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ABSTRACT. Rapidly warming temperatures in the Arctic are predicted to markedly alter the limnology of tundra lakes and ponds.
These changes include increases in aquatic production, pH, specific conductivity, and nutrient levels. However, baseline
limnological data from High Arctic regions are typically restricted to single sampling events or to repeated samplings of a few
select sites, which limits our ability to assess the influence of climatic change. We employ two techniques to examine the influence
of a warmer climate on High Arctic aquatic ecosystems. First, we compare limnological characteristics in July 2003 of 23 ponds
and lakes from an atypically warm High Arctic oasis on Ellesmere Island to those of 32 ponds and lakes located across northern
Ellesmere Island, where climatic conditions are much cooler and more typical of High Arctic environments. Second, we resample
13 sites originally analyzed in 1963 to assess the influence that 40 years of rising temperatures (as documented by meteorological
records) have had on the limnological characteristics of these freshwater ecosystems. The specific conductivity values, as well
as the concentrations of nutrients and related variables (especially dissolved organic carbon, DOC), from the Arctic oasis sites
are among the highest yet reported from the Canadian High Arctic, and they are significantly higher than those from the polar desert
around northern Ellesmere Island. Comparison of the modern and historical data indicated that most oasis sites currently have
higher pH than they did in 1963, which is consistent with the documented warming of temperatures.

Key words: limnology, polar oasis, lakes, ponds, nutrients, DOC, climate change, Lake Hazen, Ellesmere Island, Canadian High
Arctic

RESUME. On prévoit que les températures en hausse rapide dans 1’ Arctique auront pour effet de modifier considérablement la
limnologie des lacs et étangs de la toundra. Parmi ces changements, notons 1’augmentation de la production aquatique, du pH,
de la conductibilité spécifique et des niveaux de nutriments. Toutefois, les données limnologiques de base des régions de
I’Extréme-Arctique se limitent typiquement a des événements d’échantillonnage unique ou a des échantillonnages répétés de
quelques sites choisis, ce qui a pour effet de restreindre notre aptitude a évaluer I’influence des changements climatiques. Nous
avons eurecours a deux techniques pour examiner 1’influence d’un climat plus chaud sur les écosystemes aquatiques de I’Extréme-
Arctique. Premiérement, nous comparons les caractéristiques limnologiques de juillet 2003 de 23 lacs et étangs d’oasis
atypiquement chaudes de I’Extréme-Arctique sur 1’ile d’Ellesmere a celles de 32 étangs et lacs parsemés dans le nord de I'ile
d’Ellesmere, ou les conditions climatiques sont beaucoup plus fraiches et plus typiques des milieux de I’Extréme-Arctique.
Deuxiemement, nous avons rééchantillonné 13 sites qui avaient d’abord été analysés en 1963 et ce, dans le but d’évaluer
I’influence qu’ont eu 40 années de températures a la hausse (d’apres les données météorologiques) sur les caractéristiques
limnologiques de ces écosysteémes d’eau douce. Les valeurs de conductibilité spécifique, de méme que les concentrations en
nutriments et les variables connexes (surtout le carbone organique dissous ou COD) des oasis de I’Extréme-Arctique figurent
parmi les valeurs les plus élevées signalées dans 1I’Extréme-Arctique canadien, et sont considérablement plus élevées que celles
des déserts polaires du nord de 1’fle d’Ellesmere. La comparaison des données contemporaines aux données historiques laisse
entrevoir que la plupart des oasis ont un pH plus élevé actuellement qu’en 1963, ce qui coincide avec la constatation documentée
de ’augmentation des températures.

Mots clés : limnologie, oasis polaire, lacs, étangs, substances nutritives, COD, changement climatique, lac Hazen, ile d’Ellesmere,
Extréme-Arctique canadien
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INTRODUCTION

The Canadian High Arctic is broadly classified as a polar
desertbecause of its limited precipitation and harsh annual
climate (Muc and Bliss, 1977). Given the vastness of the
High Arctic landscape, however, itis not surprising that its
climate is heterogeneous. Arctic oases, regions of great
biological production and diversity, are associated with
greater availability of local water sources compared to the
surrounding polar desert and are generally found at small
scales (often less than 5 km?; Edlund and Alt, 1989). In the
Canadian High Arctic, oases have been identified on Devon
Island, including Truelove Lowland (Bliss, 1977a), and on
Ellesmere Island, including Eureka, Tanquary Fiord, and
Lake Hazen (Edlund and Alt, 1989) and Alexandra Fiord
(Freedman et al., 1994). Similar areas occur at Polar Bear
Pass on Bathurst Island, at Sherard Bay on Melville Island,
and at Mould Bay on Prince Patrick Island (Aiken et al.,
1999 onwards). However, even among Arctic oases, the
oasis of our study area at Lake Hazen is strikingly warm
and lush, particularly given its extreme location north of
latitude 80° N.

Arctic oases are of particular interest to ecologists
examining the effects of recent climatic changes because
they represent a glimpse of what the more typical polar
desert ecosystems might become under a warmer climate.
By assessing the biological, physical, and chemical proc-
esses occurring in Arctic oases, we may better recognize
the effects of climate change in other Arctic regions.
Because of their ecological importance and their unique-
ness in the High Arctic, polar oases have been relatively
well studied compared to their polar desert counterparts.
For example, terrestrial faunal surveys (Bliss, 1977b;
France, 1993) and botanical surveys (Muc and Bliss, 1977;
Soper and Powell, 1985; Henry et al., 1990) have been
reported from Lake Hazen, Truelove Lowland, and
Alexandra Fiord (botanical only). However, aquatic bio-
logical research from Arctic oases has largely been limited
to a few lakes in the Lake Hazen area (zooplankton,
McLaren, 1964; non-diatom algae, Croasdale, 1973;
cyanobacteria, Quesada et al., 1999) and to three lakes at
Truelove Lowland (Minns, 1977).

While Arctic oases are largely defined as regions of
greater biological production and diversity, little is known
about the baseline limnological conditions that character-
ize lakes and ponds from these regions. For example,
limited limnological investigations were undertaken on
Truelove Lowland (Minns, 1977), and across northern
Ellesmere Island (Hamilton et al., 1994, 2001), which
included some sites in the oasis at Lake Hazen. More
recent aquatic work on dissolved organic carbon (DOC)
and ultraviolet (UV) penetration has been conducted on
Skeleton Lake in the Hazen oasis (Laurion et al., 1997).
Alsonear Lake Hazen, a physical and chemical limnological
survey of ponds and lakes was carried out by Canada’s
Defence Research Board (DRB) in 1963, with some addi-
tional observations in 1964 (Oliver and Corbet, 1966).
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This valuable data set includes seasonal measurements of
important limnological variables such as pH, specific
conductivity, and major ions, but does not provide com-
parison data from aquatic systems at similar latitudes
outside of the Arctic oasis zone. Nonetheless, this early
1960s data set provides important reference data that allow
us to assess whether these sites have changed over the past
~40 years, a time of documented climate change in north-
ern Ellesmere Island (Environment Canada, 2004).

Excluding the oasis region of Lake Hazen on northern
Ellesmere Island, previous limnological survey data are
available for aquatic systems near Alert, Ellesmere Island
(Antoniades et al., 2003a). Basic limnological data have
also been provided for some lakes to the south of Lake
Hazen (Smith, 2002). In addition, detailed limnological
analyses have been undertaken in complex lakes along the
northern coast of Ellesmere Island (Gibson et al., 2002;
Van Hove et al., 2006).

Our primary objective in this study is to characterize
present-day limnological characteristics of lakes and ponds
on northern Ellesmere Island, including a large number of
sites located within a warm oasis region. Warm conditions
have been linked to reduced ice cover, longer growing
seasons, higher pH and conductivity, and enhanced bio-
logical production (e.g., Douglas and Smol, 1999;
Antoniades etal., 2005; Smol et al., 2005). However, these
hypotheses have not yet been tested from sites located on
similar bedrock and at comparable latitudes. Hence our
goals are threefold: 1) to provide baseline limnological
data from sites located across northern Ellesmere Island,
both within and outside an Arctic oasis, and to compare
these to other Arctic regions; 2) to examine the hypothesis
that oasis sites will have limnological characteristics dif-
ferent from those of sites located outside the oasis; and
3) to assess differences between water chemistry data from
1963 and 2003 for selected oasis sites.

METHODS
Site Description

Our sampling took place on northern Ellesmere Island,
largely, but not exclusively, within Quttinirpaaq National
Park (Fig. 1). Three physiographic regions exist within the
Park: the Grant Land Mountains, which cover 65% of the
Park in the north; the Lake Hazen Basin surrounding Lake
Hazen; and the Hazen Plateau, which is located between
Lake Hazen and the southern edge of Quttinirpaaq Na-
tional Park (Bednarski, 1994). Four climatic zones can
also be delineated within the Park: 1) a cool marine climate
in the northern coastal areas, 2) very cool regions charac-
terized by high-elevation ice caps, 3) a marine climate in
the southeastern portion, and 4) a continental climate at
Lake Hazen and Tanquary Fiord (Thompson, 1994). The
north coast receives the most precipitation, and the areas
near Lake Hazen, the least (Thompson, 1994).
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FIG. 1. Location map of northern Ellesmere Island. Inset a) indicates Ellesmere Island within Canada. The main map shows the northern sites around Ellesmere
Island. The dashed black line denotes the boundary of Quttinirpaaq National Park and the patterned areas within this boundary represent different climate regions
based on Thompson (1994). The black star indicates the location of the oasis sites detailed in inset b). Inset b) details the oasis sites just north of Lake Hazen.

The Hazen Basinregion experiences anomalously warm
summer conditions because of its continental location and
its placement on the leeward side of the Grant Land
Mountains (Gray, 1994). While average July daily tem-
peratures (1971-2000 averages) are 5.7°C at Eureka and
3.3°C at Alert (Environment Canada, 2004 ), temperatures

at the Lake Hazen camp during our field work in July 2003
reached an average daily maximum of 16°C, with a mini-
mum as high as 9.6°C. Average annual precipitation is
75.5 mm at Eureka (1971-2000) and153.8 mm at Alert
(Environment Canada, 2004). The summer melt periods
are shortest (~ 3 weeks) for the north coast, while they last



~8 weeks near Alert and ~10 weeks at Lake Hazen
(Thompson, 1994).

When defined by bioclimatic zone, the Lake Hazen
region falls in Zone 4 (Edlund and Alt, 1989), the most
diverse botanical region in the High Arctic. Itis dominated
by shrubs and sedges, and its vegetation includes more
than 100 species that are typical of more southerly Arctic
locations (Edlund and Alt, 1989). Within the Lake Hazen
oasis, however, there are also some mountain sites that we
consider “controls” because of their relatively high eleva-
tion and lack of catchment vegetation. Outside the oasis,
study sites are located within a broad range of vegetation
zones, from low-diversity Zone 0 sites (unvegetated) to
Zone 3 sites (60—100 taxa, prostrate shrub zone, domi-
nated by Salix arctica or Dryas integrifolia or both; Edlund
and Alt, 1989).

Geology

Northern Ellesmere Island is largely underlain by
sandstones, limestones, and slates (Christie, 1957, 1964).In
the most northerly regions along the north coast, Precambrian
gneisses, schists, and granitic rock dominate, while vol-
canic and sedimentary rocks, including sandstones and
limestones, underlie the northern interior regions (Christie,
1964). The north shore of Lake Hazen, including the Hazen
oasis, is composed of Permian, Triassic, Jura-Cretaceous,
and Cenozoic sandstone and shale (Christie, 1964).

Sampling Techniques

In July 2003, 55 ponds (< 2 m deep) and lakes (> 2 m
deep) were sampled around northern Ellesmere Island
(Fig. 1). Of these, 23 sites were located in the Arctic oasis
immediately north of Lake Hazen. These are hereafter
referred to as “oasis sites” and given unofficial names EP1
through EP24. It should be noted that EP19 is Lake Hazen,
and is kept separate from all analyses because of its very
large size (i.e., surface area ~54 200 ha). Three of these
sites (EP22, 23, 24) were located at relatively high eleva-
tions of over 850 m above sea level. Therefore, despite
their location in the warm oasis region, they serve as cooler
controls within the oasis set. The remaining 31 sites were
selected from around the northern half of Ellesmere Is-
land, to the north, east, south, and west of Lake Hazen.
These are hereafter referred to as “northern sites” and
given unofficial names EPA through EPAE).

For each site, latitude, longitude, and elevation meas-
urements were taken using either the helicopter global
positioning unit and an altimeter or a handheld global
positioning unit and topographic maps. Water temperature
was recorded with a hand-held thermometer, and samples
for total phosphorus (unfiltered, TPu), trace metals
(aluminum, Al; beryllium, Be; cadmium, Cd; chromium,
Cr; cobalt, Co; copper, Cu; iron, Fe; lead, Pb;, manganese,
Mn; molybdenum, Mo; nickel, Ni; vanadium, V; zinc, Zn;
and silver, Ag), and major ions (calcium, Ca; magnesium,
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Mg; sodium, Na; potassium, K; chloride, Cl; sulphate SO,)
were retrieved, using pre-cleaned 125 mL sample bottles,
from ~15 cm depth within the nearshore area of each site.
We used sampling techniques and analyses identical to
those of our previous limnological investigations, as well
as a similar time frame, which allows us to make compari-
sons among regions (Douglas and Smol, 1994; Lim et al.,
2001; Michelutti et al., 2002a, b; Lim and Douglas, 2003;
Antoniades et al., 2003a, b; Lim et al., 2005).
Additional water samples for pH, specific conductivity,
filtered nutrients and related variables (dissolved silica,
Si0,; total phosphorus filtered, TPf; soluble reactive phos-
phorus, SRP; nitrate, NO;; nitrate-nitrite, NO;NO,; am-
monia, NH?; total Kjeldahl nitrogen, TKN; total dissolved
nitrogen, TdN; particulate nitrogen, PON; dissolved or-
ganic carbon, DOC; dissolved inorganic carbon, DIC;
particulate organic carbon, POC; and chlorophyll a, Chla)
were taken with 1 L plastic Nalgene® bottles, rinsed three
times with pond/lake water. At base camp, pH and specific
conductivity were measured the same day the samples
were obtained, using a handheld Hanna pHep 3 meter and
a YSI model 33 conductivity meter, respectively. The
dissolved and particulate fractions of the variables de-
scribed above were filtered on site following guidelines in
Environment Canada (1994). All other analyses were per-
formed at the National Water Research Institute (NWRI)
in Burlington, Ontario (Environment Canada), using
protocols described in Environment Canada (1994).

Statistical Analyses

Data were visually screened to assess normality of distri-
bution using CALIBRATE 1.0 (Juggins and ter Braak,
1992). Any variables that were not normally distributed
were transformed using mostly logy, logy + 1 or square root
transformations. Variables whose distributions could not be
normalized were run passively in statistical analyses (i.e.,
they were plotted onto the biplot after it was produced, and
thus did not affect the results). A Pearson correlation matrix
with Bonferroni-adjusted probabilities was performed on
the full data set to remove those variables that were highly
correlated with each other, thereby reducing the data set to
a more manageable size for ordination analyses.

A Principal Components Analysis (PCA) was run on the
reduced data set (by removing highly correlated variables)
to assess the important limnological gradients in the data
set, using the ordination program CANOCO 4.5 (ter Braak
and Smilauer, 2002).

Canonical Variates Analysis (CVA, also known as lin-
ear discriminant analysis), was used to identify environ-
mental variables that significantly discriminate between
clusters of samples (in this case, our oasis and northern
sites) (Leps and Smilauer, 2003). Initially, a CVA was run
for each individual variable to assess whether it explained
asignificant portion of the variation distinguishing the two
groups. Any significant variables were retained. With the
same variables used for the PCA, we performed another
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CVA with forward selection to choose, in sequence, the
most important explanatory variables.

Comparison to Historical Data

The DRB water sampling of sites around Lake Hazen
(Oliver and Corbet, 1966), provides the earliest historical
limnological survey data available in the Canadian High
Arctic, and thus provides a unique opportunity to assess
changes in water chemistry on a regional scale over 40
years. We used site descriptions and locations from the
DRB map to identify a subset of sites common to both our
study and the DRB study. While we acknowledge that
differences in both measurement techniques and seasonal
sampling dates make direct comparisons of pH, specific
conductivity, and major ion concentrations difficult, we
nonetheless make use of this valuable historical data set.

RESULTS AND DISCUSSION
Physical Characteristics

The oasis sites consisted of 19 ponds and four small
lakes (EP1, EP2, EP3, EP24; median surface area (SA), ;s
= 0.13 hectares). In contrast, less than one-third of the
northern sites were ponds (9 out of 31, median SA e =
6 hectares). As would be expected from their location in
the oasis and their smaller sizes, the oasis sites were much
warmer (mean temp. = 15.7°C) than the northern sites
(mean temp. =9.1°C). The difference in elevation between
the two groups was not significant (mean,,;, = 318 m,
mean, ., = 289 m).

pH, Specific Conductivity, and Major lons

The oasis and northern sites were not significantly
different with respect to pH values (mean,,; = 8.23,
mean, e = 8.20, Tables 1 and 2), and their mean pH values
were similar to values measured elsewhere in the Canadian
Arctic, including Devon Island (Lim and Douglas, 2003)
and Bathurst Island (Lim et al., 2001), as well as Alert,
Ellesmere Island (Antoniades et al., 2003a). The similar
pH both between our two groups of sites and between our
study and previous surveys (Lim et al., 2001; Antoniades
et al., 2003a; Lim and Douglas, 2003) likely reflects the
broadly similar bedrock common to most of the sites.

Specific conductivity was significantly higher in the
oasis sites (mean = 490 uS/cm) than in the northern sites
(mean = 245 uS/cm) (p = 0.022, Tables 1 and 2). Previous
High Arctic limnological surveys have reported mean spe-
cific conductivity ranging from ~100 uS/cm (Victoria Is-
land, Michelutti et al., 2002a; Bathurst Island, Lim and
Douglas, 2003) to up to 405 uS/cm (Ellef Ringnes Island,
Antoniades et al., 2003b), although specific conductivities
over 300 uS/cm generally reflect the influence of sea spray
on coastal lakes and ponds (Michelutti et al., 2002b;

Antoniades et al., 2003b). While some of our northern sites
include coastal ponds, all our oasis sites are located inland;
thus, sea spray cannot be a factor for these elevated specific
conductivity values. In some sites, very high SO, values
contribute to high conductivity in both the oasis (EP9, a very
shallow site) and the northern (EPY, a small coastal site
with gypsum precipitates) data sets (Tables 1 and 2). Both
these sites also had high Ca concentrations, suggesting that
local bedrock may have been important in influencing these
values, as Ca and SO, are known to have very high concen-
trations in gypsiferous shale (McNeely et al., 1979).

Higher specific conductivities would also be expected,
however, in smaller water bodies under warmer conditions,
as increased evaporation would increase the concentration
of solutes in the water column. During the summer months,
prolonged solar radiation, combined with the clear skies and
warm temperatures characteristic of the Lake Hazen basin,
could result in enhanced evaporation, further concentrating
the solutes within the lakes and ponds. Although we do not
have seasonal data from our field season, previous work at
Lake Hazen documented an average drop in water levels of
~0.4 cm/day throughout the ice-free season (Oliver and
Corbet, 1966). This appears to be the case in our oasis sites;
indeed, the subset of cool, poorly vegetated, high-elevation
sites within the oasis region (EP22, 23, 24) had much lower
conductivities (mean = 84 uS/cm) than the remaining, low-
elevation oasis sites.

Concentrations of majorions (Ca, K, Mg, Na, SO,) were
typically greater in oasis sites, and K concentrations were
significantly higher (mean,,;, = 7.0 mg/L, mean, .., = 1.6
mg/L). Average K concentrations elsewhere in the High
Arctic range from 0.24 mg/L (Victoria Island; Michelutti
etal.,2002a) to 4.6 mg/L (Axel Heiberg Island; Michelutti
et al., 2002b). Non-marine derived K is often associated
with exudates from plants (Prentki et al., 1980). As previ-
ously discussed, the inland location of the oasis points to
a terrestrial source of K; thus, the relatively high concen-
trations of K are likely indicative of the more highly
vegetated catchments common in the oasis. Indeed, our
high-elevation sites were distinctive in that they had an
average K concentration of 0.48 mg/L, less than 6% of that
found in the oasis sites. More specifically, Na:K ratios less
than 2:1 may reflect enhanced terrestrial production
(McNeely et al., 1979). Therefore, the low ratio of Nato K
in the oasis sites (Na:K ;= 1.5, Na:K, e = 3.8) is likely
indicative of the more developed catchment vegetation.
Once again, our high-elevation oasis sites had relatively
higher Na:K (1.9) than the other oasis sites, reflecting the
sparseness of catchment vegetation. Average Na:K ratios
previously reported from across the Canadian Arctic range
from 1.8 (Victoria Island; Michelutti et al., 2002a) to 18.4
(Alert; Antoniades et al., 2003a).

Nutrients and Related Variables

As expected, nutrients (TPu, TPf, SRP, TdN, TKN) and
related variables (DOC, POC, PON, SiO,) were significantly
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TABLE 1. Summary of selected limnological variables for the northern sites and Lake Hazen. Lake Hazen is isolated at the bottom because
of its extremely large size. All sites were sampled in July 2003, and specific days are given in the “Date” column. Full details for other
limnological parameters (e.g., metals, rare earth elements) are available in Keatley (2007). Lakes (“L”) are defined as being over 2 m deep
and ponds as under 2 m. Three sites for which we were unable to estimate depth are denoted as “L?”. Non-standard abbreviations are as
follows: elevation (elev, given in meters above sea level) and surface area (SA). Abbreviations for other parameters are given in the text.

Elev SA Pond/ Cond Chla DOC DIC POC PON NH, TKN
ID Name Lat. N Long. W Date (m) (ha) Lake pH uS/em  pg/L mg/L  mg/L mg/L mg/lL mg/L mg/L
EPA  Craig 81°50.34"  68°51.13" 12 152 14550 L 8.47 296 0.05 3.1 314 0.204 0.030 0.016 0.179
EPB Appleby 81°50.90" 68°15.49" 12 366 48.8 L 8.23 232 0.05 4.7 363 0.246  0.030 0.021 0.383
EPC  Brainard 81°45.81' 68°10.32" 12 640 18.0 L 8.03 169 0.1 3.6 274 0.256  0.030 0.021 0.315
EPD 81°46.78' 64°32.96' 12 274 49.1 L? 8.37 172 0.7 33 244 0.231 0.029 0.036  0.287
EPE 81°42.84'  70°05.33'" 12 259 1.1 P 9.00 379 0.6 126 472 0.509 0.047 0.031 0.774
EPF 82°25.20"  68°12.77" 12 91 125.0 L 8.13 110 0.1 L5 7 0.208 0.024 0.013 0.044
EPG 82°36.21' 68°12.25' 12 91 14.7 L 8.20 122 0.1 0.8 14 0.403 0.039 0.008 0.054
EPH 82°36.23' 68°13.03' 12 91 0.4 P 8.63 322 0.6 59 235 0.438 0.050 0.043 0.467
EPI 82°55.11'  66°51.88' 12 15 2.4 P 8.53 75 0.7 26 10.8 0.389 0.052 0.008 0.133
EPJ Ward Hunt 83°05.30' 74°09.87" 13 61 35.0 L 8.30 45 0.6 1 4.4 0.163 0.017 0.067 0.148
EPK Lake A 83°00.74' 75°23.28' 13 30 490.0 L 7.90 69 0.6 1.3 3.6 0.180 0.027 0.016 0.078
EPL 82°58.60"  75°24.70' 13 46 99.0 L 8.27 56 0.6 1.4 8.5 0.187 0.026 0.044 0.208
EPM 82°58.54'  75°11.44" 13 213 03 P 8.63 102 1 43 16.1 0.345 0.042 0.040 0.378
EPN Lake C2 82°49.59' 77°56.24'" 13 30 165.0 L 7.73 30 0.6 2.4 2.8 0.145 0.021  0.008 0.049
EPO 82°16.00'  77°53.32'" 13 1006 6.3 L 7.47 45 0.5 0.7 32 0.083 0.016 0.027 0.065
EPP 81°36.17"  73°53.11' 13 686 6.0 L? 8.17 102 1.4 4.7 119 0.415 0.043 0.023 0.398
EPQ 81°27.28'  67°22.21' 17 579 24 P 8.87 138 0.7 123 244 1.670  0.137 0.048 0.997
EPR 81°18.71'  65°34.92'" 17 183 147 L 8.30 118 0.05 1.1 179 0.357 0.021  0.007 0.056
EPS 81°19.41' 66°25.08' 17 335 2.6 L 8.33 131 0.5 22 212 0.285 0.012 <0.005 0.068
EPT 81°47.53"  70°26.77" 17 457 0.2 P 8.37 135 0.1 09 195 0.116  0.021  0.005 0.053
EPU Carolyn 81°17.96' 70°43.48" 17 305 161.0 L 8.30 119 0.6 09 193 0.324 0.038 0.005 0.040
EPV Nan 81°13.15"  72°19.46' 17 305 6.7 L 8.77 409 0.1 5 59.5 0.473  0.055 0.020 0.458
EPW 81°04.89'  74°20.67" 17 518 114.0 L 8.30 109 0.05 06 14 0.343  0.042 0.030 0.084
EPX 80°55.91'  76°32.69' 17 396 614 L 8.30 154 0.05 09 259 0.288 0.031 0.013 0.091
EPY 80736.43'  79°42.96' 17 1 0.1 P 8.23 1500 0.2 22 155 0.611 0.059 0.035 0.234
EPZ 81°00.50" 78°13.03' 17 244 4.1 L 8.47 160 0.05 23 269 0.230  0.030 0.009 0.174
EPAA Kettle 81°23.80' 76°47.14'" 18 200 7.7 L 8.73 500 0.5 48 233 0.292 0.042 0.043 0.403
EPAB 81°58.49'  80°04.14'" 18 122 0.6 L? 7.90 58 1.6 1.7 4.8 0.221  0.027 0.005 0.080
EPAC 82°05.44' 81°50.39' 18 76 98.2 L 8.20 200 0.1 1 254 0.283  0.039 0.005 0.068
EPAD 82°05.79' 82°34.70' 18 75 0.1 P 8.73 325 0.6 4.7 365 0.441 0.045 0.015 0.336
EPAE 81°42.78' 82°17.04" 18 808 0.5 P 8.30 1200 1.5 1.5 223 0.430 0.043 0.012 0.936
mean 279 96.5 8.20 245 0.5 34 203 0.347 0.038 0.022 0.259
median 213 7.7 8.30 135 0.5 23 195 0.288 0.031 0.016 0.174
max 1006 1455.0 9.00 1500 1.6 12.6 595 1.670  0.137 0.067  0.997
min 1 0.1 7.47 30 0.05 0.6 2.8 0.083 0.012 <0.005 0.040
EP19 Lake Hazen 81°49.37" 71°20.18' 15 154 54200 L 7.73 68 0.05 1.1 9 0.156  0.016  0.0025 0.040

higher (p < 0.05) in the oasis sites than in the northern sites
(Tables 1 and 2). When we compared only the ponds, most
nitrogen fractions, as well as DOC and Si0O,, were signifi-
cantly higher in the oasis. These high concentrations of TP
and TdN in the oasis sites indeed suggest that warmer
conditions enhance nutrient export from the catchment
into the lake or pond. NH; and Chla concentrations did not
differ significantly between zones.

TPu values for oasis sites (mean,,,;; = 11.3 mg/L) were
most similar to those reported from more southerly loca-
tions, including Banks Island (18 pg/L, Lim et al., 2005),
Bathurst Island (12.7 pg/L, Lim et al., 2001), and Mould
Bay, Prince Patrick Island (16.1 ug/L, Antoniades et al.,
2003a), the latter two of which include sites identified by
Aiken et al. (1999 onwards) as potential polar oases.
Banks Island includes freshwater environments that occur
in low, mid, and High Arctic ecozones, and Banks Island
itself is one of the lushest islands in the Arctic Archipelago
(Lim et al., 2005). These relatively high TPu concentra-
tions for the oasis sites once again are indicative of their

shared characteristics with other relatively warm, productive
Arcticregions. It should be noted, however, that while TPu
concentrations have been reported from Arctic ponds and
lakes that are much higher than those we report for the
oasis sites (see Lim et al., 2005 for a summary), these have
been attributed to sediment re-suspension rather than indi-
cating high production (Antoniades et al., 2003b).

When classified to trophic status based on TPu values
(Wetzel, 1983), 48% of the oasis sites were considered
mesotrophic (i.e., TPu 10-30 ug/L, Table 2). TPu concen-
trations of the northern sites (mean, .., = 7 ug/L) were
more typical of aquatic habitats in the polar desert at Axel
Heiberg Island (mean = 4 pg/L, Michelutti et al., 2002b),
VictoriaIsland (mean = 1.3 pug/L, Michelutti et al., 2002a),
and the Haughton Crater, Devon Island (mean = 3.7 ug/L,
Lim and Douglas, 2003). Only 19% of northern sites were
mesotrophic or above (Table 1). The TPu concentrations
of the high-elevation oasis sites (mean = 6 ug/L) were,
once again, much lower than those of the oasis area as a
whole and even lower than the mean of the northern sites.
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TABLE 1 Continued

TdN TN TPu TPf SRP Sio, Ca K Na Mg Cl SO, Al Fe
ID mg/L  mg/L  ug/L ug/L /L mg/L mg/L mg/L mg/l mg/lL mg/l mg/L ug/L ug/L  TN:TPU NaK
EPA 0.191 0.216 137 2.3 0.5 2.61  44.70 2.44 428  17.90 239 5620 251 56.0 15.77 1.75
EPB 0.361 0.4155 6.7 22 0.2 0.37  30.10 3.53 534  17.60 3.20 6.31 1.6 124 62.01 1.51
EPC 0.327 0.35 7.4 33 0.6 0.73  26.50 1.03 1.61 8.16 0.96 5.14 3.0 17.3 47.30 1.56
EPD 0.293  0.3185 19.0 29 0.7 1.15  31.10 0.46 3.18 3.89 7.11 1.58 3.7 259 16.76 6.91
EPE 0.752  0.826 8.5 5.8 0.8 321 19.10 9.75 1120 46.70 15.10 52.40 7.3 36.1 97.18 1.15
EPF 0.077  0.097 6.3 1.6 1.7 0.49  18.30 0.32 0.69 3.04 1.05 39.70 177.0 374.0 15.40 2.16
EPG 0.095 0.14 2.9 2.1 0.6 0.88  20.50 0.26 0.20 5.76 0.29 20.70 303 48.2 48.28 0.77
EPH 0469 0.5195 109 9.8 0.9 221 5290 0.78 0.78  19.60 0.54 120.00 6.9 31.8 47.66 1.00
EPI 0.183  0.233 6.7 2.3 1.9 0.47  12.30 0.11 0.42 3.23 1.00 4.29 2.7 18.9 34.78 3.82
EPJ 0.217  0.187 4.1 3.8 0.7 0.16 5.53 0.07 0.23 0.73 0.50 0.27 3.8 5.8 45.61 3.29
EPK 0.089 0.113 3.2 2.2 0.1 0.21 4.89 0.41 7.83 1.99  14.70 2.86 12.8 232 3531 19.10
EPL 0.178  0.249 4.1 3.0 0.5 045 10.30 0.53 8.33 291  15.70 4.17  10.6 11.6 60.73  15.72
EPM 0.405 0.4225 10.3 5.1 0.2 1.33  21.80 0.36 0.43 3.05 0.29 3.83 122  236.0 41.02 1.19
EPN 0.067 0.0725 7.4 22 1.0 0.20 3.21 0.07 0.72 0.69 1.24 1.51 6.9 12.1 9.80 10.29
EPO 0.128  0.134 1.8 1.4 0.1 0.13 4.11 0.07 0.08 1.93 0.15 5.62 8.6 21.8 74.44 1.14
EPP 0412 0452 6.5 3.8 0.6 396 19.40 0.69 0.92 1.95 1.50 372 694  528.0 69.54 1.33
EPQ 1.010  1.143 9.5 6.8 1.6 4.80  30.00 0.12 0.52 5.60 0.36 0.30 203 486.0 120.32 4.33
EPR 0.064  0.089 2.4 1.6 0.5 0.35  24.30 0.20 1.74 3.95 3.71 2.06  20.0 25.6 37.08 8.70
EPS 0.107 0.118 2.1 1.5 0.5 0.49 28.30 0.17 0.38 4.85 1.22 538 13.6 12.7 56.19 2.24
EPT 0413 0.457 1.0 1.4 0.4 0.61  26.70 0.15 0.83 5.79 3.07 595 118 6.6  457.00 5.53
EPU 0.057  0.098 2.1 1.0 0.2 .12 19.90 0.30 0.60 7.44 0.74 354 352 60.1 46.67 2.00
EPV 0.408  0.522 5.0 3.6 0.6 1.66  25.90 5.34 7.18 57.30 1420 50.90 6.0 16.8  104.40 1.34
EPW 0.159  0.205 2.5 1.3 0.2 0.57 18.70 0.18 0.16 4.99 0.30 7.50 521 90.0 82.00 0.89
EPX 0.103  0.134 2.6 22 0.5 1.67 28.40 0.36 0.30 8.94 0.57 3.49 8.4 12.9 51.54 0.83
EPY 0.159  0.2955 33.5 3.7 3.1 3.62 451.00 1.80 17.30 27.90 29.40 1160.00 2.2 4.2 8.82 9.61
EPZ 0.175  0.209 3.4 1.9 0.7 136 27.30 0.65 0.76 9.65 1.72 0.77 2.3 27.9 61.47 1.17
EPAA 0.395 0453 117 4.7 0.7 0.18  30.00 848 25.60 41.70 3240 166.00 14.0 45.8 38.72 3.02
EPAB 0.079 0.1095 3.8 1.0 0.6 0.36 6.36 0.16 0.17 0.94 0.17 1.29 4.0 12.9 28.82 1.06
EPAC 0.179  0.231 4.8 1.1 0.4 1.26  33.90 0.48 1.54  12.00 2.06 26.00 265 479 48.13 3.21
EPAD 0.351 0.439 52 3.6 1.1 332 38.70 0.68 1.17  27.80 1.03  68.10 73.1 201.0 84.42 1.72
EPAE 0.882  0.985 8.1 8.3 2.5 5.69 248.00 9.97 426 76.00 13.20 827.00 18.4 62.2 121.60 0.43
mean 0.283  0.33 7.0 3.1 0.8 1.47  43.94 1.61 351  14.00 548 8570 223 83.0 66.73 3.83
median 0.183 0.23 52 2.3 0.6 0.88  25.90 0.41 0.83 5.76 1.24 538 11.8 25.9 48.13 1.75
max 1.010 1.14 335 9.8 3.1 5.69 451.00 9.97 25.60 76.00 3240 1160.00 177.0 528.0 457.00 19.10
min 0.057 0.07 1.0 1.0 0.1 0.13 3.21 0.07 0.08 0.69 0.15 0.27 1.6 42 8.82 0.43
EP19 0.060  0.047 2.0 2.1 0.1 0.60 13.30 0.25 0.30 1.38 0.17 632 175 37.5 23.50 1.20

The Wetzel (1983) TPu classification places the high-
elevation northern sites in the ultra-oligotrophic (i.e., TPu
<5 ug/L, EP23, EP24) or oligo-mesotrophic (i.e., TPu 5—
10 pg/L, EP22) category.

Likewise, total N (TN) values for the oasis sites (mean,;,
=1.14 mg/L) exceed the previously reported averages for
Arctic islands (see summary in Lim et al., 2005), but are
closest to those reported from the lush regions of Mould
Bay (0.616 mg/L, Antoniades et al., 2003a) and Banks
Island (0.499 mg/L, Lim et al., 2005). The high-elevation
oasis sites have a mean TN concentration of 0.206 mg/L,
suggesting that these high-elevation sites are more similar
to the northern sites (mean, e = 0.330 mg/L) than to
those located within the oasis.

Interestingly, the TN:TPu ratios of the two groups of
sites do notdiffer greatly (TN:TPumean,,;, =98, mean, .
= 67) and primary production in both groups is clearly
limited by P (Downing and McCauley, 1992). However,
when we examine TPu versus TN graphically, we see that
there is little relationship between the two variables in
either the full data set (graph not shown) or in the northern
sites alone (Fig. 2b), but a positive linear relationship
between them in the oasis sites (Fig. 2a). This finding
suggests that, in the northern sites, different mechanisms

control nitrogen and phosphorus delivery to the aquatic
ecosystems, but that in the oasis sites the cycles of these
nutrients are linked. It is probable that autochthonous
production is higher in the oasis sites (e.g., Quesada et al.,
1999). This survey is similar to other High Arctic
limnological surveys (see below) in that it shows no
relationship between either TN or TPu and Chla.

Concentrations of DOC in the oasis sites (mean,,;, =
17.3 mg/L) are more than twice the highest previously
reported mean values, which were 6.7 mg/L for Mould Bay
and 6.1 mg/L for Banks Island. DOC concentrations for the
northern sites are similar to averages for most other Arctic
limnological surveys (mean, .., = 3.4 mg/L). The subset of
the high-elevation oasis sites had even lower DOC than the
northern sites (mean = 2.3 mg/L). As most DOC is derived
from catchment vegetation and aquatic mosses, and as the
vegetation is much richer in the oasis than outside, this is not
asurprising result. What is especially noteworthy, however,
is the unprecedentedly high DOC concentrations from the
oasis sites. These high concentrations likely reflect a few
ponds that could possibly be considered wetlands because
of their very shallow depths and the mosses, grasses, and
sedges growing throughout them.
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TABLE 2. Summary of selected limnological variables for the oasis sites, with abbreviations as described in Table 1. P values represent
the results of t-tests (assuming unequal variance) between the oasis and northern sites. “NS” indicates no significant difference. Full details
for other limnological parameters (e.g., metals, rare earth elements) are available in Keatley (2007).

Elev SA Pond/ Cond Chla DOC DIC POC PON NH, TKN
ID Name Lat. N Long. W Date (m) (ha) Lake pH uS/em  pg/L mg/L  mg/L mg/L mg/lL mg/L mg/L
EP1  Skeleton 81°49.798' 71°28.483' 8 296 1.84 L 8.20 175 0.6 5.8 20.7 0529 0.084 0.014 0.314
EP2 81°49.845' 71°28.352' 8 296 1.00 L 8.17 180 0.6 4.6 22.8 1.240 0259 0.032 0.296
EP3 81°49.884' 71°28.052' 8 296 0.24 L 8.07 187 0.9 4.1 259 1490 0334 0.010 0.298
EP4 81°50.721' 71°23.928' 9 300 0.06 P 8.93 235 1.1 31.1 22 1.370  0.131  0.145 2.270
EP5 81°50.752" 71°23.849' 9 297 0.16 P 8.70 443 0.1 29.6 324 2250 0486 0.063 2.100
EP6 81°50.773' 71°24.815' 9 250 0.06 P 7.90 90 0.5 5.6 7.3 0.900 0.168 0.009 0.289
EP7 81°50.337" 71°20.060' 9 230 1.40 P 8.40 700 1.5 12.5 314 0574 0.086 0.054 0.778
EPS 81°50.474' 71°19.187" 9 220 0.02 P 8.43 650 0.7 40.1 42.7 1.000  0.174 0.034 2.040
EP9 81°50.096' 71°18.539' 9 210 0.34 P 8.40 1650  0.05 35.9 245 0485 0.042 0.063 2.120
EP10 81°48.965' 71°24.995' 10 170 0.05 P 8.50 362 0.6 8.1 203 0449 0.056 0.003 0.318
EP11 81°48.650" 71°26.922' 10 170 0.76 P 8.90 172 1.1 9.1 13.7 0511 0.057 0.057 0.584
EP12 81°48.590" 71°34.732' 10 190 0.13 P 8.17 1300 0.5 36 55 0.693 0.075 0.011 1.610
EP13 81°48.710" 71°33.614' 10 200 0.02 P 8.37 355 0.05 27.2 424 1.550 0313 0.010 1.150
EP14 81°49.236" 71°32.279' 10 210 0.01 P 8.87 390 0.05 31.8 313 0.847 0.082 0.049 1.840
EPI5 81°49.899" 71°31.629' 15 300 0.14 P 8.53 560 0.1 9.2 122 0769 0.145 0.044 0.594
EP16 81°49.737" 71°32.251' 15 300 0.50 P 8.73 1000 1 18.2 25 0.854 0.088 0.027 1.380
EP17 81°49.781" 71°30.855' 15 300 0.05 P 8.53 520 0.05 24.1 248 0.538 0.049 0.044 1.500
EP18 81°49.306' 71°21.045' 15 160 0.05 P 8.33 470 0.5 13.4 274 0482 0.055 0.047 0.961
EP20 81°49.533" 71°19.999' 15 170 0.09 P 8.03 880 1 21.6 245  0.626 0.061 0.007 1.320
EP21 81°49.533" 71°19.999' 15 170 0.07 P 8.33 690 1.1 233 263 0387 0.035 0.023 0.992
EP22 81°49.26' 71°45.04' 16 853 1.60 P 8.47 115 0.6 39 9.9 0317 0.052 0.003 0.156
EP23 81°49.298' 71.45.162' 16 860 0.11 P 7.97 91 0.05 2.3 8.9 0.185 0.029 0.018 0.167
EP24 81°49.041"' 71°46.886' 16 870 2.80 L 7.53 45 0.5 0.7 4.8 0.425 0.077 0.009 0.087
mean 318  0.50 8.23 490 0.6 17.3 242  0.803 0.128 0.034 1.007
median 250 0.13 8.40 390 0.6 134 245  0.626 0.082 0.027 0.961
max 870 2.80 8.93 1650 L5 40.1 55 2250 0486 0.145 2.270
min 160 0.01 7.53 45 0.05 0.7 4.8 0.185 0.029 0.003  0.087
P value NS 0.022 NS NS 0 0 0.001 NS 0
TABLE 2 Continued

TdN TN TPu TPf SRP Sio, Ca K Na Mg Cl SO, Al Fe

ID mg/L  mg/L  ug/L ug/L /L mg/L mg/L mg/lL mg/l mg/L mg/l mg/L ug/L ug/L  TN:TPU NaK
EP1 0.354  0.403 9.5 5.2 1.3 4.61 38.80 1.09 1.42 6.53 0.61 4170 227 29.4 42.42 1.30
EP2 0.346  0.561 7.5 3.6 1.0 521 41.70 0.85 1.26 5.59 0.58  30.30 1.3 72.3 74.80 1.48
EP3 0.275 0.6345 5.6 32 0.8 570 4430 0.98 1.41 6.04 0.56  33.50 205 45.4 11330 1.44
EP4 1.940 2.4035 15.7 9.3 2.3 499 35.00 5.70 2,13 17.20 227 6540 8.2 67.7 153.09 0.37
EP5 1.820 2592 11.7 7.1 2.1 591 51.20 8.07 329  32.80 3.45 132.00 44 149.0 221.54 0.41
EP6 0316 04595 9.2 5.5 1.0 3.16  15.00 0.08 0.73 1.83 0.12  10.10 4.0 143.0 49.95 9.13
EP7 0.746  0.869 11.8 52 0.9 098 29.60 1320 68.40 40.70 21.60 260.00 9.3 43.6 73.64 5.18
EP8 1.910 22165 24.1 8.5 2.5 721  83.20 1030 571 41.10 5.31 211.00 2.0 206.0 91.97 0.55
EP9 1.990 2.167 16.0 9.6 4.2 12.30 344.00 21.80 29.60 97.70 16.70 1150.00 13.8 359.0 135.44 1.36
EP10 0.328 0.3765 9.5 5.6 1.0 2.11  60.30 3.39 1.95 14.90 1.04 131.00 42.1 86.5 39.63 0.58
EP11 0.567 0.6435 13.5 6.4 0.7 249 29.70 2.17 1.09 4.12 0.84 3290 19.6 231.0 47.67 0.50
EP12 1.470  1.6875 13.0 10.5 4.5 12.20 234.00 32.00 2870 87.10 15.20 751.00 22 430.0 129.81 0.90
EP13 1.380 1.4655 9.7 5.8 3.7 6.51  59.80 5.37 3.81 17.20 3.54  51.60 9.6 178.0 151.08 0.71
EP14 1.610  1.9245 20.6 7.1 22 533  67.20 4.83 447 2240 292 130.00 42  183.0 93.42 0.93
EP15 0.645 0.7415 10.4 4.6 0.3 1.14  41.00 2.86 322 18.90 1.19 127.00 6.9 68.2 71.30 1.13
EP16 1.210  1.514  12.0 6.9 1.5 2.66 107.00 1990 13.70 117.00 5.34 680.00 4.7 924 126.17 0.69
EP17 1.430  1.558 7.6 6.1 1.9 13.90  90.50 3.94 5.74  34.20 1.56 262.00 12.7 73.5  205.00 1.46
EP18 0927 1.036 17.1 7.0 0.8 230  64.90 6.32 1.92 3450 1.42 189.00 59 117.0 60.58 0.30
EP20 0.030 13835 94 6.1 0.8 8.19 191.00 8.32 4.79  38.10 4.76  494.00 8.5 610.0 147.18 0.58
EP21 0.907 1.0295 7.8 6.4 0.9 11.60 148.00 7.4