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ABSTRACT

Measured environmental variables from 56 lakes across the Central Canadian Treeline Region exhibited clear limnological dif-
ferences among subpolar ecozones, reflecting strong latitudinal changes in biome characteristics (e.g. vegetation, permafrost, cli-
mate). Principal Components Analysis (PCA) clearly separated forested sites from tundra sites based on distinct differences in lim-
nological characteristics. Increases in major ions and related variables (e.g. dissolved inorganic carbon, DIC) were higher in boreal
forest sites in comparison to arctic tundra sites. The higher values recorded in the boreal forest lakes may be indirectly related to
differences in climatic factors in these zones, such as the degree of permafrost development, higher precipitation and runoff, duration
of ice-cover on the lakes, and thicker and better soil development. Similar to trends observed in DIC, substantially higher values for
dissolved organic carbon (DOC) were measured in boreal forest lakes than in arctic tundra lakes. This was likely due to higher
amounts of catchment-derived DOC entering the lakes from coniferous leaf litter sources. Relative to arctic tundra lakes, boreal for-
est lakes had higher nutrient concentrations, particularly total nitrogen (TN), likely due to warmer conditions, a longer growing sea-
son, and higher precipitation, which would enhance nutrient cycling and primary productivity. Results suggest that modern aquatic
environments at opposite sides of the central Canadian arctic treeline (i.e. boreal forest and arctic tundra) exhibit distinct differences
in water chemistry and physical conditions. These limnological trends may provide important information on possible future changes

with additional warming.
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1. INTRODUCTION

Circumpolar treeline regions are typically charac-
terized by sharp changes in climate and vegetation.
These steep gradients are often reflected by changes in
the physical and chemical properties of aquatic systems
as one crosses from forested to tundra environments
(e.g. Pienitz et al. 1997a, b). Changes in climate are
predicted to be most pronounced at these higher latitude
regions, as suggested by General Circulation Models
(GCMs) (Foley et al. 1994; Bonan et al. 1995) as well
as by paleoecological data (Overpeck et al. 1997; Mann
et al. 1999). These aquatic ecosystems will likely be af-
fected both directly (e.g. water temperature increases,
changes in precipitation/evaporation ratios) and indi-
rectly (e.g. increased duration of ice-free season, change
in the length and stability of lakewater stratification,
permafrost thawing, and changes in the distribution of
catchment vegetation) by climatic warming (Slaughter
et al. 1995; Rouse et al. 1997; Schindler 1997; Serreze
et al. 2000).

Limnological studies in the Central Canadian Arctic
Treeline Region are still relatively rare (Healey &
Woodall 1973; Welch & Legault 1986; Pienitz et al.
1997a; Riihland & Smol 1998) and point to a need to
extend these studies within this relatively unknown but

important ecotonal region. Due to the vastness of the
treeline region of Canada's Northwest and Nunavut Ter-
ritories, it is not surprising that distinct differences in
physical settings exist (e.g. local geology, hydrology,
etc.). As a consequence, lakewater chemistry can be
quite variable both within and among the different
vegetational/climatic ecozones. These dissimilarities
were highlighted in a previous study (Riithland & Smol
1998) where the 70 study lakes spanned two distinct
geological provinces (Bear and Slave provinces) result-
ing in differences in both chemistry and aquatic biota
(diatoms). In this present study, our lakes represent a
transect northeast from this previous study, and as a re-
sult is entirely contained within the Slave Geological
Province, thereby minimizing the influence of geology,
and maximizing any climatic changes along the vegeta-
tional gradient.

Comparisons of limnological studies carried out
across the circumpolar treeline region has highlighted
many similarities as well as differences in the trends and
relationships in lakewater chemistry from region to re-
gion. For example, major cations (e.g. calcium, sodium,
magnesium, potassium) and related variables (alkalinity,
DIC, pH) were found to increase along latitudinal tran-
sects from arctic tundra to boreal forest catchments in
most regions with the exception of Fennoscandia
(Weckstrom et al. 1997a, b; Blom et al. 1999) and the
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Fig. 1. Location of the 56 study lakes showing their distribution across the three vegetational zones (boreal forest, forest-tundra, and

arctic tundra).

Lena and Pechora regions of Siberia (Duff et al. 1998).
These inconsistencies were likely related to differences
in geology, hydrology, human impact, physiographic
relief, proximity to the ocean, vegetation, and climate.
Similarly, changes in DOC and in nutrient relationships
have also been reported (where measured) to be closely
related to catchment vegetation (Pienitz 1993) and
availability of phosphorus from bedrock materials
(Downing & McCauley 1992; Hamilton et al. 2001).
However, given the vastness of subarctic and arctic re-
gions (approximately six million km?) in North America
(Rouse et al. 1997), coupled with the paucity of lim-
nological studies, it is important that research continues
in these remote regions to contribute to our understand-
ing of the natural variability of these sensitive freshwa-
ter ecosystems and their responses to environmental
changes.

This paper explores the relationships between
chemical and physical properties of 56 lakes and 27 en-
vironmental variables within the central treeline region
in Canada's Nunavut and Northwest Territories. Unlike
our previous paper (Rithland & Smol 1998), this study
includes important additional limnological meas-
urements including nutrients (e.g. TN, total phosphorus

(TP), DIC, and DOC). As the results reported here are
part of a more extensive paleoecological study that ex-
amines the relationship between diatom distributions
and these environmental gradients (Rithland & Smol
2002; Riihland et al. 2003), these data are essential for a
better understanding of some of the fundamental differ-
ences among these arctic lakes, especially as these vari-
ables are of great importance to aquatic biota. Our re-
sults show that spatial gradients (e.g. temperature, pre-
cipitation, vegetation, permafrost) across the central Ca-
nadian treeline were often closely reflected in the lake-
water chemistry and that distinct limnological differ-
ences exist among boreal ecozones. The clear relation-
ships observed among ecozone characteristics and lim-
nological variability along the -climatic/vegetational
gradient reported here will be compared to other lim-
nological studies of northern treeline regions.

2. STUDY AREA

The 56 study lakes were sampled along a southwest
to northeast transect from the Yellowknife area
(62°32.72' N, 114°07.13' W) towards Bathurst Inlet
(66°41.3' N, 104°55.9" W) in the central Canadian
Subarctic (Fig. 1, Tab. 1). This lakeset crosses strong
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Tab. 1. Geographical co-ordinates and vegetational zonations of the 56 study sites.

e = Arctic Tundra, A = Forest-Tundra, ¢« = Boreal Forest.

SITE LAT(N) LONG(W) SITE LAT(N) LONG(W)
. TK-1 66°28.58' 104°49.52' A TK-32  63°29.05' 112°12.63'
. TK-2  66°20.90' 104°56.45' o TK-33  63°12.97" 112°36.05'
. TK-6  66°4131' 104°55.86' TK-34  63°07.64' 112°47.67
. TK-7  66°41.23' 104°55.89' TK-35  63°02.72' 113°06.46'
. TK-8  64°41.28' 102°26.42' o TK-36  62°45.75' 113°28.63'
. TK-9  64°5337'" 102°45.07' TK-37  62°32.72' 114°07.13"
. TK-10  65°29.42' 103°22.01' TK-38  62°33.59' 114°01.34'
. TK-11  65°33.62' 103°2325' TK-39  62°32.89' 113°57.13'
. TK-12  65°22.50' 103°33.45' TK-40  62°32.87' 113°56.09'
. TK-13  64°36.15' 107°26.23' TK-41  62°34.09'" 114°01.74'
. TK-14  64°35.90' 107°05.93' TK-42  62°32.75' 113°53.40'
. TK-15  64°35.74' 107°05.49' TK-43  62°31.49' 113°50.20'
. TK-16  64°35.60' 107°0530'° o TK-44  62°31.49' 113°50.20'
. TK-17  64°35.69' 107°05.01' TK-45  62°31.01' 113°46.76'
. TK-18  64°09.39' 107°49.48' TK-46  62°30.44' 113°39.91'
. TK-19  64°09.39' 107°49.48' TK-47  62°40.69' 113°51.03'
. TK-20  64°09.00' 107°49.00' o TK-48  62°48.27' 113°26.12'
. TK-21  64°09.00' 107°49.00' TK-49  63°10.99' 112°22.83'
. TK-22  62°42.03' 113°59.19' A TK-50  63°18.48' 111°58.27'
. TK-23  62°43.73' 113°49.53' A TK-51  63°32.91' 111°42.34'
. TK-24  62°54.04' 113°13.15 A TK-52  63°35.61' 112°25.12'
. TK-25  63°04.81' 113°02.88' A TK-53  63°42.54' 112°34.40'
. TK-26  62°54.14' 113°2322' A TK-54  64°30.68' 112°41.47'
. TK-27  62°49.23' 113°33.75' A TK-55  64°06.01' 113°01.54'
. TK-28  63°1531' 113°00.22' A TK-56  63°41.42' 113°26.68'
A TK-29  63°25.25' 112°39.81' A TK-57  63°20.21' 113°42.30'
A TK-30  63°33.70' 112°21.21' TK-58  62°53.37' 114°04.24'
A TK-31  63°37.03' 112°17.77' TK-59  62°30.19' 113°38.20'
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vegetational and climatic boundaries from the boreal
forest ecozone in the southwest to the arctic tundra eco-
zone in the northeast (Fig. 1). The region is situated on
Canadian Shield bedrock consisting of gneiss, migma-
tite, granitoid intrusions, and metamorphosed volcanic
and sedimentary rocks (Padgham & Fyson 1992). The
entire study region is underlain by permafrost and
ranges from discontinuous permafrost in the northern
boreal forest to continuous permafrost in the arctic tun-
dra zone and thus the boundary approximately follows
the position of treeline. The soils are poorly developed
as a consequence of the Pleistocene glaciation and from
permafrost underlying the region today (Clayton et al.
1977).

Temperature and precipitation change sharply from
the southern to the northern reaches of the study area,
with cooler and drier conditions towards Coronation
Gulf (mean January night-time temperatures of -37.5
°C, mean July day-time temperatures of 12.5 °C, and
annual precipitation of 200 mm) and warmer, moister
conditions towards Yellowknife (mean January night-
time temperatures of -30 °C, mean July day-time tem-
peratures of 22.5 °C, and annual precipitation of 267
mm) (Environment Canada 1990; Canada 1991). Lakes
are frozen for most of the year with the average open-
water period ranging from 90 days at the northernmost
locale to 120 days for sites near Yellowknife (Canada
1991).

Three main vegetation zones were recognized, fol-
lowing the vegetational distributions presented by Ti-
money et al. (1993) and Ritchie (1993). These ecozones
were delineated according to "percentage treecover" de-
rived from field observations, topographic maps, aerial
photographs, and maps derived from satellite imagery
(Canada 1996). The forest-tundra transition zone (High
Subarctic) lies between 10% and 80% standing tree
cover and is characterized by Picea mariana (black
spruce), P. glauca (white spruce), and Larix laricuna
(larch) (Sirois 1992). The boreal forest (Low Subarctic)
lies south of 80% standing tree cover and is character-
ized by closed-crown, conifer-dominated forest. Picea
mariana, P. glauca, Abies balsamea (balsam fir), and
Pinus banksiana (jackpine) are the most common coni-
fers (Ritchie 1993). The arctic tundra (Low Arctic) lies
north of 10% standing tree cover and consists predomi-
nantly of dwarf shrub vegetation including Betula glan-
dulosa (resin birch), Salix (willow) species, and species
of heath shrubs (e.g. Arctostaphylos, Ledum, and Vac-
cinium) (Ritchie 1993).

3. MATERIALS AND METHODS

3.1. Sample Collection and Environmental Data

Lakes were selected within each ecozone with the
criteria that the lakes chosen were approximately similar
in size and morphometry so that trends observed in en-
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vironmental variables along the latitudinal transect
would likely reflect changes in ecozone characteristics.
Samples were collected between 7 August and 19 Au-
gust 1996 for TK-1 to TK-36, and between 14 August
and 23 August 1998 for TK-37 to TK-59. All lakes are
unnamed and so are referred to numerically. The final
lakeset consisted of 18 arctic tundra sites, 11 forest-tun-
dra sites and 27 boreal forest sites for a total of 56 lakes
(Tab. 1, Fig. 1). As many of these lakes were located in
remote areas, the sites were sampled only once and
therefore represent a "snapshot" of limnological condi-
tions measured at approximately the same time of the
year in two different years.

Limnological measurements were taken from the
deepest part of the lake (usually at the lake centre) from
an inflatable boat or off the pontoons of a helicopter.
Water depth was measured using a weighted graduated
rope. Where possible, temperature and conductivity
measurements were taken at the surface and at the bot-
tom of the lake using a Yellow Springs Instrument (Y SI
model 33) salinity, conductivity, temperature meter.
Multiple readings for water temperature were taken
using hand-held thermometers. Water transparency was
determined using a 22 cm diameter Secchi disk. At each
lake, several pH measurements were taken using hand-
held meters (Hanna) that were frequently calibrated to
standard buffers. Due to equipment problems, pH for
several lakes were measured shortly after sampling at
DIAND laboratories in Yellowknife (TK-47 to TK-59).
Lake surface area (AREA) was determined from a series
of topographic maps (1:50,000) that were scanned and
converted into digital format using the computer pro-
gram Jandel Sigmascan (v. 3.0).

Water chemistry samples were collected at approxi-
mately 30 cm beneath the water surface and were
treated in the field according to procedures outlined in
the Environment Canada (1994a, b) Analytical Methods
Manual. Water samples for major ions and trace metals
were collected in 125 ml acid pre-cleaned Nalgene bot-
tles. Nutrient analyses (total nitrogen and total phospho-
rus) was filtered through Sartorius® (cellulose acetate)
filters (pore size = 0.45 pm) and stored in 100 ml glass
bottles. For particulate organic carbon (POC) and par-
ticulate organic nitrogen (PON), 100 to 400 ml of water
was filtered through Whatman® pre-ignited glass mi-
crofibre filters (pore size = 0.45 um). For chlorophyll-a
(corrected and uncorrected for phaeophytin), a meas-
ured volume of water (200 to 500 ml) was filtered
through Whatman® glass microfibre filters (pore size =
0.45 pum). The filters for POC, PON and chlorophyll-a
were folded in half, placed inside plastic Petri dishes,
and then wrapped in aluminum foil. The filters and
water samples were packed inside storage coolers, and
then transported to the National Water Research Insti-
tute (Burlington, Ontario) for analyses.

In addition to the environmental measurements
mentioned above, the closest distance to 80% standing
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treecover (DIST) was measured for each site. Distance
from treeline was measured from the northern limit of
the boreal forest zone. The forest-tundra transitional
zone (High Subarctic) in this study region occurs be-
tween 10% and 80% standing treecover, the arctic tun-
dra zone (Low Arctic) lies north of 10% standing tree-
cover, and the boreal forest zone (Low Subarctic) lies
south of 80% standing treecover.

For each lake, 40 chemical and 6 physical/geographical
variables were measured. These variables consisted of total
phosphorus filtered (TPF), total phosphorus unfiltered
(TPUF), total nitrogen (TN), soluble reactive phosphate-
phosphorus (SRP), total Kjeldahl nitrogen (TKN), am-
monia (NHj3), nitrite (NO,), nitrite-nitrate (NO,-NO»),
dissolved organic carbon (DOC), dissolved inorganic
carbon (DIC), pH (pH), conductivity (COND), particu-
late organic carbon (POC), particulate organic nitrogen
(PON), chlorophyll-a corrected (CHLA-corr), chloro-
phyll-a uncorrected (CHLA), dissolved silica (Si0O,),
calcium (Ca), sodium (Na), magnesium (Mg), potas-
sium (K), chloride (Cl), sulphate (SOy), lithium (Li),
barium (Ba), strontium (Sr), silver (Ag), aluminum (Al),
beryllium (Be), cadmium (Cd), cobalt (Co), chromium
(Cr), copper (Cu), iron (Fe), manganese (Mn), molyb-
denum (Mo), nickel (Ni), lead (Pb), vanadium (V), and
zinc (Zn). Physical variables measured on site consisted
of maximum lake depth (DEPTH), secchi disk depth
(SECCHI), and surface water temperature (TEMP).
Geographical variables included distance from treeline
(DIST), latitude (LAT), and lake surface area (AREA).

3.2. Data Screening and Analysis

A total of 19 of the original 46 measured variables
had numerous sites (19 to 56 sites) with values below
the level of detection (BDL). These variables included
Ag, Be, Cd, Co, Cr, Cu, Mo, Ni, Pb, V, Zn, NH;, NO,-
NO;, NO,, CHLA-corr, and SRP. POC and PON also
fall under this category as 23 of the lakes did not have
this information available. Secchi disk depth was also
eliminated from the dataset as numerous shallow lakes
were clear to the bottom and therefore did not contribute
analytically meaningful measurements (see Cumming et
al. 1995). Three variables (Na, Mn, and Li) were run
passively in the statistical analyses as they had fewer
sites with values BDL (14-16 sites BDL). Total phos-
phorus filtered (TPF) displayed highly skewed distribu-
tions that could not be corrected through data transfor-
mations. However, as this was a potentially important
variable, it was retained in the dataset and run passively
in the statistical analyses. For all variables, sites that re-
corded several values below the detection limits were
replaced with the measurement of detection for that
particular variable (DIC [0.1 mg I"'] one site; Fe [1.0 pg
1] one site; K [0.2 mg I''] two sites). For sites that had
missing values (e.g. CHLA for boreal forest sites TK-39
and TK-48), the mean CHLA value for that ecozone
was used to replace the missing measurements. The fi-
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nal environmental dataset consisted of 27 variables, 18
active chemical variables (TPUF, TN, TKN, CHLA,
Si0,, SOy, DIC, DOC, COND, pH, Ca, Mg, K, Cl, Al,
Ba, Fe, and Sr), 5 physical/geographical variables
(DIST, LAT, AREA, DEPTH, and TEMP), and 4 pas-
sive variables (TPF, Na, Mn, and Li).

The 27 environmental variables were tested for
skewness and log transformed (with the exception of pH
and TEMP) using the computer program CALIBRATE
(Juggins & ter Braak 1993). A Pearson correlation ma-
trix was used to identify the strengths of relationships
between these transformed environmental variables.
Groups of environmental variables that were signifi-
cantly correlated (0.01>2 p <0.05) were identified
through Bonferroni-adjusted probabilities.

Principal components analysis (PCA), a multivariate
ordination technique, was used to interpret the major
patterns of variation in the environmental data by ex-
amining the strengths of each variable in explaining the
principal directions of variation for the 56 sites. Data
were centred and standardized to mean zero and unit
variance so that all environmental variables were com-
parable. PCA was carried out using the computer pro-
gram CANOCO version 4.0 (ter Braak & Smi-
lauer1998). The aim of this ordination analysis was to
determine the interrelationships among the chemical and
physical variables across the vegetational gradient.
Therefore, the geographical variables (LAT and DIST)
were treated as passive variables.

4. RESULTS AND DISCUSSION

Similar to other treeline limnological studies (e.g.
Pienitz et al. 1997a, b; Weckstrom et al. 1997a, b; Riih-
land & Smol 1998; Duff et al. 1998; Fallu & Pienitz
1999; Gregory-Eaves et al. 2000; Fallu et al. 2002), our
measured environmental variables followed terrestrial
changes across the vegetational gradient. In general,
values of major ions, nutrients, DIC, DOC, TEMP,
COND, Ba, Li, and Sr were highest for lakes in forested
catchments and decreased with increasing latitude (Figs
2, 3, and 4). The majority of the measured variables
were significantly different (p <0.05) between ecozones,
in particular between the boreal forest and the arctic
tundra zones (Tab. 2). The correlation matrix of the 27
environmental variables revealed high correlations
among many of the measured variables (Tab. 3). As ex-
pected, the two geographic variables (DIST and LAT)
were highly negatively correlated to most of the major
and minor ions, nutrients, temperature, conductivity,
DIC, and DOC. In contrast, Si, Fe, and Al were not sig-
nificantly correlated to any of the other measured vari-
ables. Lake depth (negative correlation) and chloro-
phyll-a (positive correlation) showed significant corre-
lations only to nitrogen (TKN and TN). Although DOC
and DIC were not significantly correlated to each other,
they were correlated to many of the same variables
(TEMP, COND, TN, K, Na, Ca, Mg, Sr, TKN, and Ba).
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Unlike DOC, DIC was significantly and positively cor-
related to pH, TPF, Li, and CI.

Tab. 2. Comparison of significant differences (two-tailed t-test
results) of measured variables across the three vegetational
zones [Arctic Tundra (AT), Forest-Tundra (FT), and Boreal
Forest (BF)]. * - indicates significantly different (p <0.05).
Blank cells indicate there was no significant difference between
ecozones. TKN = Total Kjeldahl Nitrogen. TN = Total Nitro-
gen unfiltered (particulate organic nitrogen (PON) + TKN +
nitrite-nitrate (NO3/NQO,). TP-UF = Total Phoshorus unfiltered.

Variable AT vs FT  FT vs BF AT vs BF

pH

DIC (mg 1)
DOC (mg 1™
COND (pS ecm™)
Cl(mg ™"

Ca (mg 1)

K (mg ')

Mg (mg 1)
Na (mg M
SO, (mg 1)
Si0, (mg 1)
Chl-a (g I'") *
TP-UF (ug 1)
TN (ug 1)
TN:TP

TKN (ug 1)
TEMP (°C)
Fe (g1

Ba (mg )
Mn (mg I
Li (mg 1)

Sr (mg I

Al (mg 1)
DEPTH (m)
AREA (ha)

* K ¥ X X ¥ X * %
* ¥ O X X X X ¥ ¥ ¥ %

L
LR

* ¥ X X X
¥ ¥ ¥ ¥ %

4.1. Patterns in physical variables across vegetation
zones

The 56 study lakes were generally small (surface
area ranged from 0.9 to 36.6 ha; median = 7.9 ha) and
shallow (maximum depth ranged from 0.5 to 19.0 m;
median = 3.5 m) (Tab. 4). There were no significant
differences (p <0.05; Tab. 2) and no pattern was seen in
these variables across the three ecozones, as each region
contained both deeper and shallower lakes, as well as
lakes with both smaller and larger surface areas (Fig. 2a).

Surface lakewater temperature varied from 9.1 °C to
22.0 °C, with a median for the full lakeset of 15.5 °C
(Tab. 4). Similar to Pienitz et al. (1997a), surface water
temperature decreased from south to north along the
latitudinal gradient with the warmest temperatures re-
corded in the boreal forest lakes (median = 17.4 °C),
and the coolest in the arctic tundra (median = 13.1 °C)
(Fig. 2b). As surface water temperatures in shallower
lakes vary considerably within a given season, and from
year to year, the data presented here should be consid-
ered as a measure of relative differences among zones,
as these lakes were sampled within a short time window
in August but in two different years.
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Limnology of Canadian arctic treeline lakes

Tab. 4. Limnological measurements for the 56 study sites including minimum, maximum, mean, and median values for each

ecozone. D.N.A. data not available.

LAKE Cl SO, Si0, DOC DIC Fe Mn Na Ca K Mg Li Sr Ba Al
(mg1h (ug™ (mg1h

Arctic Tundra

TK-1 0.82 0.8 0.51 2.4 2.9 57.0 1.30 0.20 0.9 0.3 0.7 0.001 0.001 0.002 0.020
TK-2 0.64 0.7 0.27 2.0 0.8 80.0 5.30 0.27 0.4 0.2 0.3 0.001 0.001 0.002 0.010
TK-6 0.97 3.5 0.20 1.7 1.7 44.0 1.90 0.20 0.7 0.2 0.6 0.001 0.001 0.002 0.010
TK-7 0.92 1.7 0.12 1.3 1.3 25.0 2.70 0.27 0.5 0.2 0.4 0.001 0.001 0.001 0.010
TK-8 0.60 0.9 0.66 59 4.7 89.0 6.50 0.27 2.5 0.3 1.8 0.001 0.002 0.008 0.010
TK-9 6.90 0.2 0.13 2.7 1.5 30.0 6.40 0.60 2.6 0.4 1.4 0.001 0.011 0.010 0.010
TK-10 0.46 1.1 0.31 3.0 1.8 57.0 1.80 0.27 1.2 0.2 0.6 0.001 0.001 0.005 0.010
TK-11 0.51 1.0 0.52 2.4 1.0 52.0 2.40 0.27 0.4 0.2 0.3 0.001 0.001 0.004 0.020
TK-12 0.32 4.1 0.52 1.9 2.2 39.0 1.50 0.27 1.0 0.5 0.8 0.003 0.002 0.001 0.010
TK-13 0.28 5.8 2.47 2.3 1.2 23.0 3.70 0.20 1.0 0.5 0.8 0.003 0.002 0.002 0.050
TK-14 0.21 2.5 0.95 1.7 0.9 37.0 3.60 0.27 0.5 0.3 0.3 0.001 0.001 0.002 0.040
TK-15 0.23 2.4 1.21 1.3 1.2 21.0 1.40 0.27 0.5 0.4 0.3 0.001 0.001 0.002 0.040
TK-16 0.19 1.7 0.26 1.3 0.7 9.0 1.30 0.27 0.3 0.3 0.2 0.001 0.001 0.002 0.010
TK-17 0.21 2.2 0.33 1.7 0.9 9.0 1.60 0.27 0.5 0.4 0.3 0.001 0.001 0.002 0.020
TK-18 0.21 0.8 0.46 33 1.8 253.0 290 0.27 0.6 0.4 0.4 0.001 0.001 0.006 0.010
TK-19 0.36 1.2 0.29 53 2.3 418.0 2.30 0.27 0.7 0.4 0.6 0.001 0.003 0.009 0.020
TK-20 0.16 1.7 0.26 23 1.2 23.0 4.10 0.50 0.5 0.3 0.3 0.001 0.001 0.001 0.010
TK-21 0.81 1.9 0.25 10.3 2.9 350.0 4.40 0.50 1.4 0.6 1.1 0.002 0.008 0.007 0.001
Min. 0.16 0.2 0.12 1.3 0.7 9.0 1.30 0.20 0.3 0.2 0.2 0.001 0.001 0.001 0.001
Max. 6.90 5.8 2.47 10.3 4.7 418.0 6.50 0.60 2.6 0.6 1.8 0.003 0.011 0.010 0.050
Mean 0.82 1.9 0.54 2.9 1.7 89.8 3.06 0.60 0.9 0.3 0.6 0.001 0.002 0.004 0.017
Median 0.41 1.7 0.32 2.3 1.4 41.5 2.55 0.27 0.7 0.3 0.5 0.001 0.001 0.002 0.010
Forest-Tundra

TK-29 0.32 1.1 0.53 138.0 1.8 21.0 6.70 0.20 1.50 0.40 0.60 0.001 0.004 0.003 0.010
TK-30 0.81 3.5 0.56 304 0.1 531.0 8.00 0.60 1.20 0.60 0.70  0.002 0.005 0.004 0.260
TK-31 0.85 2.8 0.89 27.3 1.6 623.0 7.60 0.30 1.30 0.40 0.50 0.001 0.004 0.004 0.130
TK-32 0.71 2.7 0.15 17.5 32 437.0 5.70 0.30 1.20 0.40 0.60 0.001 0.006 0.003 0.130
TK-50 0.49 1.5 0.70 134 2.4 51.0 3.10 0.40 2.80 0.60 1.10  0.001 0.010 0.002 0.030
TK-51 0.39 1.7 0.34 11.0 1.3 42.0 3.10 0.50 1.30 0.70 0.80  0.001 0.009 0.003 0.070
TK-52 0.56 1.9 0.17 14.0 1.0 38.0 0.70 0.50 1.00 0.60 0.80 0.001 0.005 0.002 0.070
TK-53 0.44 2.4 2.04 13.4 1.7 52.0 1.00 0.20 2.50 0.60 1.10  0.001 0.007 0.003 0.110
TK-54 0.19 32 0.14 5.8 0.7 4.0 2.70 0.27 1.00 0.40 0.50 0.001 0.005 0.002 0.010
TK-55 0.27 1.5 0.18 10.4 2.8 33.0 3.10 0.80 1.80 0.90 1.00 0.001 0.009 0.003 0.020
TK-56 0.34 1.7 0.72 114 2.5 32.0 0.70 1.20 2.80 0.80 1.10  0.001 0.009 0.002 0.020
Min. 0.19 1.1 0.14 5.8 0.1 4.0 0.70 0.20 1.00 0.40 0.50 0.001 0.004 0.002 0.01
Max. 0.85 35 2.04 138.0 32 623.0 8.00 1.20 2.80 0.90 1.10  0.002 0.010 0.004 0.26
Mean 0.49 22 0.58 26.6 1.7 169.5 3.85 0.48 1.67 0.58 0.80 0.001 0.007 0.003 0.08
Median 0.44 1.9 0.53 134 1.7 42.0 3.10 0.40 1.30 0.60 0.80 0.001 0.006 0.003 0.07
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K.M. Riihland et al.

Tab. 4. Continued

LAKE _ TN TPUF TKN CHLa POC PON TN:TP POC:CHLa AREA DEPTH pH COND TEMP DIST
(ng1™ (ha)  (m) (uSem’) (°C)  (km)

Arctic Tundra

TK-1 208.0 27.1 161.0 04 3300 28.0 7.7 825.0 59 9.5 7.7 11.7 173 285.0
TK-2 135.0 3.1 93.0 1.0 313.0 32.0 435 313.0 2.8 5.5 8.0 9.8 129 2650
TK-6 159.0 42 130.0 1.2 204.0 19.0 379 170.0 53 45 8.0 17.0 12.1 3200
TK-7 165.0 8.4 125.0 14 3220 30.0 19.6 230.0 1.8 9.5 7.6 12.3 124 310.0
TK-8 451.0 20.1 323.0 22 11900 118.0 224 540.9 8.5 3.0 7.7 98.8 14.7  115.0
TK-9 2280 134 1750 1.1 362.0 43.0 17.0 329.1 35.7 5.5 7.5 36.3 143 140.0
TK-10 2340 53 181.0 1.5 4540 43.0 442 302.7 36.6 3.0 7.6 14.8 140 1850
TK-11 1850 5.6 1240 0.6 527.0 51.0 330 878.3 6.3 3.5 6.8 9.7 139 1925
TK-12  198.0 7.4 146.0 0.7 4200 420 2638 600.0 13.1 6.1 6.9 13.9 104 175.0
TK-13 1980 59 155.0 04 2100 250 336 525.0 2.6 3.1 6.9 16.1 13.0  85.0
TK-14 170.0 4.3 121.0 14  301.0 320 395 215.0 2.8 4.9 6.4 9.2 13.1  100.0
TK-15 1460 4.6 99.0 0.7 2450 230 31.7 350.0 0.9 3.0 6.6 9.4 124 975
TK-16 1500 4.2 106.0 0.7 2720 320 357 388.6 42 6.0 6.6 7.3 13.7 85.0
TK-17  137.0 2.7 108.0 0.7 190.0 19.0  50.7 271.4 10.3 59 6.6 9.3 140  95.0
TK-18 258.0 313 180.0 1.1 665.0 68.0 8.2 604.5 10.6 7.3 6.6 8.7 11.3 55.0
TK-19 566.0 281 499.0 0.7 516.0 56.0  20.1 737.1 8.4 0.8 6.7 9.7 9.1 55.0

TK-20 186.0 6.2 1450 0.7 3370 31.0 300 481.4 9.7 8.8 72 8.7 12.8 35.0
TK-21 793.0 283 527.0 6.7 2990.0 256.0 28.0 446.3 9.7 1.0 7.0 17.1 13.5 23.0
Min. 1350 2.7 93.0 0.4 190.0 19.0 7.7 170.0 0.9 0.8 6.4 7.3 9.1 23.0

Max. 793.0 313 5270 6.7 2990.0 256.0 50.7 878.3 36.6 9.5 8.0 98.8 17.3 3200
Mean 2537 11.7 1888 1.3 547.1 527 29.4 456.0 9.7 5.0 7.1 17.8 13.1 1454
Median 192.0 6.1 145.5 0.9 3335 320 30.9 417.4 7.4 52 7.0 10.8 13.1 1075

Forest-Tundra

TK-29 287.0 420 203.0 0.7 7100 740 683 1014.3 18.0 10.1 7.7 14.6 16.1  -65.0
TK-30 593.0 2850 352.0 4.6 32500 231.0 208 706.5 10.7 1.5 7.3 15.0 15.8  -45.0
TK-31 403.0 920 3120 1.8 805.0 81.0 438 447.2 3.5 5.0 6.8 13.4 16.8  -35.0
TK-32 6140 2450 449.0 2.1 1830.0 1550 25.1 871.4 59 1.5 7.5 13.7 16.3  -50.0

TK-50 410.0 450 423.0 43 DNA. DNA. 911 0.0 43 1.8 6.8 26.2 125 -50.0
TK-51 373.0 940 3570 79 DNA. DNA. 397 0.0 8.8 1.8 6.4 18.4 120 225
TK-52  413.0 6.00 4440 43 DNA. DNA. 6838 0.0 9.0 1.9 6.2 18.1 122 -25.0
TK-53 311.0 420 317.0 1.8 D.N.A. DN.A. 740 0.0 4.6 19.0 6.6 19.8 144 -30.0
TK-54 166.0 3.10 167.0 1.8 D.N.A. DNA. 535 0.0 9.9 3.4 6.2 12.3 13.0 -10.0
TK-55 3950 530 4220 39 DNA. DNA. 745 0.0 9.8 2.6 7.0 20.6 13.7  -40.0
TK-56 298.0 7.80 324.0 38 D.N.A. DNA. 382 0.0 13.2 6.0 6.9 252 145  -75.0

Min. 166.0 3.10 1670 0.7 7100 74.0 20.8 4472 3.5 1.5 6.2 12.3 120  -75.0
Max. 614.0 28.50 4490 79 32500 231.0 O9l1.1 1014.3 18.0 19.0 7.7 26.2 16.8  -10.0
Mean 387.5 970 3427 34 1648.8 1353 544 759.9 8.9 5.0 6.8 17.9 143 -40.7
Median 3950 6.00 352.0 3.8 13175 118.0 535 789.0 9.0 2.6 6.8 18.1 144 -40.0




Limnology of Canadian arctic treeline lakes

Tab. 4. Continued

LAKE Cl SO, Si0, DOC DIC Fe Mn Na Ca K Mg Li Sr Ba Al
(mg1h (ug™ (mg1h
Boreal Forest
TK-22 2.0 4.1 0.7 12.8 6.9 50.0 10.30 1.50 8.1 0.9 29 0.004 0.037 0.008 0.020
TK-23 0.4 1.6 0.1 152 2.8 84.0 6.60 0.40 3.4 0.4 0.9 0.001 0.009 0.002 0.040
TK-24 1.1 8.6 0.2 24.3 9.9 12.0  52.60 1.80 17.9 1.6 3.8 0.003 0.044 0.011 0.030
TK-25 0.7 1.5 0.1 16.5 7.3 40.0 49.50 1.20 8.1 1.2 2.0 0.003 0.025 0.005 0.010
TK-26 0.6 39 0.1 6.2 73 4.0 7.30 1.10 7.5 1.2 2.5 0.002 0.023 0.002 0.010
TK-27 1.1 49 0.5 11.0 7.5 31.0 43.40 1.50 7.1 1.1 3.8 0.003 0.022 0.004 0.030
TK-28 0.7 7.5 1.4 165.0 9.0 22.0 6.90 0.60 15.6 1.0 2.1 0.001 0.019 0.005 0.020
TK-33 0.5 1.6 0.4 116.0 2.3 34.0 3.10 0.40 2.4 0.3 1.0 0.001 0.006 0.003 0.040
TK-34 04 0.7 0.2 15.0 2.7 26.0 3.00 0.50 33 0.5 1.0 0.001 0.009 0.005 0.050
TK-35 0.6 6.3 0.3 332.0 1.4 21.0 4.70 0.80 6.3 0.6 1.6 0.001 0.019 0.005 0.020
TK-36 1.7 7.0 0.3 80.1 2.1 549.0 16.50 1.50 49 1.0 2.1 0.003 0.015 0.006 0.130
TK-37 41.1 34 1.4 65.1 41.0 2050 930 39.80 30.7 14.8 324  0.028 0.197 0.060 0.010
TK-38 0.9 32 0.7 26.5 6.4 21.0 9.30 0.90 7.7 1.4 2.7 0.004 0.021 0.009 0.030
TK-39 15.4 5.8 0.4 69.9 26.1 27.0 22.60 540 34.7 6.2 14.7  0.005 0.123 0.061 0.050
TK-40 334 6.1 0.9 30.2 13.8 13.0 9.30 5.50 21.1 2.1 12.6  0.005 0.080 0.015 0.010
TK-41 1.8 13.3 0.3 51.6 11.2 52.0 2.70 4.10 19.3 4.2 5.0 0.003 0.058 0.030 0.210
TK-42 1.8 10.5 0.1 448 12.2 24.0 4.70 3.20 10.8 35 10.5 0.001 0.047 0.017 0.060
TK-43 0.5 2.4 0.1 134 3.1 4.0 1.40 0.70 3.4 0.6 2.0 0.001 0.012 0.004 0.010
TK-44 16.6 2.6 0.2 26.2 8.0 21.0 9.30 2.40 10.2 1.9 7.5 0.003 0.048 0.014 0.010
TK-45 7.3 10.3 0.7 24.8 21.7 2.0 9.30 7.50 20.4 3.8 13.6  0.007 0.101 0.025 0.010
TK-46 13.0 32 23 61.1 423 46.0 9.30 31.30 293 16.8 32.2 0.022 0.129 0.027 0.010
TK-47 0.4 2.2 0.2 17.4 2.6 5.0 9.30 0.50 3.8 0.6 1.2 0.001 0.012 0.009 0.030
TK-48 0.9 2.7 0.2 24.6 10.1 14.0 12.10 1.80 15.0 2.0 2.7 0.001 0.039 0.007 0.030
TK-49 2.7 5.9 5.7 9.6 9.0 9.0 9.30 2.00 12.5 1.2 3.0 0.001 0.023 0.004 0.010
TK-57 0.7 4.5 0.9 16.4 2.1 59.0 9.30 0.70 2.6 1.0 1.7 0.001 0.014 0.003 0.060
TK-58 1.0 5.1 0.2 26.2 9.1 5.0 9.30 4.00 5.6 2.5 5.2 0.002 0.035 0.008 0.020
TK-59 3.5 4.7 34 27.7 354 1.0 9.30 1220  37.0 9.3 232 0.010 0.130 0.034 0.010
Min. 0.4 0.7 0.1 6.2 1.4 1.0 1.40 0.40 2.4 0.3 0.9 0.001 0.006 0.002 0.010
Max. 41.1 13.3 5.7 332.0 423 549.0 52.60 39.80 37.0 16.8 324  0.028 0.197 0.061 0.210
Mean 5.6 49 0.8 49.2 11.6 51.1 1295 494 12.9 3.0 7.2 0.004 0.048 0.014 0.036
Median 1.1 4.5 03 26.2 8.0 22.0 9.30 1.50 8.1 1.2 29 0.003 0.025 0.008 0.020
Full Lakeset (56 lakes)
Min. 0.16 0.20 0.05 1.30 0.10 1.00 0.70 0.20 0.30 0.20 0.20 0.001 0.001 0.001 0.001
Max. 41.10 1330 572 332.00 4230 623.00 52.60 39.80 37.00 16.80 3240 0.028 0.197 0.061 0.260
Mean 3.05 343 0.67 2991 649 86.80 7.99 2.57 6.84 1.68 3.82 0.003 0.025 0.009 0.038
Median  0.68 2.55 0.34 1340 255 3250 0.70 0.20 2.60 0.60 1.10  0.001 0.009 0.004 0.020
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Tab. 4. Continued

LAKE _ TN TPUF TKN CHLa POC PON TN:TP POC:CHLa AREA DEPTH pH COND TEMP DIST
(ng 1™ (ha)  (m) (uSem™) (°C)  (km)

Boreal Forest

TK-22 6600 162 4720 35 20500 178.0 40.7 585.7 8.8 2.8 7.4 62.0 17.5  -160.0
TK-23  633.0 7.9 553.0 1.9 815.0 70.0 80.1 428.9 6.9 2.0 7.6 242 174 -155.0
TK-24 1392.0 11.0 1170.0 1.1  3270.0 212.0 1265 2972.7 16.8 8.0 8.2 102.2 17.1  -135.0
TK-25 966.0 10.0 810.0 1.8 1910.0 146.0 96.6 1061.1 2.7 6.0 7.9 539 17.4  -100.0
TK-26  325.0 69 2750 0.6 3500 400 47.1 583.3 20.9 16.0 7.7 56.9 16.9 -130.0
TK-27 6720 23.0 501.0 20 1860.0 161.0 29.2 930.0 10.1 3.0 8.0 64.6 17.8  -170.0
TK-28 5120 10.8 441.0 1.2 690.0 61.0 474 575.0 8.8 6.1 7.8 74.8 16.,5 -110.0
TK-33  363.0 6.1 306.0 1.1 426.0 47.0 595 387.3 6.1 10.0 7.3 25 16.3  -80.0
TK-34 4480 12.1 355.0 1.3 10100 83.0 37.0 776.9 3.6 5.0 7.4 25.9 174 -95.0
TK-35 5160 156 433.0 1.2 6790 640 33.1 565.8 43 7.0 7.5 44.1 172 -135.0
TK-36  996.0 233 881.0 4.8 960.0 102.0 42.7 200.0 42 1.5 72 39.1 179 -162.5
TK-37 1790.0 6.4 24600 13 DN.A. DNA. 279.7 D.N.A. 6.7 1.3 7.6 478.5 18.3 -180.0
TK-38  883.0 8.7 9230 52 DN.A. DNA. 1015 D.N.A. 17.4 2.1 6.3 64.4 182 -170.0
TK-39 1590.0 486 22700 3.1 D.NA. DN.A. 327 D.N.A. 144 1.0 8.3 271.1 202 -155.0
TK-40 889.0 11.2 934.0 1.0 D.N.A. DNA. 794 D.N.A. 7.9 22 7.0 238.9 183  -175.0
TK-41 1930.0 13.0 21200 1.5 D.N.A. DNA. 1485 D.N.A. 43 0.5 7.7 149.5 22.0 -180.0
TK-42 1590.0 34.8 1830.0 17.3 D.N.A. DN.A. 457 D.N.A. 8.4 0.9 79 138.5 19.8  -162.5
TK-43  446.0 3.7 461.0 1.5 D.N.A. DNA. 1205 D.N.A. 7.3 7.3 7.1 42.8 21.5  -160.0
TK-44  883.0 5.7 9450 29 D.N.A. DNA. 1549 D.N.A. 29 1.4 7.1 134.0 202 -160.0
TK-45 811.0 8.7 869.0 29 D.NA. DNA. 932 D.N.A. 8.0 6.5 7.8 228.9 16.8 -150.0
TK-46 1960.0 109 2760.0 1.0 D.N.A. DN.A. 1798 D.N.A. 2.6 0.7 7.8 405.1 15.7  -152.5
TK-47  637.0 8.5 6700 57 DNA. DNA. 749 D.N.A. 4.6 25 6.9 32.8 145  -150.0
TK-48 1020.0 22.1 11500 3.1 D.N.A. DNA. 462 D.N.A. 18.5 1.5 7.4 100.2 13.7  -127.5
TK-49  380.0 5.5 380.0 3.0 D.N.A. DNA. 69.1 D.N.A. 12.2 3.7 7.4 97.4 143 -100.0
TK-57 424.0 6.0 428,00 28 DNA. DNA. 707 D.N.A. 3.0 4.6 6.6 27.6 152 -107.5
TK-58 1080.0 10.8 1200.0 3.8 D.N.A. D.N.A. 100.0 D.N.A. 2.6 32 7.3 76.9 162 -145.0
TK-59 1030.0 10.6 1100.0 53 D.N.A. DNA. 972 D.N.A. 15.6 4.6 8.1 306.5 19.0 -160.0

Min. 325.0 3.7 2750 0.6 3500 400 292 200.0 2.6 0.5 6.3 25 13.7  -180.0
Max. 1960.0 48.6 2760.0 17.3 3270.0 212.0 279.7 2972.7 20.9 16.0 8.3 478.5 22.0 -80.0

Mean 919.5 13.3  988.8 3.0 12745 1058 864 824.3 8.5 4.1 7.5 123.8 17.5 -1432
Median 883.0 10.8 869.0 2.0 960.0 83.0 74.9 583.3 7.3 3.0 7.5 74.8 174 -152.5
Full Lakeset (56 lakes)

Min. 135.0 2.7 93.0 0.4 190.0 19.0 7.7 170.0 0.9 0.5 6.2 2.5 9.1 -180.0

Max. 1960.0 48.6 2760.0 17.3 3270.0 256.0 279.7 2972.7 36.6 19.0 83 478.5 22.0 3200
Mean 601.0 12.1 6047 25 923.1 804 618 615.6 9.0 4.6 72 68.9 155 -303
Median 4350 8.6 4225 1.7 527.0 56.0 449 540.9 79 3.5 7.3 25.6 155 -70.0
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Fig. 2. Trends in selected environmental variables across vegetation zones. Sites are classified into vegetational zones along the x-
axis, the value of the measured environmental variable for each lake is given along the y-axis.

It is well known that relatively shallow lakes with
small surface areas will be less likely to stratify than
deeper larger lakes (Gorham & Boyce 1989) especially
in arctic environments where wind activity can play a
major role in lakewater mixing. Thermal stratification
may influence (among other things) nutrient distribu-
tions within a lake (Gorham & Boyce 1989). Due to lo-
gistical constraints, temperature profiles (surface and
bottom) were measured for only 33 (TK-1 to TK-36) of
the 56 lakes. Twenty eight of these 33 lakes were
weakly to strongly stratified with temperature differ-
ences (t.d.) between the surface waters and the bottom
waters ranging from 0.2 to 12.4 °C. The majority of
lakes in the arctic tundra zone were weakly stratified
(mean t.d. = 1.1 °C) and 5 of the lakes were isothermal
(TK-6, TK-16, TK-19, TK-20, and TK-21). All lakes in
the boreal forest and in the forest-tundra showed vary-
ing degrees of stratification, six of which were strongly
stratified (TK-25 - t.d.=5.7 °C, TK-26 - t.d. = 11.6 °C,
TK-28 - t.d. =9.0 °C, TK-29 - t.d. = 8.7 °C, TK-33 - t.d.
= 12.4 °C, and TK-35 - t.d. = 10.9 °C). These differ-
ences in thermal stratification patterns across the cli-
matic ecozones may be important factors with respect to
future climatic warming through changes in the compo-
sition of lakewater biota and their habitats.

4.2. Trends in pH across vegetation zones

Trends in pH across ecozones were quite variable,
with boreal forest lakes generally recording higher pH
values (89% of pH values higher than 7.0) than arctic
tundra lakes (50% of pH values higher than 7.0) (Fig.
2¢). The pH range (6.2 to 8.3 with a median of 7.3) was

somewhat smaller than that recorded in previous studies
of this area (Puznicki 1996; Riihland & Smol 1998) and
is likely due to the more uniform nature of the bedrock
geology across the sampling transect for this lakeset. It
may also indicate that catchment vegetation does not
play a major role in affecting lakewater pH in this lake-
set. As expected, pH was significantly correlated (p
<0.05) to DIC (r = 0.55,), Mn (r = 0.40), Mg (r = 0.49),
Ca (r=0.52), and COND (r = 0.50) (Tab. 3).

4.3. Trends in major ions, DIC, and conductivity across
vegetation zones

The surface waters of this lakeset were generally
dilute with conductivity measurements varying from 2.5
to 478.5 uS cm™', with a median of 10.8 uS cm™ in the
arctic tundra zone, 18.1 pS cm™ in the forest-tundra
zone, and 74.8 pS cm’ in the boreal forest zone (Tab.
4). Despite the dilute nature of these lakes, there was a
clear trend in major ions and related variables (such as
DIC) across the vegetational gradient (Fig. 2d). Boreal
forest lakes were significantly different (p <0.05; Tab.
2) and had higher concentrations of Ca, Mg, Na, K, Cl,
SO,, DIC and COND than both arctic tundra and forest-
tundra lakes. DIC (which partially reflects trends in
major ion concentrations) varied from 0.1 to 42.3 mg I"'
with a median of 1.4 mg 1" in the arctic tundra zone, 1.7
mg 1" in the forest-tundra zone, and 8.0 mg I"" in the bo-
real forest zone (Tab. 4). This trend of increasing ionic
concentrations from arctic tundra to boreal forest lakes
has been reported in other treeline studies (Pienitz et al.
1997a, b; Rithland & Smol 1998; Duff et al. 1998; Fallu
& Pienitz 1999; Gregory-Eaves et al. 2000; Fallu ef al.
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2002). This variability in major ion concentrations
among zones is likely due to differences in climate-re-
lated factors such as hydrology, degree of permafrost,
and duration of ice cover (see below).

Patterns in conductivity closely follow those for
major ions and DIC (Fig. 2f). For example, Na, K, Ca,
Mg, Cl, as well as DIC, displayed high and significant
(p <0.01) correlations with COND (Tab. 3). Sites with
higher COND measurements (100.2 to 478.5 pS cm™)
had consistently higher DIC (8.0 to 42.3 mg 1), Ca (7.7
to 34.7 mg 1), Mg (2.7 to 32.4 mg I'), K (1.6 to 16.8
mg 1), CI (1.1 to 33.4 mg 1), Na (1.8 to 39.8 mg 1),
and SO, (2.6 to 13.3 mg I'") values, all of which were
located in the boreal forest zone. Lakes with particularly
high COND values (>150 pS cm™) were located in
proximity to each other and to the city of Yellowknife
(TK-37, TK-39, TK-40. TK-45, TK-46, TK-59), likely
as a result of their location closer to human activity. The
correlation between COND and DIC is particularly
strong (r = 0.89, p <0.01). Similar to other arctic studies
(Pienitz et al. 1997a, b; Rithland & Smol 1998; Greg-
ory-Eaves et al. 2000; Lim et al. 2001), the general
trend in relative concentrations of cations was
Ca>Mg>Na>K with mean values of 6.8 mg 1", 3.8 mg
1", 2.6 mg 1", and 1.7 mg I'', respectively (Tab. 4). The
relative concentrations in major anions followed similar
trends to Lim et al. (2001) with DIC (most of which is
bicarbonate (HCO;) given the circumneutral pH range
of this dataset)> SO, >Cl with mean values of 6.5 mg
1", 3.4mg 1", and 3.1 mg I, respectively (Tab. 4).

The decrease in ionic concentrations from south to
north may be indirectly related to climatic factors. As
bedrock geology across this vegetational gradient is
relatively uniform, other factors are likely responsible
for differences in major ion variations across the cli-
matic gradient. Lakes situated in the continuous perma-
frost zone (arctic tundra sites) will have much more re-
stricted groundwater inflow resulting in a lower net
yield of base cations entering the lakes than those situ-
ated on discontinuous permafrost to the south. Higher
values in DIC, and related variables in boreal forest
lakes may also be related to higher precipitation and
runoff than in arctic tundra sites (Schindler et al. 1996;
Henriksen et al. 1998). Pienitz et al. (1997a, b) have
found similar trends in their lakesets spanning treeline
in both the Yukon and the Northwest Territories. They
attributed the higher values in the forested catchments to
increased weathering and ion supply from the catchment
as a result of higher precipitation. Thicker and more
highly developed soils in the boreal forest also contrib-
ute to the higher ionic concentrations in this vegetation
zone. In addition, in-lake alkalinity generation, such as
from increased biological productivity and sulfate re-
duction processes, are more pronounced in warmer cli-
mates (Webster ef al. 1990; Psenner & Schmidt 1992;
Schindler et al. 1996) such as is found in the boreal for-
est zone.
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4.4. Trends in DOC across vegetation zones

A wide range in DOC concentrations was measured
in this lakeset with a minimum of 1.3 mg I"' to a maxi-
mum of 332.0 mg I"', with a median of 13.4 mg I"' (Tab.
4). This range was about an order of magnitude greater
than those reported by Pienitz ef al. (1997a, b), Moser et
al. (1998), Duff et al. (1998), and Fallu & Pienitz
(1999), but similar to Alaskan values reported by Greg-
ory-Eaves et al. (2000).

Lower DOC values were recorded in arctic tundra
lakes (median = 2.3 mg I'"), than in lakes within the bo-
real forest zone (median = 26.2 mg 1) (Fig. 2e). This
trend of increasing DOC concentrations from forest to
tundra was expected as waters draining the catchments
of coniferous leaf litter bring high amounts of alloch-
thonous DOC into lakewaters (Wetzel 1983; Cronan &
Aiken 1985; Forsberg 1992; Schindler et al. 1992;
Hongve 1999). Additionally, wetlands, commonly
found in the study region provide another important al-
lochthonous source of DOC (Henriksen et al. 1998).
Water colour in many of the boreal forest and forest-
tundra lakes was commonly tea-coloured to dark
chocolate-coloured, a strong indication of high levels of
catchment-derived DOC comprised of coloured humic
substances (Meili 1992). For example, boreal forest
lakes that were reported to be very darkly coloured (TK-
35, TK-28, TK-33, TK-36, TK-37, TK-39, TK-41, TK-
46) had corresponding high levels of DOC (51.6 to
332.0 mg I'"). This large gradient in lakewater DOC
between treeless and forested catchments suggest that
potentially this variable may track past changes in co-
niferous forests in this region.

4.5. Trends in nutrients and chlorophyll-a across the
vegetational gradient

Nutrients were expected to track changes in the dif-
ferent vegetation zones as one primary source of nutri-
ents to lakes is from terrestrial sources (Guildford &
Hecky 2000). Higher allochthonous sources of nutrients
entering into forest lakes probably result from higher
runoff, higher precipitation, and denser vegetation. In
this forested zone, increased breakdown of terrestrial
litter, a longer growing season (i.e. shorter duration of
ice cover) in combination with warmer temperatures
would elevate primary productivity and intensify nutri-
ent circulation. In the arctic tundra, shorter growing sea-
sons, cooler conditions, restricted hydrological proc-
esses, continuous permafrost, and diminished catch-
ment-derived nutrients would likely reflect lower pri-
mary productivity.

The majority of our study lakes were oligotrophic
but did display a moderate range in trophic status (North
American standards) from ultra-oligotrophic (TPUF
<5.0 pg I'", 11 lakes) to eutrophic (TPUF >30 ug 1", 3
lakes). In general, boreal forest lakes had higher TPUF
concentrations (median = 10.8 pg "' and a range of 3.7
to 48.6 ug I'") than arctic tundra lakes (median = 6.1 pg 1"
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Fig. 3. Trends in nutrients and CHLA across vegetation zones. Sites are classified into zones along the x-axis, the value of the meas-
ured environmental value for each lake is given along the y-axis.

a) b) ¢
Arctic Tundra  Forest-Tundra Boreal Forest Arctic Tundra Forest-Tundra Boreal Forest 0.25 Arctic Tundra  Forest-Tundra Boreal Forest
0.07 0.03 ..
[
0.06 o0
L4 0.025 0.2 ®
_— [ ]
w005 = 002 -
= o4 — 'o015
g ) o E’oms o e 0 O
~ 0.03 ® ~ g 0.1 o
© P 4 =5 oot o T °
@ o002 ° 7]
% 0.005 . » 0.05 ® ‘07. °
0.01 [ ] ap 6" 00
;:E g'E ° E o Lommn cifupe e © of X\
[}
0
d) e) f)
0.06 Arctic Tundra Forest-Tundra Boreal Forest 700 Arctic Tundra Forest-Tundra Boreal Forest 03 Arctic Tundra  Forest-Tundra Boreal Forest
0.05 .6 600 e 0.25 L
- ° ° b —
- 500
L 0.04 - ° T 02 [ ]
g * . )
E 0.03 g 4 E 15
- =300 = [} ®
g 0.02 LJ s L] = o1 L)
° W 200 ' <
[ _J
0.01 L 100 0.05 45 '_M
Oy LY, ST /S SOUN R T LY. ) X (TR TN
0 0 0
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environmental variable for each lake is given along the y-axis.

and a range of 2.7 to 31.3 ug 1"") and forest-tundra lakes may be related to the possibility that these lakes receive
(median = 6.0 ug 1" and a range of 3.1 to 28.5 pg I'") water from nearby Prelude Lake to the north, which has
(Tab. 4, Fig. 3b). According to this classification a small lodge (accommodates 15 people) and a small
system, three lakes were classified as eutrophic, two of community campsite (28 sites) (Wedel et al. 1990) that
which were located in the boreal forest (TK-39: 48.6 pg may be a potential source of nutrients. The CHLA value
I" & TK-42: 34.8 pg 1) and one in the arctic tundra for TK-42 (17.3 pg I'") was the highest recorded for the
(TK-18: 31.3 pg I'"). Both boreal forest lakes were very entire lakeset, but for TK-39 CHLA levels were moder-
shallow (about 1.0 m in depth) and were relatively close ately low (3.1 pg I'"). The higher value for TPUF in the
to the city of Yellowknife (approximately 25 km). Rea- arctic tundra lake (TK-18) as well as in a lake a few

sons for the higher phosphorus values are not clear, but meters away (TK-19) may be related to the relatively
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high iron concentrations (253.0 and 418.0 ug 1"). Both
lakes were dark red in colour. Iron is known to form
complexes with phosphorus, leaving the measured
phosphorus unavailable for biological uptake (Jones et
al. 1988). This appears to be the case for these lakes, as
low algal biomass, as inferred from CHLA, were also
recorded (TK-18: CHLA = 1.1 ug I''; TK-19: CHLA =
0.7 pg I'). Therefore, even though the phosphorus lev-
els are high, the lakes are still not very productive.

Nutrient concentrations and CHLA followed similar
spatial trends, as expected, with higher concentrations in
SiO,, CHLA, TKN, TN, and TPUF measured in boreal
forest lakes (medians of 0.3 mg 1", 2.0 pg I"!, 869.0 ug
1", 883.0 pg I, and 10.8 pg 1", respectively) than in
arctic tundra lakes (medians of 0.3 mg I, 0.9 pg I,
145.5 pg 1", 192.0 pug I'', and 6.1 pg 1", respectively)
(Tab. 4, Fig. 3). Our values were similar to those re-
ported by Lim et al. (2001) and by Gregory-Eaves et al.
(2000), but had substantially higher concentrations of
TKN, TN, and TPUF than other Canadian treeline
studies (Pienitz et al. 1997a; Fallu & Pienitz 1999).

CHLA was not significantly correlated to other
measured variables with the exception of nitrogen (TKN
and TN) (Tab. 3). TPUF and CHLA were only weakly
correlated (r = 0.31) suggesting that productivity in
some of these lakes may be limited by other factors,
such as nitrogen.

To determine whether the POC of our lakes was
primarily derived from allochthonous versus autochtho-
nous sources, a ratio of POC (particulate organic car-
bon) to CHLA (representing algal biomass) was calcu-
lated for all lakes where POC measurements were avail-
able (n = 33). These ratios were also explored by Lim et
al. (2001) and by Hamilton ez al. (2001) for Canadian
high arctic sites. In our reduced lakeset of 33 sites, the
POC:CHLA ratios ranged from 170:1 to 2973:1, with a
mean of 616:1 (Tab. 4). Eppley et al. (1977) suggested
that ratios greater than 100 are indicative of higher
loading of detrital POC coming into the lake from ex-
ternal sources (i.e. not from algal sources within the
lake). To further explore the relationship between these
two indicators of production, linear regressions between
CHLA and POC for boreal forest lakes and for arctic
tundra lakes (only 4 sites in the forest-tundra had POC
data available and was therefore not included here) were
generated (Fig. Sa-c). Weak relationships were found
between POC and CHLA for lakes in the arctic tundra
ecozone (r* = 0.02, n = 16 after the removal of two out-
liers), as well as for lakes in the boreal forest (r* = 0.20,
n = 10 after the removal of one outlier). The higher ratio
of POC:CHLA in our boreal forest lakes (mean = 824.3)
than our arctic tundra lakes (mean = 456.0) together
with the poor relationships observed suggest that lakes
in our forested catchments have higher loadings of de-
trital matter than do arctic tundra lakes. This would be
expected, as increased catchment vegetation and richer
soils can contribute significant amounts of detrital POC
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in comparison to the more sparsely vegetated catch-
ments with poorly developed soils of arctic tundra sites.

The relationship between POC and CHLA in the
arctic tundra zone can be compared to the ratios calcu-
lated by other researchers in the Canadian Arctic and
Subarctic (Pienitz et al. 1997a, b; Lim et al. 2001;
Hamilton ef al. 2001) and in Alaska (Gregory-Eaves et
al. 2000). As in this dataset, the majority of lakes in
these studies (98%, n = 91) had POC:CHLA ratios well
above 100, suggesting that even these tundra lakes re-
ceived much of their detrital loading from allochthonous
sources. Much like this study, linear regressions of the
data from these other studies did not reveal strong rela-
tionships between these two variables for lakes in the
arctic tundra, with the exception of lakes in Alaska (r* =
0.87,n=9).

To assess whether our lakes were primarily limited
by phosphorus or by nitrogen, TN:TP ratios were cal-
culated. TN:TP ratios for this lakeset ranged from 7.7 to
279.7 with a mean of 61.8 (Tab. 4). Nitrogen limitation
may be common in lakes with TN:TP ratios less than 14
(especially if TP was high) (Downing & McCauley
1992) and tend to be phosphorus-limited in lakes with
ratios greater than 17 (Sakomoto 1966). Using these
criteria, only two lakes from this study (TK-1 and TK-
18; both in the arctic tundra zone) were classified as
possibly nitrogen-limited and both had TPUF concen-
trations well above the mean (27.1 pg I'' and 31.3 pug I,
respectively). All other lakes were classified as phos-
phorus-limited. The findings reported here agree with
Pienitz et al. (1997a), Gregory-Eaves et al. (2000), and
Hamilton et al. (2001). There is a clear spatial trend in
this ratio with an increase in TN:TP from the arctic tun-
dra to the boreal forest (Fig. 3f). This is not surprising,
as higher TN:TP values are to be expected in lakes re-
ceiving runoff from undisturbed forested watersheds
than lakes that depend more on inputs from precipitation
such as in the arctic tundra (Downing & McCauley
1992). However, these calculations should be viewed
with caution, as this dataset does not provide extensive
year-round sampling, but only one snapshot sample for
each lake collected in August.

4.6. Trends in trace metals across vegetation zones

Concentrations of aluminum, barium, iron, lithium,
manganese and strontium were all within the range
considered common for natural surface waters in
Canada (<1000 pg 1", <1000 pg 1", <500 pg I'', <200
pg 1, <1000 pg I, respectively; McNeely et al.
1979). All of these metals (with the exception of Fe)
had significantly higher (p <0.05) concentrations in
boreal forest lakes than in forest-tundra or arctic
tundra lakes (Tab. 2), and closely followed the trends
in major ions and related variables (Fig. 4).

Concentrations of Ba, Sr, and Li were significantly
higher (p <0.05) in the boreal forest (medians of 0.008
mg 17, 0.025 mg I, and 0.003 mg I"', respectively) and
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Fig. 5. Comparison of selected nutrient relationships between arctic tundra and boreal forest lakes.

lower in the arctic tundra (medians of 0.002 mg 1,
0.001 mg I, and 0.001 mg I"', respectively) (Tab. 2,
Tab. 4). All three of these metallic elements had
significant and positive correlations to major ions and
DIC (Tab. 3). The values for Li were consistent with
values reported by Puznicki (1996), Moser et al.
(1998), Gregory-Eaves et al. (2000), and Lim et al.
(2001). Not surprisingly, Li was most highly
correlated to Na and K (r = 0.81, p <0.01; Tab. 3), as
all three are univalent alkali metals. However,
concentrations of Ba and Sr were substantially lower
in this lakeset than values reported previously. This
may be due to the scarcity of calcium-carbonate and
magnesium-rich deposits and the more granitic nature
of the surrounding bedrock, as higher values of these
metals are expected in lakes whose catchments drain
rocks richer in calcium carbonate. Puznicki (1996)
reported notably higher concentrations of Ba and Sr
(maximum of 0.083 mg I' and 0.177 mg 17,
respectively) in lakes around Great Bear Lake, where
calcium carbonate-rich deposits are more predominant.
Unlike our study, calcium carbonate-rich deposits were
also reported in many of the sites studied by the other
researchers mentioned above.

Although iron concentrations were within the range
commonly found in Canadian surface waters
(McNeely et al. 1979), several lakes (TK-18, TK-19,
TK-21, TK-30, TK-31, TK-32, TK-36, TK-37) were
dark orangy/ reddish-brown in colour and had iron
values (205.0 - 623.0 pg 1) well above the lakeset
mean (86.8 pg 1'). As DOC concentrations were
relatively low for most of these lakes (mean 29.9 mg
1), the coloured nature of these lakes may be a
consequence of iron-rich deposits within their
catchments. Fe and Mn are often linked to high
concentrations of humic materials and therefore, lakes
with high concentrations of DOC often record higher
values of Fe and Mn (e.g. Moser et al. 1998; Fallu &
Pienitz 1999). Unlike these other arctic studies, no
such relationship was observed in this lakeset (r =
0.02, r = 0.11, respectively; Tab. 3). The only
measured variable that was significantly correlated to
Mn was pH (r = 0.49, p <0.05; Tab. 3). This is likely
due to Mn being brought into solution through
weathering processes such as acid leaching (McNeely
et al. 1979).
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Fig. 6. Principal Components Analysis (PCA) of the 56 study sites and environmental variables. Dashed lines represent environ-

mental variables that were run passively in the ordination.

4.7. Ordination (PCA)

The distribution of variables and sites in the ordina-
tion closely tracked the patterns across vegetational
zones discussed earlier. PCA revealed two main direc-
tions of variation, with axis 1 explaining 51% of the to-
tal variance and axis 2 explaining an additional 11%
(Fig. 6). An examination of the inter-set correlations of
the 20 active environmental variables, together with the
position and length of the arrows, revealed that the
strongest direction of variation (axis 1) was primarily a
gradient of major ions and nitrogen consisting of Ca,
Mg, K, Cl, SO4, COND, pH, DIC, DOC, nitrogen TKN,
TN, Ba, Sr, and TEMP. All of these variables had high
positive correlations with PCA axis 1 and to each other
(Tab. 3), and plotted towards the right of the ordination.
The second gradient (axis 2) was characterized by
strong inter-set correlations to Al, Fe, TPUF, and
DEPTH. Al and Fe were positively correlated to PCA
axis 2 and to each other, and negatively correlated to
DEPTH (Tab. 3, Fig. 6).

The 56 sites were clearly separated into the three
ecozones along the first PCA gradient, with boreal for-
est lakes plotting almost exclusively on the right hand
side of the ordination, indicating that these sites were
characterized by higher concentrations of major and mi-
nor ions (and related variables) and nitrogen (Fig. 6a).
Arctic tundra sites, on the other hand, plotted exclu-
sively on the left hand side of the ordination, and were
associated with more dilute lakewater chemistry. Boreal
forest sites showed greater dispersal in the PCA ordina-

tion space than did the arctic tundra sites, reflecting
greater variability in lakewater chemistry within this
ecozone. The second direction of variation was less ob-
viously related to the vegetational gradient. Here,
deeper lakes plotted towards the lower half of the ordi-
nation, and lakes with higher concentrations in Fe and
Al plotted towards the upper half of the plot. As there
were no obvious spatial trends for DEPTH, Fe or Al,
(Fig. 2a, Fig. 4ef), sites that plotted near these environ-
mental arrows in the PCA did not show any clear asso-
ciation to vegetation zones (Fig. 6a, b).

4.8. Some implications of treeline spatial trends in
terms of predicted climatic warming

The spatial gradient of climate-related factors (e.g.
temperature, vegetation, precipitation, degree of perma-
frost) across treeline was often closely reflected in the
lakewater chemistry of the 56 study lakes. Therefore,
these limnological trends may provide important infor-
mation on possible future changes with additional cli-
matic warming. For example, warmer climates will
shorten the duration of ice cover on lakes. This could
result in some currently polymictic or isothermal lakes
to thermally stratify, and dimictic lakes to have longer
and more stable periods of thermal stratification (De
Stasio et al. 1996). The length of the growing season
will also increase with diminished ice and snow cover,
extending the photosynthetically active period and in-
creasing algal production rates (Smol 1983, 198S;
Douglas & Smol 1999). A warmer and drier climate will
affect the hydrological regime, as increases in evapora-
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tion will not likely be compensated for by increases in
precipitation (Schindler ef al. 1997). Changes in the ex-
tent of permafrost (deeper active layer and continuous
permafrost becoming discontinuous in northern regions)
will also have a profound effect on the hydrological
system through increased groundwater flow and runoff
from the catchment to the lake.

The above physical changes brought about by cli-
matic warming will have important implications on
lakewater chemistry. Increased runoff and groundwater
flow should increase the input of nutrients to lakes, re-
sulting in higher production. The net yield of base
cations entering the lakes should increase as a result
greater groundwater inputs, which should also increase
pH (Webster et al. 1990; Schindler et al. 1996). In-
creases in pH are also expected during warmer tem-
peratures through enhanced in-lake alkalinity generation
processes such as increased biological productivity and
stronger sulfate reduction processes (Psenner & Schmidt
1992; Schindler et al. 1996). These physical and chemi-
cal changes, will undoubtedly have important impacts
on aquatic habitats and species composition in fresh-
water ecosystems.

5. CONCLUSIONS

The chemical characteristics of the 56 study lakes
appear to be strongly influenced by climatic and cli-
mate-related factors (e.g. degree of permafrost, vegeta-
tion, weathering, duration of snow and ice cover). Our
results show that: 1) distinct limnological differences
exist among treeline ecozones; 2) of all the measured
limnological variables, ionic and nutrient concentrations
displayed the greatest changes from the subarctic boreal
forest to the arctic tundra; and 3) arctic tundra lakes
were more chemically dilute than subarctic forested
lakes.

Comparisons with other circumpolar treeline regions
indicate that some global patterns are emerging, sug-
gesting that climatic warming will impact the chemistry
of freshwater treeline lakes. However, because lakewa-
ter chemistry can also be related to factors other than
climate (e.g. local geology, vegetation, human distur-
bances and physiographic relief) and due to the vastness
of this ecotone on a global scale, more studies of this
kind are needed to refine our understanding of baseline
limnological conditions at circumpolar treeline. Future
research should include monitoring of treeline lakes to
examine the changing patterns of ice cover duration,
thermal stratification, and the associated changes in
lakewater limnology. From a paleoclimatic perspective,
studies of this kind, coupled with paleolimnological
analyses, have the potential to be used to track past
shifts in the arctic treeline and other climate-related
characteristics. These data will provide important in-
formation needed to better understand these changing
ecosystems under a climatic warming scenario.
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