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ABSTRACT

Limnological variables from 30 lakes situated along the proposed Mackenzie Gas Project pipeline route in the Canadian
Northwest Territories were examined. Sampled lakes were shallow (Z,,,, = 1.5-30 m; mean depth = 6.6 m), generally nutrient poor
(TP often <10 ug L), and alkaline (mean pH = 8.2). Floodplain lakes located within Arctic-tundra watersheds tended to have
higher conductivity and major ions (Na, Cl, Ca, SO,) concentrations relative to non-flooded Arctic-tundra or forest-tundra lakes,
reflecting differences in vegetation, elevation and most importantly, proximity to the Mackenzie River. The first two axes of a
principal component analysis explained 56.1% of the variance in the environmental data. Variables most strongly associated with
the first principal component axis were latitude, elevation, dissolved oxygen, temperature, conductivity and turbidity while the
second principal component axis represented gradients of nutrients and Chlorophyll-a (Chl-a). Factors affecting Chl-a varied among
the different ecological zones. This study provides reference data for future monitoring of potential effects of development and

warming in the Arctic.

Key words: limnology, climate change, Mackenzie River basin, phytoplankton, nutrients, multivariate analyses

1. INTRODUCTION

The lower Mackenzie River basin (MRB) is a rela-
tively isolated and undisturbed watershed located in the
Canadian Northwest Territories (NT; MRBB 2004).
However, this condition could change with the imple-
mentation of the Mackenzie Gas Project (MGP) with its
three drill pads located in the Mackenzie River delta
region and a pipeline running south 1220 km into north-
ern Alberta (Imperial Oil Resources Ventures Limited
2004). Some of the activities related to drill pad and
pipeline construction and operation that may have
adverse effects on aquatic ecosystems include habitat
disruption, water diversion and increased nutrient
releases associated with sewage discharges (MRBB
2004). Although some limnological studies have been
conducted in the general area of the proposed drill pads
and pipeline route, they focused on lakes in the upper
Mackenzie River delta (Squires & Lesack 2003; Spears
& Lesack 2006), on Tuktoyaktuk Peninsula (Fee et al.
1988; Anema ef al. 1990; Ramlal ef al. 1991), or further
south near Yellowknife, NT (Pienitz et al. 1997a, b). As
well, baseline environmental impact assessment studies
that were conducted as part of the MGP (Imperial Oil
Resources Ventures Limited 2004), obtained very lim-
ited information on the water chemistry of lakes situated
along the proposed pipeline route including Chloro-
phyll-a (Chl-a) concentrations and phytoplankton and
invertebrate communities (Evans et al. 2007). Conse-

quently, there is a very limited understanding of the
relationship between algal biomass (measured as Chl-a)
and environmental factors in the lakes near the drill pad
areas and along the pipeline route.

Since the mid-1960s, empirical models based on the
regressions of Chl-a on epilimnetic total phosphorus
(TP) have been used to predict algal biomass in lakes
(Sakamoto 1966; Schindler 1977; McCauley et al. 1989;
Evans et al. 1996; Elser et al. 2007; Schindler et al.
2008). Such models have strong support from empirical
studies (Dillon & Rigler 1974), whole-lake experimen-
tal studies (Schindler 1977), and successful manage-
ment of eutrophication (Edmondson 1991). However,
because these empirically-derived models were based
on data from northern temperate regions, they may not
apply to subarctic and Arctic lakes (Flanagan er al.
2003).

Recent studies suggest that Arctic freshwaters
respond differently to TP addition than temperate sys-
tems because they have very different chemical and
physical properties (Riihland et al. 2003; Prowse et al.
2006). Moreover, dramatic changes in the prevailing
environmental features of the Arctic (i.e., extreme sea-
sonal variations in solar radiation and water tempera-
tures, and persistently low nutrients) due to global cli-
mate change may have profound effects on phyto-
plankton biomass. Some of the effects associated with
warming, such as reduced ice cover and thawing perma-
frost in combination with increased water temperatures
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Fig. 1. Location of 30 study lakes in the lower Mackenzie River basin

(inset) near Inuvik, Northwest Territories, Canada.

(ACTA 2005), may significantly enhance algal growth,
productivity, and nutrient cycling (Flanagan et al.
2003). Similarly, allochthonous input of nutrients into
lakes from surrounding catchments as a result of
degraded permafrost may enhance primary production
while high dissolved organic carbon (DOC) influx may
actually attenuate light and limit phosphorus bioavail-
ability for microbial production. The extent to which the
above named environmental factors interact to affect
phytoplankton biomass in high latitude lakes has not
been systematically evaluated (Flanagan et al. 2003).
Here we report on the water chemistry and the environ-
mental factors controlling phytoplankton standing
stocks using data obtained from surveys of 30 lakes car-
ried out during ice-free open-water seasons in 2004,
2006 and 2007. These lakes are distributed along a
north-south transect on the eastern side of the
Mackenzie River and lie along a vegetational gradient
of forest-tundra in the south to Arctic-tundra in the
north (Fig. 1).

The primary objectives of this study were to (i)
describe the physical and chemical characteristics of
lakes situated along the proposed MGP drill pads and

pipeline route and compare these findings with previous
data published from the Mackenzie River delta and
lakes in the Tuktoyatuk and Yellowknife area, (ii)
examine the nutrients limiting algal standing stocks in
these sites using sestonic and nutrient ratios, (iii) use
principal component analysis (PCA) to identify lakes
with common limnological features and the factors
affecting these groupings, and (iv) use linear regressions
and general linear models (GLM) to predict Chl-a. This
investigation is part of a more extensive study con-
ducted to acquire predisturbance baseline data (e.g.,
sediment, water chemistry, benthic macroinvertebrates,
zooplankton, and phytoplankton standing stocks and
diversity) of lakes situated near the proposed MGP pro-
duction facilities and pipelines in the vicinity of Inuvik,
NT. Results of the nutrient limitation bioassays and
sestonic ratios have been published elsewhere (Ogbebo
et al. 2009). It is our intention that the accrued lim-
nological information will add to the growing reference
database for long-term monitoring of the response of
northern lakes to human impacts and/or climate change
(Ramlal ez al. 1991; Pienitz et al. 1997a, b; Riihland et
al.2003).
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2. MATERIALS AND METHODS
2.1. Study area and lake selection

The 30 lakes selected for this study are situated in
the lower MRB, and lie along a latitudinal gradient
between 67°39' and 69°24'N (Fig. 1). Sixteen of these
sites are located in the Mackenzie River delta while the
remaining 14 are situated along the eastern side of the
Mackenzie River (Fig. 1). Lakes south of Inuvik are
below the tree line and are situated in the forest-tundra
ecological zone while those north are located in the
Arctic-tundra ecological zone. Within the Arctic-tundra
study area there were two groups of lakes: those that are
situated at lower elevation (<5 m above sea level (ASL))
and are predisposed to regular flooding by the
Mackenzie River, and those that are not flooded (>5 m
ASL; Tab. 1). Furthermore, the forest-tundra lakes sam-
pled during this study are situated at higher elevations
along the pipeline corridor and are not flooded by the
Mackenzie River. These lakes represent a gradient in
depth, elevation, DOC, nutrients, connectivity to the
Mackenzie River, and proximity to locations of the pro-
posed MGP production facilities and pipelines. One drill
pad will be in the Big and Kimialuk lakes area (Taglu),
a second in the OIld Trout and Trench lakes area
(Niglintgak), and the third at Parsons Lake.

2.2. Regional climate and vegetation

The climate and weather in this region are highly
variable due to its close proximity to the Beaufort Sea.
Inuvik has an intermediate climate between subarctic
and Arctic with very long, cold and dark winters;
there is continuous sunlight during the summer
season. The average climatic conditions in this region
are described in the Environment Canada website
(Environment Canada 2005, Climate Normals 1971-
2000).

Detailed information on the vegetation in the study
area is presented in Ogbebo et al. (2009). Briefly, for-
est-tundra and Arctic-tundra comprise the main vegeta-
tion zones of the study area. The area north of Inuvik
lies in the Arctic-tundra ecological zone and can be
described as a vast area of barren landscape with per-
manently frozen subsoil (permafrost). It is mainly a
treeless zone consisting of grasses, dwarfed shrubs,
herbs, lichens, mosses and sedges. In contrast, the
region to the south of Inuvik lies below the treeline and
is classified as the subarctic forest-tundra ecological
zone. The forest-tundra zone is characterized by forest
patches which are dominated by Picea glauca (white
spruce), P. mariana (black spruce) and Larix laricina
(larch) with an understory of diverse sedges, mosses,
lichens, grasses and herbs. Tree growth in the northern
part of the transition zone is hampered by low precipi-
tation and cold winters resulting in small-scattered
clumps of stunted spruce, tamarack and dwarf birch
(Betula nana) on warmer, sheltered sites (Imperial Oil
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Resources Ventures Limited 2004). Additionally, vege-
tation and soil conditions in both ecological zones are
strongly influenced by permafrost, which is continuous
above the treeline and discontinuous below the treeline
(Pienitz et al. 1997a, b). Catchment vegetation in the
forest-tundra regions may be a significant source of car-
bon (C) to lakes.

2.3. Sampling protocol and analyses

A total of 30 lakes were sampled for this study (Fig.
1). Eight lakes were sampled during 20-22 August 2004,
17 during 10-14 August 2006, and 17 lakes during 23-
27 July 2007; winter sampling was limited to one occa-
sion on a small number of lakes and is reported in
Ogbebo et al. (2009). Eight of the lakes were sampled
on two occasions, and Parsons and East Hans lakes were
sampled during all three time periods. Some of the
lakes, such as Big and Parsons, were sampled more than
once because of their proximity to drill pads and our
anticipation of a long-term monitoring program occur-
ring at or near (control) these lakes. Because of the
similarity between data from multiple sampling, only
the mean of the observations are used in this study.

All study lakes were accessible only by air, so sam-
pling was conducted from a DHC-2 Beaver floatplane
that landed near the centre of each lake. Measurements
such as temperature, pH, specific conductivity, dis-
solved oxygen (DO), and turbidity were made in situ
using a YSI 6600 multiparameter sonde. Water trans-
parency was determined using a standard 22-cm black
and white Secchi disk. Surface (ca 0.5 m) water samples
were collected by immersing an acid-washed, pre-rinsed
Nalgene bottle just below the surface, while deep sam-
ples were obtained with a Niskin water bottle at a depth
of 1 m above the lake floor. All samples were immedi-
ately placed in coolers containing ice packs. Within 6 h
of collection, the samples were filtered and prepared for
transport to analytical laboratories for various analyses.
Water was analyzed for major ions (Ca, Mg, K, Na, Cl,
and SO,), total metals, dissolved inorganic carbon
(DIC), DOC, and nutrients and related variables
including total phosphorus (TP), dissolved phosphorus
(DP), orthophosphate (ortho-P), particulate organic car-
bon (POC), particulate organic nitrogen (PN), total dis-
solved nitrogen (TDN), ammonia (NHj3), nitrate-nitrite
(NO3+NO,), and silica (SiO,). Particulate phosphorus
(PP) was estimated as the difference between TP and
DP. Total nitrogen (TN) is the sum of TDN and PN.
The above abbreviations in parentheses correspond to
the labels used in the figures and tables. All analyses
were carried out at the National Laboratory for Envi-
ronmental Testing (NLET) in Saskatoon, SK and Bur-
lington, ON, and at the Prairie and Northern Laboratory
for Environmental Testing (PNLET) in Edmonton, AB.
All three laboratories followed standard protocols out-
lined by Environment Canada (1992).
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Tab. 1. The chemical and physical parameters for study lakes. Lat. = latitude; Long. = longitude; Elev. = elevation; Temp. =
temperature; Cond. = specific conductivity; Turb. = turbidity; Secchi = Secchi depth.

Lake Lat. Long. Elev. Area Depth DO pH  Temp. Cond. Turb. Secchi TP DP TDN
™ (W) (m)  (ha) (m) (mgL? °C) (uSem™) (NTU) (m) (ugL") (ngL™) (ngL™
Forest-tundra
Bathing 67°39" 132°27" 205 1974 5.8 9.7 8.5 16.1 169.0 0.3 5.5 2.5 2.5 245.0
Deep 67°40" 132°15" 206 1413 44.0 9.4 8.3 15.7 122.0 0.2 9.0 2.5 2.5 155.0
Travaillant 67°41' 131°41' 140 11321 5.7 9.6 8.3 17.1 118.7 0.6 5.2 2.3 1.8 318.0
Sandy 67°48' 132°14'" 161 2113 18.5 9.6 8.2 15.1 97.0 0.3 3.5 2.5 2.5 385.0
Crossing Creek  67°49' 132°01' 148 272 7.5 9.7 8.1 17.0 97.5 1.5 2.3 4.5 1.0 388.0
Wood Bridge 67°52' 132°09'" 174 478 8.7 9.1 7.9 17.3 83.0 0.6 2.3 5.5 1.0 456.5
Fish Trap 67°56' 132°13" 226 324 13.9 9.3 7.8 16.8 80.0 2.4 2.3 12.5 3.0 522.5
Hill 67°58' 132°32'" 226 811 1.8 10.4 8.3 16.2 75.0 5.4 0.8 38.5 5.0 500.5
Caribou 67°59' 132°93' 197 5455 4.7 9.4 8.1 16.3 64.3 1.3 2.1 5.0 2.6 292.5
MIN 67°39' 132°27'" 140 272 1.8 9.1 7.8 15.1 64.3 0.2 0.8 23 1.0 155.0
MAX 67°59' 132°32' 226 11321 44.0 10.4 8.5 17.3 169.0 54 9.0 38.5 5.0 522.5
MEAN 187 2684 10.7 9.6 8.2 16.4 100.7 1.4 3.6 8.4 2.4 362.6
Arctic-tundra (non-flooded)
Noell 68°31' 133°32' &7 3005 2.8 9.8 8.2 15.7 67.3 0.5 2.8 7.8 1.8 192.8
Jimmy 68°38' 133°30' 48 1076 8.0 9.3 7.9 16.7 68.0 1.1 2.7 11.5 4.5 321.5
East Hans 68°50" 133°39" 40 368 1.8 10.9 7.8 13.9 82.3 5.8 0.5 36.4 5.7 366.3
West Hans 68°51' 133°32" 91 10 1.5 10.8 8.1 16.0 63.5 2.1 1.5 25.6 9.4 356.8
Parsons 68°57' 133°39'" 44 6349 3.7 10.4 7.8 15.0 66.9 2.9 1.7 22.0 43 398.3
Wolf 69° 13" 134°26' 27 972 5.0 10.4 8.3 15.2 179.0 0.6 3.5 3.0 1.0 174.0
Pullen 69°14' 134°40' 27 711 7.5 10.3 8.4 14.5 117.5 0.5 2.7 5.5 1.0 240.5
Mid 69°15' 134°32'" 23 18 3.5 10.7 8.3 13.8 120.5 0.8 34 7.0 1.8 300.0
LS 69° 21" 134°49' 9 150 7.8 9.5 8.1 14.9 318.7 12.2 0.9 28.3 5.0 400.0
MIN 68°31' 133°32 9 100 15 93 78 138 635 05 05 30 1.0 1740
MAX 69°21' 134°49'" 91 6349.0 8.0 10.9 8.4 16.7 318.7 12.2 3.5 36.4 9.4 400.0
MEAN 44 1406.6 4.6 10.2 8.1 15.1 120.4 2.9 2.2 16.3 3.8 305.6
Arctic-tundra (flooded)
U2 68°59' 135°23' 0 665 1.8 10.4 8.4 14.5 255.0 64.7 0.3 14.0 2.5 225.0
Ul 69°07' 135°48' 0 665 1.8 10.7 8.4 14.9 235.0 16.8 0.5 2.5 2.5 190.0
L3 69°09" 13530 0 31 2.0 10.6 8.2 15.9 3423 10.2 0.4 36.7 5.0 100.0
L9 69°09' 135°10' 0 364 2.0 9.3 8.2 15.7 270.7 16.1 0.4 40.0 5.0 566.7
Yaya 69°10' 134°37" 2 1034 28.0 10.5 8.4 14.1 291.0 0.7 42 2.3 1.8 209.0
Trench 69°16' 135°06' O 762 2.0 10.8 8.4 12.9 267.0 21.2 0.4 9.0 2.5 185.0
Old Trout 69°17' 135°08' 0O 740 10.7 10.5 8.5 13.9 297.0 1.6 2.7 2.5 2.5 160.0
L10 69°18' 135°11" 1 239 3.5 10.5 8.2 14.8 287.2 8.3 0.9 20.0 5.0 1080.0
L1 69°21"' 135°12' 1 168 2.5 9.7 8.1 14.9 288.8 17.3 0.5 40.0 5.0 100.0
Kimialuk 69°22' 135°08' 0 2418 1.9 10.6 8.3 14.0 262.0 42.0 0.2 41.5 4.8 186.5
Denis Lagoon 69°22' 134° 39 1 18 3.0 10.2 8.4 13.4 286.0 20.0 0.5 9.0 2.5 160.0
Big 69°24' 134°32' 2.2 1213 33 10.5 8.5 14.2 2453 2.6 2.2 6.5 2.3 207.8
MIN 68°59' 135°23' 0 18.0 1.8 9.3 8.1 12.9 235.0 0.7 0.2 2.3 1.8 100.0
MAX 69°24' 134°32'" 22 24180 28.0 10.8 8.5 15.9 3423 64.7 4.2 41.5 5.0 1080.0
MEAN 0.6 693.1 5.2 10.4 8.3 14.4 277.3 18.4 1.1 18.7 3.5 280.8
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Tab. 1. (continued).

Lake NH; NO#NO, POC PN PP TN DOC DIC Chle ClI SO, Ca Na SiO,
(gL (pegLh) (ugL™h (ugL") (ugL") (ugL™) (mgL™") (mgL") (ugL™) (mg L") (mg L") (mg L") (mg L) (mg L")

Forest-tundra

Bathing 6.0 5.0 1525 30.0 50 2750 9.5 18.4 1.5 32 7.4 242 32 1.3
Deep 2.5 5.0 5.0 2240 50 3790 4.0 14.2 1.3 1.1 43 17.6 1.7 1.5
Travaillant 11.3 5.0 149.5 118.0 0.5 436.0 10.6 11.6 1.7 2.1 7.1 14.8 3.1 1.5
Sandy 23.5 5.0 5.0 2265 5.0 6115 10.5 8.3 1.3 1.8 9.7 11.4 33 1.5

Crossing Creek 18.0 23.5 203.5 182.0 3.5 570.0 10.5 8.5 23 2.0 8.2 11.9 3.1 1.5
Wood Bridge 14.5 5.0 244.0 198.0 45 6545 14.0 7.5 3.1 2.8 2.8 11.0 2.3 1.0

Fish Trap 41.5 19.5 333.0 199.0 9.5 7215 137 7.5 33 3.0 29 10.5 2.6 1.1
Hill 14.0 5.0 3905.0 858.0 335 13585 11.1 7.5 26.4 2.1 0.9 9.3 2.5 0.7
Caribou 8.0 5.0 448.5  236.0 33 528.5 7.7 6.0 59 22 2.5 7.3 29 0.7
MIN 2.5 5.0 5.0 30.0 0.5 275.0 4.0 6.0 1.3 1.1 0.9 7.3 1.7 0.7
MAX 41.5 23.5 3905.0 858.0 33.5 13585 14.0 18.4 26.4 3.2 9.7 242 33 1.5
MEAN 15.5 8.7 605.1 2524 6.1 6149 10.2 9.9 5.2 2.2 5.1 13.1 2.7 1.2
Arctic-tundra (non-flooded)

Noell 6.3 5.0 103.0 8.8 6.0  201.5 49 43 1.6 1.7 11.0 7.1 2.5 0.4
Jimmy 135 5.0 4315 495 7.0 371.0 105 3.7 52 1.6 12.0 7.2 2.6 1.1
East Hans 48.7 39 17214 2759 307 642.1 114 6.2 14.9 32 8.1 10.0 22 2.3
West Hans 50.0 6.0 770.6 1650 162 521.8 117 5.2 4.6 2.7 2.1 7.6 1.9 1.3
Parsons 58.0 53 13143 218.0 17.7 6163 6.3 53 8.0 3.8 4.9 7.1 22 0.3
Wolf 8.0 5.0 162.5 131.0 2.0 305.0 3.6 152 22 10.1 11.7 22.0 5.8 0.2
Pullen 9.5 5.0 308.5 1725 4.5 413.0 6.2 7.7 3.1 10.8 5.0 11.6 6.4 0.5
Mid 9.3 5.0 484.0 131.0 53 431.0 43 10.6 4.5 9.4 3.6 13.0 5.4 0.3
L5 20.0 5.7 567.7 79.3 233 4793 175 nd 2.5 11.7 37.8 39.0 9.6 32
MIN 6.3 3.9 103.0 8.8 2.0 201.5 3.6 3.7 1.6 1.6 2.1 7.1 1.9 0.2
MAX 58.0 6.0 17214 357.0 30.7 6421 175 22.5 14.9 11.7 37.8 39.0 9.6 32
MEAN 23.1 5.1 618.0 1588 119 4523 8.4 9.0 5.0 6.3 134 16.1 4.6 1.3
Arctic-tundra (flooded)

U2 12.5 55.0 874.0 1245 11.5 3495 6.5 21.9 5.5 5.1 38.1 35.8 5.8 35
Ul 8.5 5.0 418.5  59.0 0 249.0 5.5 20.1 2.9 11.2 252 313 8.2 2.3
L3 20.0 7.3 1003.0 110.0 31.7 210.0 20.6 nd 3.1 23.8 37.8 40.6 16.2 3.1
L9 533 4.3 1096.7 1113 350 678.0 182 nd 3.8 9.4 37.0 372 8.3 2.7
Yaya 11.8 13.5 97.3 75.5 0.5 284.5 3.9 24.4 1.4 11.6 37.7 38.8 9.7 33
Trench 8.0 5.0 316.0 357.0 6.5 542.0 8.0 22.5 35 7.9 37.7 36.5 7.4 3.1
Old Trout 55 5.0 1345  336.0 0 496.0 7.5 249 1.8 10.4 414 40.3 9.2 3.1
Lo 20.0 4.1 5424 84.6 150 1164.6 175 nd 2.6 7.6 29.2 31.1 6.4 2.6
L1 20.0 9.0 709.5 88.5 350 1885 185 nd 2.9 14.5 39.1 39.7 11.2 33
Kimialuk 12.3 27.5 6413 117.8 36.8 3043 6.9 21.9 6.4 6.1 36.7 353 6.2 3.2
Denis Lagoon 7.5 5.0 263.0 420 6.5 202.0 9.0 21.5 39 16.2 36.6 353 11.6 2.6
Big 8.8 5.0 304.0 585 43 266.3 6.6 23.0 3.0 14.5 17.5 33.6 9.2 1.3
MIN 5.5 4.1 97.3 42.0 0.0 188.5 3.9 20.1 1.4 5.1 17.5 31.1 5.8 1.3
MAX 533 55.0 1096.7 357.0 368 11646 20.6 249 6.4 23.8 414 40.6 16.2 35

MEAN 15.7 12.2 5333 1304 152 4112 107 225 3.4 11.5 345 36.3 9.1 29
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Phytoplankton biomass was measured as Chl-a
according to the method of Nusch (1980). Aliquots of
water (500-1000 mL; depending on lake productivity)
were filtered through 47 mm GF/C filters. The filter was
placed in a 15 mL centrifuge tube containing 10 mL of
90% ethanol, and the tube then wrapped in tin foil and
stored at -20 °C until extraction. Chl-a was extracted
from the filter by warming the sample tube in an 80 °C
water bath for approx. 5 min. Following removal from
the water bath, the sample extract was cooled to room
temperature and fluorescence determined using a Turner
Designs fluorometer (Sunnyvale, CA, U.S.A.) equipped
with narrow bandpass filters that screen out possible
interference from pheopigments. Accordingly, Chl-a
values were not corrected for pheopigments.

2.4. Statistical analyses

Field data are reported as minimum, maximum, and
mean for the three groups of lakes: forest-tundra, Arc-
tic-tundra (non-flooded) and Arctic-tundra (flooded)
(Tab. 1). For the lakes that stratify, Deep and Yaya, only
measurements based on the surface sample are used; all
other lakes include measurements from both depths
sampled. Data include latitude, longitude, depth, DO,
pH, temperature, conductivity, turbidity, Secchi disk
depth, TP, DP, PP, TN, TDN, NO;+NO,, NH;, PN,
DOC, DIC, Chl-a, POC, SiO,, Ca, Na, and Cl. In cases
where concentrations were below detection limits, half
the detection limit was used to calculate the lake-season
mean. All environmental variables, except pH (meas-
ured on a log-scale), latitude and longitude, were log-
transformed to normalize their distribution prior to any
statistical analyses.

Simple linear regression analyses were performed to
determine the relationship between Chl-a and nutrients
(TP and TN) for all sites and for the three groups of
lakes. A Pearson correlation matrix (PCM) was used to
identify groups of significantly correlated environ-
mental variables using Bonferroni's adjustment (Sokal
& Rohl 1995), taking average correlation among the
variables into account (Sankoh et al. 1997). PCA, a
multivariate ordination technique, was performed to
show and interpret the major patterns of variation in the
environmental data (Rithland et al. 2003). To reduce
multicolinearity, some of the variables that were highly
correlated based on the results of the PCM (above) were
represented in the final PCA plot by proxy or a repre-
sentative variable. For example, conductivity was used
to represent all the major ions (Ca, Na, Cl, and SO4) and
DIC; TP was used for POC, PP and DP; TN for TDN
and PN; and turbidity represented Secchi disk depth (see
table 2 for correlation coefficients among these vari-
ables). The exclusion of those variables resulted in 15
variables being included in the PCA that identified the
major patterns of covariation within the dataset and or-
dinated the lakes with respect to environmental vari-
ables. Because several factors loaded high on more than

one principal component in the PCA, we used varimax
rotation to simplify the interpretation of the factor ma-
trix and to limit confounding the analysis interpretation
(Manly 1986). In the PCA correlation biplot, variables
represented by long arrows have high variance and signifi-
cant effects in axis (ter Braak & Prentice 1988). Likewise,
variables that are positively correlated often have small an-
gles between their respective arrows (Pienitz ez al. 1997a, b).

To better identify the potential nutrient responsible
for limiting algal standing stocks in these lakes, several
ratios including TN:TP (Smith 1982), sestonic C:N:P
(Redfield 1958) and POC:Chl-a (Eppley et al. 1977)
were calculated. The Redfield method uses sestonic
ratios of PC, PN, and PP on a molar basis. PC:PN ratios
>6.6 are indicative of N deficiency, while PC:PP ratios
>106 and PN:PP >16 infer P deficiency. The Smith
method is based on weights of TN and TP. Ratios >17
infer that TP limits algal biomass while TN drives bio-
mass at ratios <10. N and P co-limitation of algal
growth is inferred when TN:TP ratios range from 10-17.
POC:Chl-a (wt:wt) were calculated to help elucidate
whether C sources in these sites were mainly allochtho-
nous (>100) or autochthonous (<100; Eppley et al. 1977).

A GLM was used to construct a model that best pre-
dicts Chl-a concentration from other environmental
variables. Initially, several variables including ecozone,
water temperature, depth, turbidity, nutrients (TN and
TP), DOC and conductivity were included in the GLM
(see Smith 1982; Schindler 1977; Williamson et al.
1999). The best model was eventually determined
through an iterative process of sequentially removing
the most non-significant variable in the model until only
statistically significant variables remained. Statistical
analyses were performed using SYSTAT. For all analy-
ses the level of significance was set at p <0.05.

3. RESULTS
3.1. Limnological characteristics

The minimum, maximum and mean values of the
limnological parameters are shown in table 1. In gen-
eral, most parameters exhibited a wide range in meas-
ured values. The lakes ranged in size from 10-11, 321
ha with elevation ranging from 0-226 m ASL. They
were mostly shallow (<10 m depth), with exceptions
being Yaya Lake (44 m) and Deep Lake (30 m). Aver-
age summer surface (epilimnetic) water temperatures
were moderate and decreased with increasing latitude
from 17.3 °C at Wood Bridge Lake to 12.9 °C at Trench
Lake (Fig. 2a). Secchi disc depth ranged from 0.23 m at
Kimialuk Lake, a shallow lake in the Mackenzie River
delta, to 9 m at Deep Lake, and tended to decline with
increasing latitude (Fig. 2b). Conductivity and major ion
(Na, CI, and SO,) concentrations were greatest at higher
latitudes, with the highest concentrations of these vari-
ables recorded in the flooded Arctic-tundra lakes, fol-
lowed by non-flooded Arctic-tundra lakes and forest-
tundra lakes, respectively (Tab. 1).
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Tab. 2. Pearson correlation matrix for all variables (following transformations) measured in the 30 lakes included in the
principal component analysys. Note: Values in bold are significant (p <0.0012) correlations. Lat. = latitude; Elev. = elevation;
Secchi = Secchi depth; Temp. = temperature; Cond. = specific conductivity; Turb. = turbidity.

Lat. Elev. Depth  Area DO pH Secchi Temp. Cond. Turbid. TP DP TDN
Lat. 1.00
Elev. -0.84 1.00
Depth 0.33 0.30 1.00
Area -0.25 0.14 0.18 1.00
DO 0.75 -0.66 -0.56  -0.33 1.00
pH 0.32 -0.52 -0.10 0.00 0.36 1.00
Secchi -0.46 0.59 0.71 0.21 -0.53 -0.05 1.00
Temp. -0.83 0.79 0.23 0.24 -0.77  -0.47 0.46 1.00
Cond. 0.60 -0.85  -0.03 -0.06 0.46 0.75 -0.30  -0.67 1.00
Turbid. 0.51 -0.68  -0.67 -0.20 0.53 0.12 -0.96 -0.47 0.42 1.00
TP 0.19 -0.04  -0.59 -0.24 0.34 -040  -0.65 -0.13 -0.30 0.58 1.00
DP 0.01 -0.03 -0.39  -0.14 0.29 -0.24  -040  -0.09 -0.22 0.39 0.67 1.00
TDN -0.55 0.66 0.01 -0.05 -0.33 -0.73 0.08 0.59 -0.74  -0.14 0.37 0.21 1.00
NH; -0.08 0.23 -0.21 -0.18 0.13 -0.75  -0.25 0.17 -0.48 0.20 0.58 0.46 0.74
NO;+NO, 0.04 -0.27 0.00 -0.02 0.00 -0.01 -0.37 0.02 0.26 0.45 0.22 -0.03 0.04
POC 0.33 -0.18  -0.72 -0.21 0.45 -0.23 -0.60  -0.08 -0.13 0.61 0.73 0.39 0.33
PN -0.14 0.13 0.06 -0.03 0.12 -020  -0.14  -0.02 -0.15 0.12 0.24 0.18 0.40
PP 0.23 -0.02 -0.59  -0.24 0.30 -042  -0.62 -0.10  -0.31 0.55 0.97 0.50 0.38
N -0.43 0.47 0.04 0.00 -0.11 -0.49  -0.02 0.31 -0.53 -0.03 0.36 0.25 0.77
DOC -0.49 0.36 -0.14  -0.12  -0.35 -046  -0.18 0.43 -0.40 0.13 0.34 0.33 0.68
DIC 0.43 -0.73 0.01 -0.02 0.40 0.76 -0.22 -0.58 0.97 0.35 -0.35 -0.21 -0.67
Chl-a 0.17 -0.02  -0.61 -0.17 0.35 -0.34  -0.62 -0.10  -0.29 0.56 0.86 0.57 0.42
Cl 0.85 -0.79  -0.18 -0.31 0.65 0.50 -0.31 -0.74 0.76 0.39 -0.11 -0.23 -0.52
SO, 0.63 -0.85  -0.05 0.08 0.36 0.47 -0.37  -0.64 0.83 0.44 -0.22 -0.13 -0.72
Ca 0.52 -0.81 -0.02 -0.04 0.42 0.73 -0.29  -0.62 0.99 0.42 -0.30  -0.19  -0.71
Na 0.76 -0.85  -0.08 -0.15 0.51 0.68 -0.30  -0.72 0.88 0.41 -0.27 -0.30  -0.64
Si0, 0.10 -0.54  -0.01 -0.07 0.15 0.30 -044  -0.30 0.58 0.49 -0.04 0.23 -0.28

Tab. 2. (continued).

NH; NO;+NO, POC PN PP TN DOC DIC  Chl-a Cl SO, Ca Na SiO,

Lat.

Elev.

Depth

Area

DO

pH

Secchi

Temp.

Cond.

Turbid.

TP

DP

TDN

NH; 1.00

NO;+NO, 0.18 1.00

POC 0.45 0.13 1.00

PN 0.30 0.01 0.18 1.00

PP 0.56 0.25 0.76 0.22 1.00

TN 0.52 -0.04 0.28 0.85 0.34 1.00

DOC 0.53 0.01 0.26 0.28 0.29 0.55 1.00

DIC -0.50 0.26 -0.18  -0.04 -0.37 -043 -0.37 1.00

Chl-a 0.47 0.03 0.84 0.43 0.84 0.50 0.31  -0.31 1.00

Cl -0.18 0.02 0.21 -0.12  -0.06 -043 -041 0.67 -0.03 1.00

SO, -0.31 0.29 -0.16 -0.36 -023 -0.64 -033 0.69 -032 0.57 1.00
Ca -0.48 0.28 -0.14  -0.11 -0.32 -049 -035 098 -0.30 0.70 0.79 1.00
Na -0.39 0.13 0.02 -0.18 -0.22 -051 -040 0.78 -0.19 0.91 0.75 0.82 1.00

SiO, -0.08 0.37 -0.11 006 -0.13 -0.14 0.25 057 -0.11 0.16  0.61 0.63 037 1.00
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Epilimnetic DO concentrations were high at all lakes
ranging from 9.1-10.9 mg L while pH displayed a
narrow range (7.8-8.5). The relatively deep lakes were
well oxygenated; DO levels in both Deep and Yaya
lakes were >11 mg L™ in the hypolimnion.

Coefficients: 9]
13 4 b[0] = 108.51 o
b[1] = -1.36
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& o
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Fig. 2. Relationships between epilimnetic water temperature
and water transparency with latitude for 30 lakes in the lower
Mackenzie River basin, Northwest Territories, Canada.

TP concentrations were generally low (<10 pg L™,
indicating the oligotrophic nature of these lakes,
although there were instances of higher TP concentra-
tions (36.4-41.0 pg L), which would suggest mesotro-
phic condition in some lakes (Hill, East Hans, L3, L9,
L1 and Kimialuk). In those lakes with high TP concen-
trations, DP was also low indicating that most of the
phosphorus was in the particulate form (Tab. 1). Dis-
solved inorganic nutrients (NO3;+NO,, NH;, SiO,, and
DP) were exceedingly low and often below detection
limits; ortho-P was consistently below the detection
limit at most lakes.

While there was no clear spatial pattern with regards
to DOC concentrations, values were moderately high for
all study lakes ranging from 3.6-20.6 mg L™ (mean =
9.9 mg L™). DIC levels from study lakes were highly
variable and ranged from 3.7-24.9 mg L™ (mean = 13.1
mg L™); relatively higher levels of DIC were observed
at higher latitudes. Chl-a concentrations were low (<6

ng L) with higher concentrations observed at Parsons,
East Hans, Hill and Kimialuk lakes.

3.2. Pearson correlation matrix

The PCM of physical and chemical variables shows
that many of the parameters were highly correlated
(Tab. 2). DO and temperature were inversely related
indicating that temperature was the main determinate of
DO concentration. Environmental variables that express
the ionic composition of water (i.e., conductivity, Na,
Cl, Ca, SOy, and DIC) were significant (p <0.0012) and
highly intercorrelated (Tab. 2). In addition, they were
negatively correlated with elevation, temperature, and
TDN. DO, Cl, SOy, and Na were positively and signifi-
cantly (p <0.0012) correlated with latitude, while tem-
perature, elevation and TDN were negatively correlated
with latitude.

POC showed a strong positive correlation with Chl-a,
turbidity and TP, while Chl-a was positively correlated
with TP, PP and POC, and negatively correlated with
lake depth and Secchi depth. DOC was positively
correlated with pH, conductivity and TDN, while DIC
was positively correlated with pH, conductivity, and all
the major ions.

3.3. Nutrient limitation and sestonic ratios

When nutrient deficiency was assessed from the
total nutrient ratios, i.e., TN:TP, the mass ratio for most
study lakes was >17 (Fig. 3), strongly suggesting P-
limitation. When assessed with PC:PN ratios (Fig. 4a),
N-limitation appeared to prevail in a majority of flooded
Arctic-tundra lakes, while most forest-tundra lakes and
non-flooded Arctic-tundra sites appeared to be N-suffi-
cient. PC:PP ratios (Fig. 4b) and PN:PP ratios (Fig. 4c)
indicated P-limitation in a majority of forest-tundra
lakes and non-flooded Arctic-tundra lakes.

POC:Chl-a ratios ranged from 3.7-326.5 (Fig. 5).
Based on these ratios, nine lakes were likely autochtho-
nous, nine likely intermediate, and 12 likely allochthonous.

3.4. Principal components analysis

The PCA biplot for the environmental variables is
presented in figure 6a. The variance in the environ-
mental data explained by the first two principal compo-
nent axes was 32.3% and 23.8%, respectively. Only
these two axes were retained for further interpretation
because they explained more variation in the data than
due to chance alone (Jackson 1993). Latitude, DO, con-
ductivity, turbidity and SiO, were positively associated
with principal component one (PC1), while elevation,
depth, water temperature and TN loaded negatively on
PC1 (Tab. 3, Fig. 6a). For principal component two
(PC2), depth loaded negatively, while TP, Chl-a, NH;,
DOC, TN and turbidity loaded positively (Tab. 3, Fig.
6a). Thus, PCI1 can be considered as a gradient of physi-
cal features, while PC2 can be identified primarily as a
gradient of trophic state (nutrients and Chl-a).
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Lakes could be classified according to their respec-
tive ecological zone and proximity to the Mackenzie
River delta (Tab. 1; Fig. 6b). Specifically, flooded Arc-
tic-tundra lakes clustered on the right of the ordination
along PC1 and were characterized as high latitude and
low elevation, but were shallow, cold, and turbid lakes
with high DO (probably due to wind-mixing) and con-
ductivity. In contrast, forest-tundra lakes tended to
cluster on the left along PC1 (Fig. 6b). Interestingly, the
non-flooded Arctic-tundra lakes immediately north of
Inuvik, being intermediate in location relative to the
other two groups of lakes, were transitional in their lim-
nological variables along PC1 (Fig. 6b). Small, shallow
and turbid lakes with relatively higher nutrient and Chl-
a concentrations all grouped together in the upper half
of PC2, regardless of their vegetation or regional classi-
fication.

Tab. 3. Factor loadings after Varimax rotation for each
limnological variable on the first two principal compo-
nents. Values marked bold have considerable influence on
the respective principal component.

Variable PC1 PC2

Latitude 0.869 0.060
Elevation -0.950 -0.036
Depth -0.416 -0.576
Area -0.360 -0.346
DO 0.631 0.059
Temperature -0.789 0.167
Conductivity 0.846 -0.169
Turbidity 0.722 0.574
TP 0.273 0.872
NH; -0.093 0.799
NO,-NO; 0.204 0.083
™N -0.431 0.501
DOC -0.046 0.711
Chl-a 0.035 0.737
SiO, 0.560 0.144
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3.5. Models of Chl-a
3.5.1 Single variable-Chl-a relationships

To be consistent with previous reports of relation-
ships between Chl-a and nutrients (TP, TN), we report
simple linear relationships for these variables. For all
lakes, there was a highly significant positive relation-
ship between TP and algal biomass (Log;oChl-a = 0.10
+0.44 1og'°TP; R’ = 0.44, p <0.0001; Fig. 7a). The Chl-
a-TN relationship was positive and statistically signifi-
cant for all 30 lakes (Log;oChl-a = -0.95 + 0.56
log;(TN; R’ = 0.16, p <0.05; Fig. 7b), although consid-
erably less variance in Chl-a was explained by TN when
compared to the TP-Chl-a relationship.
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Fig. 7. (a) Plot of the linear regression between TP and Chl-a
concentrations for all lakes (Log;oChl-a = 0.10 + 0.44 log;TP;
R’ =0.44, p = 0.0001), forest-tundra lakes (Log;oChl-a = -0.19
+ 0.94 log(TP; R’ = 0.84, p <0.0001), non-flooded Arctic-
tundra lakes (Log;¢Chl-a = 0.07 + 0.50 log;(TP; R’ =039, p=
0.07), and flooded Arctic-tundra lakes (Log;oChl-a = 0.25 +
0.22 logy TP; R? = 0.38, p = 0.03). (b) Plot of the linear
regression between TN and Chl-a concentrations for all lakes
(Log;oChl-a =-0.95 + 0.56 log o TN; R’ = 0.16, p = 0.02), forest-
tundra lakes (Log;oChl-a = -4.29 + 1.73 log;,TN; R’ = 0.64, p =
0.01), non-flooded Arctic-tundra lakes (Log;oChl-a = -3.52 +
1.58 log;oTN; R’ =0.68, p = 0.01), and flooded Arctic-tundra
lakes (Log;oChl-a = 0.65 - 0.06 log;,TN; R’ = 0.006, p = 0.80).
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Since the lakes tended to pattern out into three rather
distinct types, we also calculated Chl-a-nutrient rela-
tionships for each unique lake type. A positive relation-
ship was found between TP and Chl-a for forest-tundra
lakes (Log;oChl-a = -0.19 + 0.94 log,,TP; R’ = 0.84, p
<0.0001), flooded Arctic-tundra lakes (Log;(Chl-a =
0.25 + 0.22 logy TP; R’ = 0.38, p = 0.03), and non-
flooded Arctic tundra lakes (Log;oChl-a = 0.07 + 0.50
log,cTP; R’ = 0.39, p = 0.07; Fig. 7a). There was a
strong relationship between TN and Chl-a in forest-tun-
dra lakes (LogyChl-a = -4.29 + 1.73 log,(,TN; R’ =
0.64, p = 0.01) and non-flooded Arctic-tundra lakes
(LogioChl-a = -3.52 + 1.58 log;,TN; R’ = 0.68, p =
0.01), but no relationship (Log;(Chl-a = 0.65 - 0.06
logTN; R? = 0.006, p = 0.80; Fig. 7b) between TN and
Chl-a was observed in the flooded Arctic-tundra lakes.

3.5.2 Multi-variable-Chl-a relationships

A GLM was used to assess the influence of multiple
factors on Chl-a production for all lakes and the three
groups based on ecological zone and proximity to the
Mackenzie River delta. The best model for all lakes re-
vealed significant interactions between ecological zone
and other independent variables, such as TN and TP
(both p <0.018). Consequently, the analyses for the
factors affecting Chl-a were performed for each of the
three ecological lake types. Chl-a in forest-tundra lakes
was positively related to TP and negatively related to
lake depth (Log;¢Chl-a = 0.21 + 0.79 log;yTP - 0.34
logoDepth; R? = 0.89, F = 32.34, p = 0.001). In non-
flooded Arctic-tundra lakes, Chl-a was associated posi-
tively with TN and negatively with conductivity
(Log1oChl-a = -2.49 + 1.56 log;yTN - 0.49 log;,Cond;
R’ =0.78, F = 15.13, p = 0.005), whereas Chl-a was
positively related to TP and negatively related to DOC
and lake depth for flooded Arctic-tundra lakes
(Longhl-a = 0.89 + 0.28 loglOTP - 0.54 logloDOC -
0.33 logjoDepth; R’ = 0.88, F = 27.68, p <0.0001).
These results suggest that analyses assessing the factors
affecting Chl-a concentration should include variables
beyond nutrients alone and that ecological zone and
other supporting variables such as lake depth, DOC and
conductivity be included in future analyses of Chl-a in
Arctic settings.

4. DISCUSSION
4.1. Physical and chemical limnology

Based on their physical characteristics and water
chemistry, the lakes examined in this study resemble
many other Canadian Arctic treeline lakes (Pienitz et al.
1997a, b; Rithland et al. 2003) as well as those in the
Mackenzie River delta (Fee et al. 1988; Ramlal et al.
1991). Surface lakewater temperatures observed in our
lake transect decreased from south to north with the
warmest temperature (17.3 °C) recorded in the forest-
tundra lakes and the coldest (12.9 °C) in the flooded
Arctic-tundra lakes. Pienitz et al. (1997a, b) also found
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that average surface water temperatures in the forest
lakes was 4 °C warmer than those observed in tundra
lakes. DO concentrations recorded during this study are
relatively high and comparable to those reported in
other shallow Arctic-tundra lakes (see Fee et al. 1988).
Strong summer winds often result in complete lakewater
mixing and oxygen-saturation of these shallow lakes
(Fee et al. 1988), exceptions being Deep and Yaya
lakes, which had well developed hypolimnions.

Measured major ions (Na, Cl, Ca, and SOy), turbid-
ity and conductivity levels in this study showed identi-
cal trends of decreasing concentrations from the forest-
tundra to the Arctic-tundra lakes, with the highest val-
ues observed in the Mackenzie River delta floodplain
lakes. In the present study, however, we believe that this
variation is most likely due to differences in hydrology
between floodplain and upland sites. More specifically,
water from the Mackenzie River, which inundates the
flooded Arctic-tundra lakes, is high in major ions, tur-
bidity and conductivity. As well, increased major ion
concentrations may be due to increased weathering
activities and supply from the watershed (cf. Duff et al.
1999; Hay et al. 2000), and/or due to evaporative con-
centration of solutes (Keatley et al. 2007). Other studies
conducted in the Mackenzie River delta and Tuktoyak-
tuk Peninsula lakes also reported relatively high con-
ductivity, silica and major ions concentrations (Fee et
al. 1988; Ramlal et al. 1991); much higher conductivity
levels (> ca 5000 puS cm™) have been found in the
Husky Lakes due to marine influence (Evans &
Grainger 1980). Contrary to the above named studies,
Pienitz et al. (1997a, b) found higher levels of major
ions and DIC in boreal forest lakes compared to Arctic-
tundra sites. Pienitz ef al. (1997a, b) attributed this spa-
tial pattern in their treeline studies in both Yukon and
NT lakes to increased weathering and ion input from
adjacent boreal forest watersheds due to higher precipi-
tation and runoff.

Typical of subarctic and Arctic lakes, the majority of
lakes sampled for this study were nutrient poor (TP
often <10 pg L™). In fact, approximately 30% of study
lakes were ultraoligotrophic (<5 pug L™). In addition, the
concentrations of dissolved inorganic nutrients such as
NO;+NO,, NH;, DP, SiO, and ortho-P were exceed-
ingly low or below detection limits at most lakes. Simi-
lar low levels of inorganic nutrients have been reported
in several studies carried out in this region including
lakes on the Tuktoyaktuk Peninsula (Anema et al. 1990;
Ramlal et al. 1991), lakes in the Mackenzie River delta
(Squires & Lesack 2002), lakes located between south-
ern Yukon and the Tuktoyaktuk Peninsula (Pienitz et al.
1997a), lakes situated between Yellowknife and Cont-
woyto Lake, NT (Pienitz et al. 1997b), Alaskan Toolik
lakes (Levine & Whalen 2001 and references therein)
and Arctic Russia lakes (Duff ef al. 1999). In a study
conducted in lakes located in northern Russia on the
Taimyr Peninsula, near the Lena River and Pechora

River, median concentrations of TP, NH; and SiO, were
54ugL’,5pg L' and 1.30 mg L, respectively. While
the above nutrient data would suggest co-N and P-limi-
tation, TN:TP ratios (Fig. 3) derived from this study
largely suggest P-limitation. High TN:TP ratios tend to
prevail in oligotrophic lakes, because of dependence on
catchment inputs which contain more N than P (Ogbebo
et al. 2009 and references therein). Furthermore,
according to the Redfield criteria (Redfield 1958), the
PC:PP and PN:PP ratios showed P-limitation for both
forest-tundra and non-flooded Arctic-tundra lakes. N-
limitation was inferred from the PC:PN ratios for only
flooded Arctic-tundra lakes. The slight discrepancies
between TN:TP and Redfield ratios could be a result of
detrital interference on particulate ratios (Waiser &
Robarts 1995), especially in flooded lakes. Flanagan et
al. (2003) found in their empirical analyses of published
data that most Arctic lakes that were co-N and P-lim-
ited, generally have a TN:TP ratio >14. Concurrent N
and P-limitation of algal standing stocks find support
from studies conducted in other parts of this region (see
Levine & Whalen 2001 and references therein; Anema
et al. 1990; Ramlal ef al. 1991). Strong evidence for co-
N and P-limitation was found, irrespective of watershed
vegetation types (tundra or forest) or elevation (flooded
versus non-flooded), from our enrichment bioassay
experiments conducted in a sub-set of lakes sampled for
the present investigation (Ogbebo ef al. 2009).

4.2. Organic carbon and possible effects on resident
biota

DOC data from high latitude lakes are of immense
ecological interest to aquatic ecologists (Duff et al.
1999). DOC can influence water chemistry and biota by
binding to nutrients, acting as sunscreen against biologi-
cally harmful solar ultraviolet (UV-B) radiation, and
even providing additional C for microbial plankton
communities (Williamson ez al. 1999). Consistent with
other studies (Fee et al. 1988; Anema et al. 1990), the
DOC levels observed in this study are moderately high
(range 3.6-20.6 mg L™'; mean 9.9 mg L") with relatively
higher values in forest-tundra and flooded Arctic-tundra
lakes than in non-flooded Arctic-tundra lakes. The
above distribution in DOC levels reflects strong latitu-
dinal changes in biome characteristics (i.e., trees versus
tundra, degree of permafrost development, Mackenzie
River flooding; Ramlal et al. 1991; Riihland et al. 2003;
Keatley et al. 2007).

UV-B penetration has been reported to be entirely
restricted to the surface waters by moderate levels of
DOC (>4 mg L"), but increases exponentially with
decreases in DOC (Schindler et al. 1990). Schindler et
al. (1990) observed a decline in DOC concentrations
during periods of increased warming and reduced
annual precipitation in boreal lakes. Other studies have
also shown that accelerated warming can change the
quality and reduce the quantity of DOC through photo-
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bleaching (Ogbebo & Ochs 2008). Consequently, a
slight decline in DOC in our study lakes as a result of
warming can cause UV-B, even at current ambient lev-
els, to have adverse effects on the biota of our study
lakes because these lakes are predominantly shallow,
clear-waters with no deep-water refuge. As well, wind-
induced intermittent mixing in shallow lakes may cause
plankton to be frequently exposed to harmful UV-B
damage through regular circulation between deep and
shallow layers of the epilimnion (Duff et al. 1999;
Squires & Lesack 2002; Ogbebo & Ochs 2008). It is
also plausible that increased light penetration may result
in the proliferation of macrophytes and benthic algae
(Schindler & Smol 2006). High benthic algal production
has been documented in many high latitude lakes (Sier-
szen et al. 2003; Bonilla et al. 2005).

POC:Chl-a ratios were calculated in order to deter-
mine whether the C in sampled lakes was derived
mostly from within-lake processes or terrestrial sources.
An examination of the POC:Chl-a ratio of our study
sites showed that while some of the lakes derived their
C from autochthonous sources or from both autochtho-
nous and allochthonous sources (Fig. 5), a slight major-
ity of the lakes are likely receiving most of their C from
allochthonous sources. This result is consistent with the
prevailing paradigm (Hamilton et al. 2001) and may be
attributed to the fact that small lakes may experience
considerable watershed impacts compared to large
lakes. Hamilton and colleagues demonstrated that lakes
in the Canadian Arctic Archipelago were largely
dependent on non-phytoplankton C sources based on
their POC:Chl-a median value of 827.1. A comparably
high POC:Chl-a value was estimated from the data pre-
sented in Pienitz et al. (1997a, b); >600 in lakes situated
between Yellowknife and Contwoyto Lake and >340 in
sites that transect southern Yukon and Tuktoyaktuk
Peninsula. In a related study, Rihland et al. (2003)
found POC:Chl-a ratios ranging from 170:1-2973:1,
with a mean of 616:1 in 33 sites located along a transect
from Yellowknife to Bathurst Inlet. A small fraction of
the POC may however be generated internally from
other sources such as macrophytes, epiphytes, and ben-
thic algae (Squires & Lesack 2003). Caution should
however be taken in interpreting POC:Chl-a data as
organic detritus may sometimes affect the POC values
(Waiser & Robarts 1995). Furthermore, organic detritus
may persist for a longer period of time in these colder
subarctic lakes than in temperate systems.

4.3. Principal components analysis

The distribution of variables and sites in the ordina-
tion closely track patterns across the three ecological
zones and proximity to the Mackenzie River (i.e., ele-
vation) discussed earlier. The first axis of the PCA
effectively contrasted the forest-tundra and Arctic-tun-
dra lakes. The Arctic-tundra lakes were further sepa-
rated into two groups, the non-flooded and the flooded
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lakes, reflecting variability in water chemistry and
physical conditions within this zone. Most of the more
productive, small, shallow and turbid lakes plotted
almost exclusively on the upper half of PC2. This out-
come suggests that there were several gradients of
variation in the physical and chemical data of these sites
along the latitudinal gradient and agrees with the earlier
findings of Pienitz et al. (1997a). Several other studies
including Pienitz et al. (1997a) and Rihland et al.
(2003) have also used PCA to clearly separate forested
sites from the lakes located in treeless watersheds (i.e.,
Arctic-tundra and alpine-tundra sites). Our study, like
that of Rihland er al. (2003), showed that freshwater
ecosystems situated on opposite sides of the Canadian
Arctic treeline exhibit relatively distinct differences in
limnological characteristics. Rithland et al. (2003)
observed that the concentrations of most variables such
as major ions, nutrients, DIC, DOC, temperature and
conductivity were highest in forested catchments and
tended to decrease with increasing latitude, results rela-
tively similar to this study.

4.4. Models of Chl-a

The anticipated increases in temperature (global
warming) and nutrient loading (watershed disturbance;
Rouse ef al. 1997; Lim et al. 2001; Smith et al. 2005),
are expected to produce a dramatic increase in algal
productivity and standing stocks (Flanagan et al. 2003;
Keatley et al. 2007). Eutrophication of aquatic ecosys-
tems due to nutrient loading can have an adverse effect
on water quality, including undesirable phytoplankton
blooms, reduced water transparency, reduced oxygen
content and fish kills from anoxia (Edmondson 1991;
Schindler et al. 2008). Future management of these eco-
systems therefore requires models that allow accurate
prediction of the effects of both nutrients and increased
temperature or their interactions on phytoplankton
(Attayde & Bozelli 1999; Flanagan et al. 2003). The
analysis of empirical relationships of ecological vari-
ables across ecosystems is a valuable approach for the
generation of hypotheses regarding cause-effect mecha-
nisms, as well as for ecosystem management.

While there was a large variability in the correlation
between Chl-a, TP, and TN in the present study, TP
explained relatively more of the variance in Chl-a than
TN. Most of the regression coefficients were significant
(p <0.05) except TN-Chl-a for flooded Arctic-tundra
lakes. Overall, our results are consistent with the tradi-
tional TP-Chl-a paradigm (see Dillon & Rigler 1974;
Schindler 1977; Smith 1982), but the magnitude of
these regressions vary greatly from published studies on
a variety of temperate lakes (e.g., McCauley 1989). In
those studies, the r-square value was >0.61 for both TP-
Chl-a and TN-Chl-a. The lack of a linear relationship
between Chl-a and TN or weak correlation between
Chl-a and TP in flooded lakes, though not unexpected,
would suggest that other factors beyond nutrients, such
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as light, may be limiting algal biomass in these systems.
Since many of the floodplain lakes were small and
shallow with very low residence time, the effects of the
sediment laden Mackenzie River waters on primary
productivity could be considerable (Spears & Lesack
2006).

High latitude aquatic biota may respond slightly dif-
ferently to nutrient addition than temperate systems
because of their exposure to low energy, low tempera-
ture, and extreme variations in daylength (Flanagan et
al. 2003). These abiotic factors often constrain plankton
nutrient uptake, utilization, growth and biomass accu-
mulation (Duff ez al. 1999; Keatley et al. 2007). In the
present study, the slope of the TP-Chl-a relationship for
the forest-tundra lakes compared to the Arctic-tundra
lakes was different from TN-Chl-a. We hypothesize that
a combination of factors, including temperature, phyto-
plankton composition, zooplankton grazing and hetero-
trophic grazing, or their interactions, may account for
this variation. It is therefore not surprising that a weak
correlation between TP and Chl-a, which may suggest
the limitation of primary productivity by non-nutrient
related factors, has been documented in field surveys
(Pienitz et al. 1997b; Duff et al. 1999; Rihland et al.
2003) and empirical analyses of published data
(Flanagan et al. 2003).

Because DOC acts as the major driver of material
and energy fluxes in aquatic ecosystems (Williamson et
al. 1999), we hypothesized that factors such as water
temperature, nutrients (TP, TN), and DOC may combine
to regulate algal standing stocks in subarctic and Arctic
lakes. Consequently, we used GLM to examine these
and other factors that may control algal biomass. There
was however great variability in models derived for the
three groups of lakes. The GLM for forest-tundra lakes
showed that Chl-a is positively related to TP and
inversely related to depth, while in the flooded Arctic-
tundra lakes Chl-a was positively related to TP, but
negatively related to depth and DOC. In non-flooded
Arctic-tundra lakes, Chl-a was positively related to TN
and negatively related with conductivity. Taken
together, our ability to predict algal biomass was greatly
enhanced when other variables that affect water clarity
such as DOC, depth and conductivity (depending on
data cluster) were incorporated into a multivariate nutri-
ent-based model. This outcome is not unexpected
because nutrient effects on phytoplankton are influenced
by lake morphology (mean depth, area, and hydrology)
and drainage watershed (Riihland et al. 2003). For
instance, in most shallow lakes (i.e., the majority of our
study lakes), the effects of terrestrial inputs are more
profound on the ecological processes compared to larger
lakes because of the large drainage basin to lake surface
area ratio(cf. Spears & Lesack 2006). Moreover, moder-
ate to high levels of DOC have been found to signifi-
cantly modulate nutrient cycling either indirectly
through changes in light attenuation and thermal strati-

fication, or directly by simply binding to nutrients and
making them unavailable (see Williamson et al. 1999
for list of processes influenced by DOC). If the results
of this study are representative of many other high lati-
tude freshwater systems, then the control of eutrophica-
tion which traditionally requires reduced P influx into
lakes (Edmonson 1991; Schindler et al. 2008), should
also give prominent consideration to N as well as other
factors such as DOC and lake depth (Rithland et al.
(2003).

5. CONCLUSIONS

This study provides a description of the physical and
chemical characteristics of lakes situated in the
Mackenzie River delta and along the eastern side of the
Mackenzie River. Several trends in water chemistry
were observed. Conductivity, turbidity and major ions
(Na, Cl, Ca, and SO,) concentrations were highest in the
floodplain lakes and strongly related to elevation and
proximity to the Mackenzie River. The floodplain lakes
chemical data were highly influenced by flood water
from the Mackenzie River (Hay et al. 2000; Spears &
Lesack 2006). The majority of lakes sampled for this
study were nutrient poor (TP often <10 pg L™). Con-
centrations of dissolved inorganic nutrients such as
NO;+NO,, NH;, DP, and ortho-P were exceedingly low
or undetectable in the surface waters at most sites. In
this study we found three different predictors of Chl-a
in the three groups of lakes. The commonly used P-Chl-
a relationship for most temperate systems was inade-
quate for high latitude lakes. The capacity to predict
algal biomass was enhanced when other variables that
affect water quality, such as DOC, depth and conduc-
tivity, were incorporated into a multivariate model. To
further shed light on the variation in Chl-a, we are cur-
rently analyzing data on phytoplankton composition and
zooplankton abundance from study lakes.

Global warming is likely to have both direct and
indirect effects on phytoplankton. For instance,
increased nutrient or organic matter inputs as a result of
watershed disturbance (e.g., with resource exploitation
and/or permafrost thawing) in combination with warmer
temperatures and longer growing season may dramati-
cally enhance algal standing stocks and primary pro-
ductivity (Smith et al. 2005; Smol et al. 2005). As well,
increased nutrient and organic matter export into lakes
may deplete oxygen concentrations in deep stratified
lakes such as Deep and Yaya and/or all lakes during
winter (Ogbebo et al. 2009). Consequently, close atten-
tion must be paid to potential interaction of ongoing
development and global warming. With the possible
development of the MGP pipeline, we believe that more
food web and long-term monitoring studies that involve
exploring the mechanisms controlling nutrient uptake
and recycling in the vast treeline region of northern
Canada are needed. These data will provide detailed
information on the natural variability of these lakes and
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allow for accurate prediction of the effects of develop-
ment and climate warming on aquatic ecosystems
(Pienitz et al. 1997a, b).
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