampling years when complete data sets were 227 

collected. 228 

 229 

 230 

3. Results 231 

 232 

Water isotope characteristics for all study sites are given in Figs. 2-5 and summarized in Table 1 and in 233 

EMS Tables 2a, b, c. The Resolute LMWL is given by δ2H = 7.8δ18O + 5.3 (n = 59, R2 = 0.97, p<0.01), which 234 

is close to the GMWL (Fig. 2). A much lower slope was generated for the LEL for all sites from 2009 to 235 

2014, defined by δ2H = 5.7δ18O + 43.5 (n = 27, R2 = 0.98, p<0.01). There was no overlap in δ2H- δ18O 236 

space in the study sites among the three sampling years (Fig. 2). The sites sampled in 2014 showed the 237 

least amount of evaporative enrichment and plotted closest to the LEL-LMWL intersection, which can be 238 

used to approximate the weighted mean isotopic composition of input waters (Edwards et al., 2004). In 239 

contrast, the 2011 sites showed the largest deviation from the LEL-LMWL intersection indicating the 240 

greatest amount of evaporative enrichment.  241 

The Alert LMWL defined by δ2H = 7.6δ18O + 1.6 (n = 59, R2 = 0.99, p<0.01) and the Eureka LMWL 242 

defined by δ2H = 7.4δ18O – 9.1 (n = 55, R2 = 0.97) both lie close to the GMWL (Fig. 3a). The samples 243 

collected in 2009 and 2011 showed no clear separation from each other in δ2H- δ18O space, except for 244 

the 2011 samples from CH-Camp and CH-Beach Ridge (Fig. 3b). When examining the change in δ18O 245 

from 2009 to 2011 in individual sites, 16 showed enrichment (with 3 sites recording a difference < 1‰) 246 

and 13 sites showed depletion (with 4 sites recording a difference <1‰; Fig. 4). Declines in d-excess 247 

values from 2009 to 2011 (Fig. 4) confirms enrichment over that period is due to evaporation. 248 

The Cuenca LMWL (not shown) defined by δ2H = 8.0δ18O + 10.2 (n = 24, R2 = 0.99) lies close to 249 

the GMWL (Fig. 5a). Except for the 2011 samples, there was overlap in sites among the sampling years in 250 

δ2H- δ18O space. Within each site, there was a progressive enrichment in δ18O and δ2H over time, 251 

however most values changed approximately parallel to the LMWL (Fig. 5b).  252 

 253 



4. Discussion 254 

 255 

4.1 Resolute Bay, Cornwallis Island  256 

The Resolute Bay sites were the only study sites that showed no overlap among sampling years (2009, 257 

2011, 2014) in δ2H–δ18O space (Fig. 2). Two hydrological processes that govern the isotopic composition 258 

of Arctic lakes and ponds (and have opposing effects) are snowmelt dilution and evaporative enrichment 259 

(Edwards et al., 2004). A useful metric to assess the timing of ice cover loss and by extension, 260 

evaporation, is the onset of the day in which temperatures remain persistently above 0°C. In 2011, the 261 

year with the most enriched water samples (δ18O range: -14.4 to -7.3 ‰; Table 1), persistent 262 

temperatures above 0°C occurred on June 6. This is 26 days earlier than in 2014 (July 2), the year with 263 

water samples that showed the least amount of isotopic deviation from source water, approximated 264 

here by the intersection of the LEL with the LMWL (δ18O = -22.1 ‰, δ2H = -170 ‰; Fig. 2). Additionally, 265 

2014 recorded exceptionally cold June air temperatures at Resolute Bay (mean temp: -1.31°C, normal: 266 

0.4 ±1.5°C). In 2009, persistent temperatures above 0°C occurred on June 22, which is 16 days later than 267 

in 2011 and ten days earlier than in 2014. Accordingly, water samples from 2009 fell in between those of 268 

2011 and 2014 in δ2H–δ18O space. 269 

Precipitation varied among the study years and may also help explain the patterns recorded in 270 

the water isotopes. Total precipitation from January 1 to July 31 in 2011 was the lowest among study 271 

years at 58.4 mm, compared to 92.3 mm in 2009 and 83.3 mm in 2014 (Environment Canada, 2016). This 272 

low precipitation (and presumably less spring snowmelt compared to the other study years) in 273 

combination with earlier onset of above freezing temperatures may have contributed to 2011 samples 274 

showing the greatest enrichment (Fig. 2). The Resolute Bay data suggest that water isotopes sensitively 275 

track variability in climate variables among the study years. Rising evaporation to precipitation ratios 276 

with future climate change may lead to the eventual desiccation of these sites, as documented 277 

elsewhere in the High Arctic (Smol and Douglas, 2007b). 278 

 279 

4.2 Cape Herschel and Pim Island, Ellesmere Island  280 

Data from the Eureka meteorological station (nearest to Cape Herschel) show 2011 was warmer and 281 

drier than 2009. Although only three days separate the onset of persistent temperatures above 0°C 282 

(June 7 in 2009 and June 4 in 2011), mean temperatures for June and July in 2011 (5.6°C and 9.8°C, 283 

respectively) were notably warmer than in 2009 (4.0°C and 8.0°C, respectively). Total precipitation from 284 

January to July 31st was 34.4 mm in 2009 and slightly less at 27 mm in 2011. 285 



At Cape Herschel, two ponds – Beach Ridge Pond (CH-BR) and Camp Pond (CH-Camp) – stand 286 

out as recording the greatest isotopic enrichment from 2009 to 2011 relative to all other sites (Fig. 3b). 287 

These ponds are among several from Cape Herschel that have undergone a documented “tipping point” 288 

beginning in the mid-2000s (Smol and Douglas, 2007b). Specifically, some ponds that have been 289 

permanent waterbodies for millennia, now occasionally completely desiccate beginning in July (Smol 290 

and Douglas, 2007b). Drainage via permafrost thaw, as has been described for some Siberian and 291 

Canadian sub-Arctic surface waters (Smith et al., 2005), is not the main cause of water loss at Cape 292 

Herschel, as these ponds are excavated in basins that are underlain by granitic bedrock. Rather, 293 

progressive increases in evaporation relative to precipitation due to warmer temperatures and extended 294 

ice-free conditions has been implicated as the most likely driver (Smol and Douglas, 2007b). This is 295 

supported by the meteorological data that show 2011 was generally warmer and drier than 2009. The 296 

small catchments of Beach Ridge and Camp ponds also likely make them more vulnerable to 297 

evaporation compared to other ponds at Cape Herschel. 298 

Changes in the lake water isotopes between the study years appear to track climate-driven 299 

hydrological variability in some sites, especially in sites more prone to evaporation such as Beach Ridge 300 

and Camp ponds. Lower d-excess in lake waters generally indicate greater evaporation (Wen et al., 301 

2016), and the low d-excess values indicate net evaporation from these sites (right-hand side of Fig. 4). 302 

However, unlike at Resolute Bay, not all study sites from Cape Herschel show enrichment in isotopic 303 

composition with warmer years (left-hand side of Fig. 4). Of the 29 Cape Herschel study sites, δ18O 304 

shows an enrichment greater than 1‰ in 13 sites, less than 1‰ change in 7 sites, and a depletion 305 

greater than 1‰ in 9 sites. Thus, despite experiencing similar climatic conditions, the isotope data, 306 

including d-excess values, indicate substantial differences in water balance parameters (e.g., 307 

evaporation, meltwater input) among Cape Herschel sites (Fig. 4). 308 

Some of the variation in isotopic composition is certainly related to site morphology. For 309 

example, the large lakes on Pim Island (i.e. P-West, P-260, P-Proteus), which traditionally retain summer 310 

ice cover, show either isotopic depletions or minimal enrichment (Fig. 4). Additional variability in 311 

isotopic composition between study years may be explained by the local topography at Cape Herschel, 312 

which, in comparison to Resolute Bay, is more variable (e.g. shaded and/or sheltered valleys) and has 313 

greater differences in elevation. This results in mesoclimates, which in turn affect the length of ice cover 314 

and may ultimately affect water balances as longer ice-free conditions allow for greater evaporation. 315 

Based on over 30 years of observational data, the study sites at Cape Herschel have been grouped into 316 

distinct microclimate categories. These include 1) “warm” sites that have long ice-free periods, 2) “cool” 317 



sites that have shorter ice-free periods than the warm sites, and 3) “cold” sites that include waterbodies 318 

that rarely lose their full ice cover (Griffiths et al., 2017).  In this study, the “cool” (CH-Moraine, CH-319 

Paradise, CH-PP2) and “cold” (P-West, P-Proteus, P-Greely) sites show 18O depletions (0.6 – 1.7 ‰) 320 

between study years, except for P-Proteus, a cold site that shows a slight (<1‰) 18O enrichment (Fig. 4). 321 

The “warm” ponds (CH-Col and CH-Elison) have the longest ice-free periods and might be 322 

predicted to show amongst the greatest amount of evaporative enrichment with warmer temperatures. 323 

However, Elison Pond showed only a slight enrichment in 18O (0.8 ‰) and Col Pond registered a 324 

depletion (-2.6 ‰; Fig. 4). This suggests that these sites may be receiving a greater amount of 325 

isotopically-depleted snowmelt. This is likely as Elison Lake is situated on a low-lying valley with 326 

mountains on either side, with streams draining into the valley. One known example of meltwater 327 

resulting in isotopic depletion (despite warming conditions) is in Pond 32, which recorded a small 328 

depletion in δ18O from 2009 to 2011 (-0.3 ‰; Fig. 4). Pond 32 was the only site that did not record an 329 

increase in July conductance (an indicator of evaporative concentration of solutes) over a 24-year 330 

monitoring period of warming temperatures (Smol and Douglas, 2007b). This pond occupies a low 331 

position on the peninsula and receives snowmelt from several streams via the two high plateaus. Thus, 332 

the meltwater this pond receives is borne out by its isotopic composition (Fig. 4, Table 1), which in turn 333 

is supported by limnological data. Similarly, Bouchard et al. (2013) attributed a strong evaporative δ18O 334 

enrichment response in sub-Arctic ponds to lower-than-average snowmelt runoff in recent years. 335 

 336 

4.3 Cajas National Park, Ecuador  337 

The study sites from Ecuador showed the most enriched isotopes of the three study regions with δ18O 338 

ranging between -12.1 ‰ and -5.9 ‰ and δ2H between -84.9 ‰ and -46 ‰ (Fig. 5), falling within values 339 

measured elsewhere in Andean lakes (Abbott et al., 2003; Bird et al., 2011; Esquivel-Hernández et al., 340 

2018; Saylor et al., 2009). Hourly air temperature data collected at the study site Laguna Toreadora 341 

showed that 2014 had, on average, significantly colder mean daily air temperatures from September to 342 

December than in 2015 (monthly paired t-tests, p<0.01 for each month). The individual months of 343 

January to April and July in 2016 were each significantly warmer than in 2015 (paired t-tests, p<0.01; 344 

ESM Table 1). This follows the general warming trend recorded at the nearby (~30 km away) Cañar 345 

meteorological station that showed a general warming trend of 0.29°C per decade since the early 1970s 346 

(Michelutti et al., 2015). 347 

The Andean lakes show δ-values that are offset from the LMWL, with most of the lakes plotting 348 

below but approximately parallel to the LMWL over time indicating some influence from evaporation 349 



(Fig 5b). The study lakes have no glacial input and are fed mainly by precipitation (Michelutti et al., 350 

2015), although subsurface flow is also important in páramo ecosystems (Mosquera et al., 2016). Lakes 351 

within isolated catchments and with limited groundwater reserves and no fluvial input, will have their 352 

hydrologic mass balance dominated by precipitation (Bird et al., 2011). With high amounts of annual 353 

precipitation such as in Cajas National Park (range from 829 mm to 1,343 mm per year), water residence 354 

times are relatively short. This is supported by water residence times calculated for four of the Andean 355 

study sites including Larga (2.28 years), Toreadora (1.91 years), Patoquinas (0.5 years) and Llaviucu (0.11 356 

years; Van Colen et al., 2017). Such short residence times are typical of tropical high elevation lakes, 357 

such as the Cajas National Park study sites, where the influence of evaporation on the lake’s hydrologic 358 

and isotopic mass balance is minimal (Bird et al., 2011; Esquivel-Hernandez et al., 2018). 359 

 360 

5. Conclusions 361 

Our analyses reflect water balance parameters from three regions where dramatic limnological changes 362 

have been documented in recent decades (Douglas et al., 1994; Griffiths et al., 2017; Michelutti et al., 363 

2015; Smol and Douglas, 2007a, b). The findings show that increasing air temperatures at Resolute Bay 364 

and Cape Herschel generally result in evaporative enrichment of water isotopes in the study ponds. 365 

However, several factors are important to consider when interpreting the isotope data including: (1) site 366 

morphology with deep, ice-covered lakes recording isotopic depletions or minimal enrichment 367 

compared to shallow ponds; and (2) topographic location where downstream sites receive greater 368 

amounts of isotopically depleted snowmelt compared to upstream sites. The Arctic data indicate that 369 

even small increases in air temperature, which lead to longer-ice free periods, can trigger evaporative 370 

water loss. Temperature-driven losses in water quantity underscore the important role that future 371 

trends in precipitation will play in maintaining and recharging these ecologically important ponds with 372 

continued warming. The Andean data indicate that temperature-driven evaporative water loss in the 373 

study lakes appears to be somewhat buffered by substantial precipitation from two wet seasons 374 

annually. Thus, although these lakes have experienced rapid physical and biological changes in recent 375 

decades due to rising temperatures (Michelutti et al., 2015), the isotope data indicate any enhanced 376 

evaporation has resulted in little change in water quantity. Overall waterbodies from High Arctic and 377 

tropical Andean locations are considered sentinels of climate change and the results from this study can 378 

serve as critical baseline data when assessing future impacts to aquatic ecosystems.  379 
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Table 1. Lake names, latitude and longitude, and d18O and d2H (‰VSMOW) for each study site. 547 
 548 

      2009 2011 2014     

Resolute Bay (R) Latitude Longitude d18O  d2H d18O  d2H d18O d2H     
R-10 74°42.428’N 94°59.771’W -16.0 -131.7 -14.4 -123.9 -20.8 -163.5     
R-11 74°42.513’N 94°59.623’W -16.6 -133.9 -9.7 -100.1 -22.3 -173.1     
R-12 74°42.532’N 94°59.424’W -17.7 -139.0 -12.7 -117.0 -22.4 -173.9     
R-13 74°42.604’N 94°59.391’W   -12.3 -115.8 -24.0 -173.0     
R-2 74°42.837’N 95°00.704’W -17.6 -145.5     -22.3 -169.5     
R-4 74°42.809’N 95°03.524’W -17.1 -144.1     -24.4 -182.3     
R-5 74°42.661’N 95°03.593’W -16.7 -140.1     -22.2 -176.6     
R-C 74°42.160’N 94°53.385’W -19.9 -156.5     -20.2 -160.1     
R-M 74°41.872’N 94°58.893’W -18.8 -149.4     -22.2 -166.2     
R-R 74°41.500’N 94°57.255’W -19.7 -157.3     -22.9 -181.4     
R-Thule 74°40.550’N  94°55.255’W   -7.3 -84.9 -22.0 -166.9     
                      
Cape Herschel (CH)      2009 2011         

& Pim Island (P) Latitude Longitude d18O  d2H d18O  d2H         
CH-Camp 78°37.010’N  74°40.711’W -17.2 -139.8 -6.1 -81.5         
CH-Elison 78°36.487’N 74°44.414’W -15.0 -126.9 -14.2 -119.1         
CH-EP 78°36.635’N 74°44.127’W -16.0 -132.6 -14.2 -119.4         
CH-HS 78°37.574’N 74°42.404’W -12.7 -114.9 -11.6 -107.7         
CH-Lagoon 78°36.288’N 74°44.364’W -15.8 -131.4 -11.8 -112.7         
CH-Paradise 78°36.530’N 74°46.117’W -20.2 -154.3 -22.0 -165.4         
CH-1 78°37.642’N 74°43.430’W -15.8 -132.9 -14.0 -126.8         
CH-7 78°37.519’N 74°42.808’W -16.6 -131.6 -14.6 -132.5         
CH-8 78°37.639’N 74°43.083’W -16.8 -134.6 -12.0 -118.6         
CH-10 78°37.641’N 74°43.241’W -16.5 -135.7 -13.1 -119.3         
CH-12 78°37.598’N 74°43.396’W -15.7 -129.9 -17.1 -128.0         
CH-13 78°37.619’N 74°43.522’W -15.1 -129.2 -15.9 -122.7         
CH-14 78°37.551’N 74°43.552’W -16.2 -135.3 -16.1 -126.0         
CH-15 78°37.464’N 74°41.037’W -18.2 -144.6 -20.2 -158.5         
CH-18 78°37.402’N 74°40.636’W -17.9 -142.3 -13.4 -122.5         
CH-28 78°37.434’N  74°43.717’W -16.9 -134.1 -10.7 -101.8         
CH-32 78°36.201’N 74°44.068’W -22.0 -171.9 -22.2 -161.0         
CH-PP1 78°35.832’N 74°38.769’W -18.5 -146.0 -21.3 -156.5         
CH-PP2 78°35.500’N 74°38.427’W -20.3 -159.2 -21.6 -155.1         
CH-PP3 78°35.366’N 74°36.109’W -15.8 -140.4 -18.6 -142.4         
CH-S7 78°37.497’N  74°42.907’W -17.2 -137.3 -13.8 -128.2         
CH-Beach Ridge 78°37.228’N 74°41.400’W -15.3 -129.0 -2.2 -57.7         
CH-Col 78°36.154’N 74°39.758’W -18.7 -146.2 -21.2 -159.1         
CH-W 78°37.229’N 74°42.419’W -17.6 -140.1 -12.7 -121.8         
CH-Moraine 78°36.685’N 74°40.977’W -19.7 -155.8 -20.4 -156.3         
P-Proteus 78°41.876’N 74°23.022’W -19.7 -153.9 -18.9 -148.5         



P-WEST 78°44.491’N 74°37.751’W -19.0 -146.6 -20.4 -147.7         
P-GRE 78°44.379’N  74°16.201’W -18.7 -148.8 -19.3 -154.2         
P-260 78°42.483’N 74°30.784’W -20.0 -152.2 -21.9 -163.6         
                      
      2011 2014 2015 2016 
Cajas National 
Park  Latitude Longitude d18O  d2H d18O  d2H d18O  d2H d18O  d2H 
Apicocha 2°47.028’S 79°12.918’W   -7.8 -54.3 -6.3 -48.6     
Toreadora 2°46.792’S 79°13.411’W -11.2 -84.9 -10.8 -75.2 -9.4 -72.2 -9.6 -68.2 
Patoquinas 2°46.910’S 79°12.523’W   -9.8 -70.6 -8.6 -66.3 -8.5 -62.7 
Lado de Larga 2°47.565’S 79°14.739’W   -8.7 -65.6 -6.9 -56.2     
Larga 2°47.601’S 79°14.695’W   -10.1 -74.5 -9.4 -71.4     
Llaviacu 2°50.676’S 79°08.765’W -12.1 -80.5 -10.5 -70.1 -9.5 -66.1 -9.6 -63.5 
Negra 2°47.001’S 79°14.359’W -11.0 -83.3 -8.0 -63.7 -7.2 -55.9     
Fondocoha 2°45.677’S 79°14.182’W   -10.7 -76.1 -9.4 -70.2 -9.4 -66.2 
Cajas 2°47.563’S 79°14.695’W   -7.2 -56.4 -6.0 -46.0     
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Figure 1. Location of the three study sites including: (1) Resolute Bay, Cornwallis Island, Nunavut, 550 

Canada; (2) Cape Herschel, Ellesmere Island, Nunavut, Canada; and (3) Cajas National Park, Ecuador. 551 

Map adapted from https://freevectormaps.com/globes/americas/GLB-AM-01-0001?ref=atr 552 
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Figure 2. Graph of δ18O versus δ2H for Resolute Bay study sites sampled in 2009 (circles), 2011 554 

(triangles), and 2014 (squares) plotted against the Global Meteoric Water Line (GMWL; solid black line), 555 

the local meteoric water line for Resolute Bay (Resolute LMWL; dashed blue line), and the local 556 

evaporation line (LEL; dotted red line) for all sites. 557 
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Figure 3. Graphs of δ18O versus δ2H showing (a) the Local Meteoric Water Lines for Alert (dotted blue 559 

line) and Eureka (dashed green line), with the red square showing the region of interest in (b), which 560 

shows the Cape Herschel study sites sampled in 2009 (circles) and 2011 (squares) plotted against the 561 

Global Meteoric Water Line (GMWL; solid black line; GNIP; IAEA/WMO, 2021). 562 
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Figure 4. Graph showing the changes in the Cape Herschel study sites from 2009 to 2011 for (a) δ18O 564 

(bars) and (b) d-excess (black and white circles). 565 
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Figure 5. Graphs of δ18O versus δ2H showing (a) the Ecuador study sites sampled in 2011 (diamonds), 567 

2014 (circles), 2015 (squares) and 2016 (triangles) plotted against the Global Meteoric Water Line 568 

(GMWL; solid black line) and the local evaporation line (LEL; dotted red line) for all sites and (b) the 569 

direction of change over time for each of the nine study sites. 570 
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