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Abstract. About a third of the lakes surveyed in the Birch Mountains Upland of northeastern Alberta,
Canada, have pH below 7.0; 25% have alkalinities below 10 mg/L identifying them as acid-sensitive
following criteria established by the National Research Council of Canada (1981). Lakes in this region
vary greatly as to surface area and depth. Watersheds also vary in area and in amount of peatland
cover. Peatlands in the form of peat plateaus and collapse scars, continental bogs, treed and open
fens, and shallow organic deposits cover over 50% of some watersheds. Surface water chemistries of
these peatlands form three distinct classes: bogs, poor fens and shallow organic deposits. The acidity
of certain lakes in this northern area is best explained by effects from high cover of Sphagnum-
dominated peatlands in surrounding watersheds. Due to greater flow-through, poor fens appear to be
more important than bogs in affecting the acidity of associated lakes.
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1. Introduction

The sensitivity of Alberta lakes to acidic deposition has been described by several
reports (Erickson, 1987; Palmer and Trew, 1987; Trew, 1995). These evaluations
indicate that of a total of 1133 lakes surveyed, 49 (4.3%) were defined as acid-
sensitive (those having alkalinity of less than 10 mg L™1) (NRCC, 1981). Sensitivity
as defined here is a measure of the potential susceptibility of the ecosystem to acid-
ification as determined by selected physical and chemical characteristics (Alberta
Environment, 1990). Specifically, reported precipitation data from Alberta (sum-
marized by Peake and Wong, 1992) has a mean pH of 5.5, close to the theoretical pH
(5.6) of pure water in equilibrium with atmospheric CO,, suggesting no significant
acidification. Calcium and sulphate, the dominant ions, were found to be statisti-
cally correlated, probably resulting from the incorporation of windblown dust with
precipitation. No correlations between sulphate and hydrogen ion concentrations
were determined.

Acid sensitive lakes in Alberta occur in three distinct parts of the Province, of
which those in some northeastern uplands are located near large scale, industrial
plants which emit acid-forming gases. The question of whether these lakes are
naturally acidic or have been affected by anthropogenic activity is unclear. For
this reason, management and future protection strategies, although required, can
not be established with confidence as the mechanisms that have resulted in acid
characteristics are unknown.

Water, Air, and Soil Pollution 96: 17-38, 1997.
© 1997 Kluwer Academic Publishers. Printed in the Netherlands.
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Northern Alberta uplands have a high cover of wetlands (Vitt, 1992; Halsey et al.,
1993). Wetlands act as attenuators of precipitation and surface runoff/groundwater,
becoming water sources under wet conditions and sinks under drought condi-
tions (Brooks, 1992). Not only do wetlands attenuate incoming water, they can
also chemically alter water that passes through them by: 1) retaining some sul-
phate, nitrate and ammonium, as well as metals often in the form of organic acids
(Hemond, 1980; Bayley et al., 1987; Urban et al., 1987); 2) production of organic
acids (primarily humic and fulvic), and releasing nutrients through decomposition
(Hemond, 1980; Gorham et al., 1984); and 3) increasing acidity through selective
cation uptake and assimilation (Clymo, 1963; Vitt et al., 1975). The magnitude
of attenuation as well as degree of chemical alteration of water in these systems
depends on wetland type, reservoir size, regional climate, and position of the peat-
land(s) in the watershed (Jones et al., 1986). It has been documented that moderate
wetland cover can significantly impact the quality of water output. For example,
Brakke (1981) documented that a watershed in Norway containing wetlands in 24%
of its catchment area had 62% of its total outflow chemically altered by wetlands.

In Canada wetlands can be subdivided into two types 1) organic wetlands, or
peatlands, where >40 cm of organics have accumulated over the majority of the
landscape unit and 2) mineral wetlands where <40 cm of organics have accu-
mulated over the majority of the landscape unit (Zoltai and Vitt, 1995). Mineral
wetlands have greater seasonal water table fluctuation than do peatlands (Zoltai
and Vitt, 1995), and thus a much lower potential for long-term water storage. As
a result of fluctuating water tables, decomposition rates in mineral wetlands are
higher, leading to increased nutrient availability (Zoltai and Vitt, 1995). In contrast,
peatlands have much lower seasonal water table fluctuation, resulting in a much
higher potential for long term water storage which alters DOC levels, pH, and
cation/anion concentrations.

Peatlands can be classified into ombrogenous bogs and geogenous fens, the latter
subdivided into poor, moderate-rich and extreme-rich fens, each with distinctive
indicator species, acidity/alkalinity, and base cation content. Fens are ecosystems
that are affected by mineral soil waters (surface and/or ground water) that are
relatively enriched in mineral elements (Zoltai and Vitt, 1995). When the peatland
surface is raised above the influence of the surrounding landscape it receives water
and minerals solely from precipitation and is called a bog. Bogs may contain
permafrost (peat plateaus and associated collapse scars) or have no present-day
permafrost (continental bogs) (Zoltai, 1971). As fens are connected with regional
groundwater, discharge is less erratic, and is sustained at higher levels during dry
periods than bogs (Brooks, 1992). Thus, bogs store water for longer periods than
fens, chemically altering the water to a higher degree, but fens discharge water at
a greater rate, potentially impacting the downstream receiving waters to as great a
degree as bogs.

The transition from bog to rich fen can be viewed as a vegetation-chemical
gradient (reviewed by Vitt et al., 1995). Bogs are highly acid (pH less than 4.5),
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have no measurable alkalinity, low base cation concentrations, and are dominated
by oligotrophic species of Sphagnum. Poor fens are less acid (pH 4.5-5.5), have low
alkalinities, higher base cation concentrations and are dominated by mesotrophic
species of Sphagnum. Rich fens have pH greater than about 6.0, alkaline waters
rich in calcium and bicarbonate, relatively high base cation concentrations, and are
dominated by brown mosses (mostly members of the Amblystegiaceae).

Values for pH of peatland waters collected over a regional temperate and boreal
landscape are bimodally distributed, with bogs and poor fens forming one mode
between pH of about 3.5-5.5, and rich fens forming a second mode between pH of
5.8-8.0 (Gorham et al., 1984). Between these two modes alkalinity drops to zero,
and Sphagnum becomes the dominant component of the ground layer. Mesotrophic
species of Sphagnum, found mainly in poor fens generate acidity largely through
the uptake of cations by uronic acid molecules, in exchange for hydrcgen ions
(Clymo, 1963; Gorham et al., 1987). In contrast, bog acidity less than pH 4.0 is
most likely a combination of inorganic cation exchange by oligotrophic species
of Sphagnum along with organic acidity produced by decomposition (Hemond,
1980).

Along the temperate eastern coast of North America and in central Ontario,
numerous acid-sensitive lakes have been attributed to watersheds with high wetland
cover (LaZerte and Dillon, 1984; Gorham et al., 1986; Kahl ez al., 1989; Baker et
al., 1991). However, no studies have directly examined the role that wetlands play
in lake acidification in more northern areas where peatland cover is extensive. In
addition, the relative contribution of each peatland type to lake acidification has
not been documented. This paper examines the role that specific northern peatland
types play in lake acidification of watersheds in the northeastern uplands of Alberta,
Canada.

2. Study Area

The Birch Mountains Upland is one of several preglacial erosional remnants found
in northern Alberta (Figure 1). The upland represents a major drainage divide
between the Mikkawa, Ells, Birch and Mclvor Rivers (Figure 1). The Birch Moun-
tains Upland is composed of Cretaceous, nonmarine sandstone and shales (Green,
1972) that are draped by glacial deposits of fine-loamy to clayey ground moraine
with associated glaciofluvial ice contact deposits (Turchenek and Lindsay, 1982).
Chemical analyses of soils developed over ground moraine in the area characteris-
tically have pH values ranging from 5.0-5.5 and calcium oxide concentrations are
<1% (Pawluk and Bayrock, 1969). Groundwaters from surficial sediments are of
the Ca>*/Mg?*/HCO;3 type (Ozoray e al., 1980).

Peatland cover in the region is highly variable, ranging from no peatlands to
~859% cover over areas of 100 km? (see Vitt, 1992). The region is dominated by fens
in some areas and continental bogs and peat plateaus in others (Vitt, 1992; Halsey
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Figure 1. Location of 29 lakes examined in the Birch Mountains Upland of northeastern Alberta.
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Table I

Morphometric and chemical data for the 29 study lakes sampled during 1988 and 1992 in the Birch
Mountains Upland. Zm,x) = maximum observed lake depth, TP = total phosphorus, and Chlor a =
chlorophyll-a

TWIN-

Lake SPAN Date Name Area  Z(myx pH  Alkalinity TP Chlora
No. group sampled (km?) (m) (mg/L) (pg/l) (ug/l)
L17 B 21/07/88 Osi 152 20 724 235 20.1 9.0
L18 B 20/07/88 Namur 4339 270 735 189 30.4 59
L9 C 20/07/88 S.Gardiner 7.25 105 7.63 533 50.1 10.8
L20 C 20/07/88 N. Gardiner 17.48 12.5 7.76 525 51.2 10.0
L21 C 20/07/88 Unnamed 17.17 13.0 7.85 444 56.4 13.4
L22 C 20/07/88 Sand 1458 160 801 518 422 9.1
L23 A 20/07/88 Otasan 344 70 674 6.4 279 9.0
L24 C 26/07/88 Eaglenest 840 35 749 337 130.2 9.9
L25 A 04/08/92 Legend 1676 9.8 6.65 10.2 42.0 37.0
L26 C 21/07/88 Jean 1.60 2.1 823 530 242 4.5
L27 A 21/07/88 Unnamed 1.25 2.8 6.20 5.6 96.9 8.5
L28 A 21/07/88 Unnamed 130 1.8 453 0.0 59.7 2.1
L29 A 11/08/92 Clayton 0.65 1.1 4.51 0.0 45.0 9.4
L32 C 26/07/88 Clear 1.16 7.0 738 367 62.3 3.6
L33 D 26/07/88 Unnamed 094 25 824 1344 97.0 32.8
L46 A 20/07/88 Bayard 120 13 6.60 6.9 106.7 6.0
L47 A 20/07/88 Unnamed 431 1.5 653 7.9 53.5 35
148 C 11/08/92 Unnamed 199 1.1 743 580 98.0 1157
L49 B 06/08/92 Unnamed 261 1.1 6.50 7.8 145.0 10.4
LS50 B 06/08/92 Unnamed 161 06 699 260 105.0 51.5
Ls7 C 06/08/92 Unnamed 1.61 14 774 580 50.0 10.4
L58 C 06/08/92 Unnamed 1.64 18 9.25 50.0 37.0 15.5
L59 B 06/08/92 Unnamed 504 16 725 182 90.0 16.8
L60 B 06/08/92 Unnamed 091 30 874 157 140.0 1125
L6t B 06/08/92 Unnamed 1.68 1.1 7.16  20.7 125.0 1136
Le2 D 11/08/92 Unnamed 148 6.0 831 1040 83.0 52.4
L63 C 11/08/92 Unnamed 152 1.1 7.64 690 113.0 33.6
L68 B 11/08/92 Unnamed 021 08 686 114 185.0 80.1
L69 D 11/08/92 Unnamed 036 08 797 109.0 120.0 28.9

et al., 1993). Upland vegetation consists of closed canopy mixed wood forests of
Populus tremuloides, Populus balsamifera, and Picea glauca on luvisolic soils and
Pinus banksiana on brunisolic soils (Turchenek and Lindsay, 1982). Non-peaty
wetlands (marshes and swamps) have limited cover in the area, and are restricted
to narrow zones around lake margins, riparian bottomlands and areas dammed by
beaver.
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Only seasonal climatic data (May-September) are available for the area, with
1951-1980 30-year normals for mean summer temperature ranging from 9.9-
12.0 °C and total precipitation from 290-324 mm (Environment Canada, 1982).
The surrounding area has been classified as a high boreal outlier, while most of
the Birch and Mclvor River Basins has been classified as boreal subarctic (Strong
and Leggat, 1992), corresponding to a region of high peat plateau cover (Vitt et
al., 1994). The northern part of the Birch Mountains Upland falls into the zone of
discontinuous permafrost as defined by Brown (1967).

3. Methods

3.1. LAKE AND PEATLAND CHEMISTRY

Twenty-nine remote lakes in the Birch Mountains were sampled on one occasion
each during the summers of 1988 and 1992. These lakes represent a subset of a
larger group of 109 lakes surveyed throughout northern Alberta (Saffran and Trew,
1996). The numbering of lakes used in this paper is part of that larger group.

From each lake, vertically integrated samples were taken from the euphotic
zone using weighted Tygon tubing. The euphotic zone was defined as the interval
between the surface and the depth of 1% of surface penetrating light. Sample units
were collected from 5 widespread areas of each lake and combined to form a single
composite sample.

Samples collected for total phosphorus were analyzed by the method of Prepas
and Rigler (1982). Samples for chlorophyll a analyses were extracted in 90%
acetone and measured flourometrically by the technique of Yentsch and Menzel
(1963) as modified by Holm-Hansen et al. (1965). Total alkalinity was determined
by potentionmetric titration using the Gran approach (Strumm and Morgan, 1981)
and expressed as CaCO;; bicarbonate alkalinity was calculated from alkalinity
relationships described in American Public Health Association (1978) and then
multiplied by 1.22 to convert to bicarbonate units. The remaining analyses: total
dissolved solids, specific conductance, calcium, magnesium, sodium, potassium,
chloride, sulphate, aluminum, total kjeldahl nitrogen, ammonium, and total dis-
solved nitrogen were conducted at the Alberta Environmental Centre in Vegreville
(Alberta Environment, 1987).

Preliminary results of the survey revealed that most lakes had sulphate con-
centrations less than the detection limits available (1988: 5 mg/L; 1992: 3 mg/L).
Samples were re-analyzed using ion chromatography (Sawiki ef al., 1978) which
is more sensitive; calcium and magnesium were also repeated using direct current
plasma as a check on sample deterioration. No significant differences were found
between initial and final concentrations of either cation (P <0.05).

Representative peatland surface water chemistry was examined in three of the
29 watersheds sampled for lake chemistry (L23, L25 and L59) during 1991 and



INFLUENCE OF PEATLANDS ON THE ACIDITY OF LAKES 23

1992 (Figure 1). Thirty-two surface water samples were collected for chemical
analyses from peatlands identified from aerial photographs as representative of
the study area. Water samples were collected from the top of the water table or
from open pools when available. Samples were collected from continental bogs,
peat plateaus, collapse scars within peat plateaus, wooded fens, open fens, and in
areas with shallow organic deposits (20-60 cm of accumulated peat). Conductivity
and pH were determined electronically in the field with conductivity values being
standardized to 20 °C and corrected for hydrogen ions following Sjors (1952).
Samples were collected for elemental analyses in 50% acid soaked, triple rinsed,
polypropylene bottles, filtered through 0.45 xm HAWP filters and fixed with 1.0 ml
of concentrated HNO; for a total of 25 ml within 48 hours of collection. Analyses
for calcium, magnesium, potassium and sodium were determined on an inductively
coupled argon plasma emission spectrophotometer. Water samples for NH; -Nand
NO;-N were collected in polystyrene bottles and either unfiltered (NHI—N) or
filtered (NO3-N) in the lab or field within 24 hours of collection and analysed in
triplicate on a Technicon Auto Analyser II. Samples for total phosphorus and total
dissolved phosphorus were collected in polypropylene bottles, with samples for
TDP being filtered through GFC filters with a 1.2 y retention in the lab or field
and fixed with 0.4 g of persulfate/50 mL filtered sample within 24 hours. Samples
were than analyzed following the methods of Bierhuizen and Prepas (1985).

3.2. WATERSHED MAPPING

Watersheds associated with the 29 lakes were mapped for peatland cover using
1:30 000 aerial photographs. Peatlands greater than 0.2 km? were identified as one
of five peatland types, with peatlands having less than 0.2 km? cover being excluded.
Continental bogs were defined by the presence of a uniform cover of Picea mariana
and uniform topography of the surface. Peat plateaus were distinguished from
continental bogs by the occurrence of collapse scars that indicate the presence
of permafrost (Zoltai, 1971). Collapse scars were too small to be mapped as
individual polygons and so were included with peat plateaus. In recently burned peat
plateaus, extensive temporary degradation of permafrost had occurred. Wooded
fens were defined by the presence of Picea mariana and Larix larcina and uniform
topography of the surface. Open fens were defined by high reflectance due to the
presence of a continuous Carex cover. Peatlands are defined as having >40 cm
of accumulated organics, however, when mapping from aerial photographs peat
depth cannot be determined. For this reason a fifth peatland category of shallow
organic deposits was included. Areas of shallow organic deposits were defined
by heterogeneous to homogeneous cover of tall Picea stands and slightly sloping
topography. Field examination of this map unit had peat accumulation of 20 to
60 cm representing peatlands in some cases and humic gleysols in others. Non-
peaty wetlands, including marshes and swamps, were not mapped as they had
insignificant areal extent in the watersheds examined.
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3.3. STATISTICS

TWINSPAN, a two-way indicator analysis (Hill, 1979), that produces a hierarchical
classification of data, was used to determine similarity of the 29 lakes based on
their water chemistry. Analyses were carried out on data transformed to a base of
100, with cut levels of 0, 15, 30 and 50.

Water sample data from peatlands in the three watersheds were grouped by
peatland type. This classification of chemical data was then subjected to a linear
discriminant analysis (SPSS, 1993). The discriminant analysis tested the chemical
distinctness of the five peatland types. Peatland types that could not be distinguished
on the basis of their surface water chemistry by the discriminant analysis were
assumed to have similar hydrological effects and were grouped in later analyses.

Watershed components for all 29 lakes were digitized to determine total cover
of each peatland type using BIOQUANT II (R and M Biometrics, 1985). A matrix
was constructed for each watershed and included percent cover of each chemically
different peatland type as determined from the discriminate analysis, total percent
of peatland cover, total percent cover of all open water in the watershed, watershed
area and lake area. Other variables included maximum lake depth, lake volume,
peatland cover/lake volume, relative amount of watershed with evidence of burn
(0 = none, 0.5 = part, 1.0 = all), and a slope index = (elevational change in
watershed/watershed area).

To test the hypothesis that peatland cover in a watershed affects lake chemistry
an indirect gradient analysis using a linear model (Principle Component Analysis)
was performed in CANOCO (Ter Braak, 1988). Indirect gradient analysis examines
major gradients in a pseudospecies data set (here lake chemistry) irrespective of
environmental variables (Jongman ef al., 1987). A “passive analysis” of environ-
mental variables and unconstrained ordination axes by correlation determined the
relationship between lake chemistry and the corresponding watershed variables.

4. Results

4.1. LAKE CHEMISTRY

TWINSPAN classified the lakes into four ecologically meaningful groups (Figure 2,
Table II). Group A consists of lakes previously identified as acid-sensitive, having
total alkalinities of less than 10 mg/L. These lakes have low TDS and very low
concentrations of calcium and magnesium. Lakes range in pH from 4.5-6.7 and
have the highest concentrations of extractable aluminum (Table II). Group B lakes
have higher amounts of TDS, bicarbonate, alkalinity, calcium and magnesium. In
general, these lakes are not acid-sensitive, although one lake did have less than
10 mg/L of alkalinity. The pH of this group of lakes ranges from 6.5-8.7; the lakes
have moderate amounts of extractable aluminum (Table II). Group C is composed
of lakes that have higher concentrations of TDS, bicarbonate, alkalinity, calcium
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Figure 2. TWINSPAN classification of 29 lakes in the Birch Mountains Upland, Alberta into 4 groups
(A-D) based on lake water chemistry. Four cut levels (1-4) indicate level of element present. Boxes
contain indicator elements of groups with cut levels in brackets; arrows indicate 3 lakes from which
the surrounding watersheds were analyzed. TDS = total dissolved solids, COND = conductivity not
corrected for H*,

and magnesium and a conductivity that is generally greater than 100 uS/cm. These
lakes have low amounts of extractable aluminum (Table II). Group D consists of
lakes that have the highest concentrations of TDS, bicarbonate, alkalinity, calcium
and magnesium; mean pH is 8.2 and mean conductivity is 231 uS/cm (Table II).
Total phosphorus, TDP, TKN or TDN were not represented as indicator elements
in the TWINSPAN and suggesting that the trophic state of lakes is not an important
consideration in determining lake groupings for the cut levels used.

4.2. PEATLAND CHEMISTRY

A summary of the chemistry of surface water samples from the initial five peatland
types indicates that bogs and collapse scars have the lowest pH values and corrected
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Figure 3. Discriminant analysis of 32 peatland surface water chemistry samples. Bog = 1, collapse
scar = 2, wooded fen = 3, open fen = 4 and shallow organic deposit (S.0.D.) = 5. The three units used
in the mapping are shown, with bogs (1) and collapse scars (2) comprising the first unit, wooded (3)
and open fens (4) comprising the second, and shallow organic deposit (5) the third.

conductivities followed by wooded to open fens, and shallow organic deposits
(Table III). Fens and shallow organic deposits have higher concentrations of cations
than bogs and collapse scars, and collapse scars have the highest amounts of TDP
and TP (Table III). Collapse scars can be chemically distinguished from bogs in the
Birch Mountains Upland by higher amounts of K* and Na* and lower amounts of
Ca?* and Mg?* (Table III).

The discriminant analysis of the chemistry from 32 peatland surface water
samples reveals that some of the peatland types are chemically distinct, while others
are not (Figure 3). Bogs (continental and peat plateau) were correctly classified
83% of the time, with misclassified sites being identified as collapse scars or open
fens (Table 1V).

The gradation between bog and collapse scar surface water chemistries is not
surprising as collapse scars represent former peat plateaus that have locally degrad-
ed (Zoltai, 1993), with collapse scars receiving much of their water from the melting
of surrounding permafrost (Chatwin, 1981). A similar gradation between north-
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Table IV

Peatland type identified from airphotos
(rows) and as predicted from the discrimi-
nant analysis (columns). Peatland types are
1 = bogs, 2 = collapse scars, 3 = wood-
ed fens, 4 = open fens, and 5 = shallow
organic deposits. Wilks’ I = 0.029 with an
F-statistic of 2.694, degrees of freedom =
40, 70, p <0.0001. When peatland types
1 and 2 and 3 and 4 are grouped the dis-
criminant analysis produces a Wilks’ I =
0.079 with an F-statistic of 5.099, degrees
of freedom = 20, 40, and p <0.0001

Peatland type  Observed (Air photos)

predicted 1 2 3 4 5
1 10 1 1 0 0
2 0 10 0 0 O
3 0 0 4 2 0
4 0 0 1 2 0
5 0 0 0 0 1

western Alberta bog and collapse scar surface water chemistries has been reported
by Belland and Vitt (1995). In addition to gradational surface water chemistries,
there is also a gradation between bog and collapse scar vegetation resulting from
the regeneration of permafrost in locally degraded collapse scars (Zolati, 1993;
Belland and Vitt, 1995). As collapse scars are always less than 0.2 km? in size they
were mapped as part of the bog. Collapse scars were only misclassified as fens 8%
of the time.

Wooded to open fens were always correctly classified as fens in the discriminant
analysis, however, it was not possible to distinguish one from the other chemically
(Table IV, Figure 3). For this reason, the areas covered by wooded and open fens
in each watershed were not considered separately, and were grouped into one fen
map unit.

One water sample taken from an area of shallow organic deposit (30 cm of
organics) was correctly classified in the discriminant analysis and no other samples
were misclassified into this group making it a unique entity. This suggests that
surface water in shallow organic deposits is different from bogs and fens and
should be considered as a separate map unit.

The results of the discriminant analysis reveal that there are three map units
which are distinguishable on the basis of surface water chemistry. These are: bogs
(peat plateaus and continental bogs), fens, and shallow organic deposits. These
three units are used in the indirect gradient analysis.
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Figure 4. Biplot of 29 lakes based on lake water chemistry with the TWINSPAN classification based
on lake chemistry super-imposed. Watershed variables that explain a significant amount of variation
on the first two axes are shown by directed arrows. %W = percent of open water in watershed.
Numbers = lake numbers.

Table V
Summary of indirect gradient analysis of lake chemistry to water-
shed variables. The sum of all canonical eigenvalues is 0.60. Eigen-
values listed are fractions of the total variance of pseudospecies

data

Axes

1 2 3 4
Eigenvalues 0.44 0.24 0.11 0.06
Lake chemistry- 08 079 066 0.62
watershed variance
Cumulative percentage 442 679 7838 84.9
variance of lake chemistry
Cumulative percentage 539 785 864 903

variance of lake chemistry-
watershed relation
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Table VI
Watershed variables that explain lake chemistry at a
statistically significant level (**) of p <0.01 when
the correlation coefficient is >0.43, and (*) p <0.05
when the correlation coefficient is >0.31 for each
axis. The watershed variables are ordered sequen-
tially based on the level they explain the first axis

Watershed Pearson correlation
variable coefficient

Axis 1 Axis 2
% Peatland cover —0.573** 0.121
% Fen cover —0.443%* -0.125
% Bog cover -0.409* 0.393*
Slope index 0.375* 0.489%*
Lake depth 0.166 -0.560**
Lake area 0.062 —(.479**
% Open water —-0.006 0.377*

4.3. MULTIVARIATE ANALYSIS

The results of the indirect gradient analysis between the watershed variables and
lake chemistry data are presented as a biplot in Figure 4. The eigenvalues and lake
chemistry-watershed correlations, as well as the cumulative percentage variance of
lake chemistry and lake chemistry-watershed relations for the four axes are shown
in Table V. The sum of all canonical eigenvalues is 0.60. Watershed variables that
have statistically significant Pearson correlation coefficients on the first two axes
are shown in Table VI. Percentage of peatland cover explains most of the variation
on the first axis, with lakes that are acid-sensitive (Group A) having watersheds
with the highest overall percent of peatland cover (Figure 4, Table VI). Of the
peatland types identified in the discriminant analysis, the percentage cover of fens
explains the most variation on the first axis, while the percentage of bog cover
explains more of the variation on the second axis.

Lake alkalinity, bicarbonate, conductivity, total dissolved solids, calcium and
magnesium all have the best fit (>0.70) with the first axis (Table VII). These
variables are most closely related to the percentage of fen cover, increasing as fen
coverage decreases (Figure 5). Total dissolved nitrogen, total dissolved phosphorus
and the amount of DOC in the lakes are related to the percent cover of bogs in
the watershed, with these amounts increasing as bog cover increases (Figure 5).
The amount of extractable aluminum is most closely related to the percent cover of
peatlands in the watershed. Variables related to lake depth, area, and total percent
cover of open water in the catchment area are most closely related to chloride,
total phosphorus, and total Kjeldahl nitrogen. Concentrations of these chemical
variables decrease as lake size increases, but increase as the percent cover of all
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Table VII

Fit of lake chemistry data to the first two
axes as a fraction of variance of the lake
chemistry. The lake chemistry variables are
ordered sequentially based on their cummu-
lative fit to the first axis. TDS = total dis-
solved solids, TP = total phosphorus, DOC
= dissolved organic carbon, TDN = total dis-
solved nitrogen, TKN = total kjeldahl nitro-
gen, TDP = total dissolved phosphorus

Lake chemistry Fit
Axis 1 Axis 2

Alkalinity 0.942 0.963
Bicarbonate 0.940 0.965
Conductivity 0.919 0.977
TDS 0.890 0.962
Ca 0.879 0.927
Mg 0.842 0.886
pH 0.483 0.483
Aluminum 0.483 0.576
Nitrate 0.413 0.746
Na 0.373 0614
SO4 0.173 0.397
TDP 0.165 0.736
DOC 0.128 0.628
Cl 0.086 0.514
TP 0.006 0.790

open water in the watershed increases (Figure 5). The amount of sodium in the lakes
is most closely related to the calculated slope index of each watershed (Figure 5).

The acid-sensitive lakes of Group A have the highest percent cover of peatlands
in the watershed (mean 47%). Of the peatlands present in the watershed, fens have
the greatest impact (Figure 4). The high amount of peatland cover in the watershed
results in lakes having low amounts of total dissolved solids, specifically calcium
and magnesium, and thus low conductivity (Figure 5). Group A lakes have little
to no inorganic buffering capacity as reflected in the low amount of bicarbonate
(Figures 4 and 5). Acid sensitive lakes of Group A can be broken into two types:
1) small to moderate-size lakes that are shallow (maximum depth of <3.0 m), and
2) medium to large lakes that are deep. Small, shallow lakes have lower pH and
higher amounts of extractable aluminum and DOC, even when percent peatland
cover is lower than in watersheds of large, deep lakes.

Group B lakes have a moderate amount of percent peatland cover (mean of
34%) with fen cover consistently low. Bog cover is higher for Group B lakes as the
lakes become smaller and shallower (Figure 4); however, peatland cover almost
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Figure 5. Biplot of the chemical parameters measured in water from 29 lakes that have a cumulative
fit which is a fraction of the variance of the chemistry >0.50. Watershed variables that explain a
significant amount of the variation on the first two axes are shown by directed arrows. %W = percent
of open water in watershed.

always remains below 30%, except for L68 that has >30% peatland cover but also
has steep slopes at the southern edge of the watershed resulting in the input of large
amounts of TDS into the lake. This is reflected in L68 having the highest amount
of chloride of any of the lakes; however, cation exchange and filtering capacity
of the surrounding peatlands have resulted in low levels of other total dissolved
solids. Similar patterns of declining ion concentrations from the inflow to the
outflow of other northeastern Alberta fens have been observed (Vitt et al., 1975;
Nicholson, 1989). The higher percent bog cover of lakes of Group B is reflected
in a corresponding increase in the amount of DOC, phosphorus, total dissolved
nitrogen, and extractable aluminum (Figures 4 and 5).

Lakes of Group C have a very low percent cover of peatlands in their watersheds
(Figure 4) (mean of 18%). The low amount of peatland cover results in very little
acidification of water, resulting in lakes that have a neutral pH.

Group D lakes are characterized by small, narrow lakes that are surrounded by
low amounts of peatland cover (mean 20%) and have steep slopes present within
their watershed (Figure 4). These lakes have the highest amounts of total dissolved
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solids (Figure 5), reflecting the strong telluric nature of the surface/ground waters
entering the lakes.

5. Discussion

Lakes in the Birch Mountains Upland are extremely variable in their morphometries
and chemistries, as well as in watershed features. About 25% of the lakes sampled
can be considered acid-sensitive based on criteria defined by NRCC (1981). These
acid-sensitive lakes generally are characterized by <10 mg/L of alkalinity, low
amounts of bicarbonate, base cations, conductivity, and total dissolved solids as well
as low pH. They also have relatively high amounts of aluminum. Although these
lakes each have many similarities in water chemistries, they have very different
watershed and morphometric characteristics. Some acid-sensitive lakes are small
and shallow, others are relatively large and deep.

Nutrient status of lakes in the study area can be quite dissimilar. Watersheds
are also variable in slope and amount of water cover. These morphometric and
watershed features do not explain differences in lake acidity or alkalinity to any
extent, however they appear to be related to nutrient status, particularly phosphorus,
nitrogen and chloride concentrations, with shallow lakes being more nutrient rich
(Riley and Prepas, 1985; D’ Arcy and Carignan, 1996).

It is well documented that fens and bogs have different vegetative and chemical
characteristics (Vitt and Chee, 1990) and it is not unexpected that our multivariate
analyses could not separate the three types of ombrogenous peatlands (peat plateaus,
collapse scars and continental bogs) based on chemistry especially since collapse
scars are totally contained within the peat plateaus. In the study area, almost all
fens are poor fens and Sphagnum-dominated; rich fens are mostly lacking, thus
water chemistries of the fens are relatively constant and clearly the fen components
can be treated as one unit. Whereas acidity of the ombrogenous peatlands is higher
than that of the geogenous fens and shallow organic deposits of the area, the water
through-flow of ombrogenous peatlands is much less than that of geogenous ones.
Thus, the cumulative down-stream effects of bogs are not as great as those of
poor fens. Additionally, waters from many ombrogenous peatlands of the area flow
through fens or shallow organic deposits before they contact lake basins.

Similarities in chemistries of acid-sensitive lakes compared to dissimilar basin
and watershed morphometries indicate that the latter physical factors are not related
to acid sensitivity. Instead, acid-sensitive lakes of the Birch Mountains are clearly
related to percent of peatland terrain in the surrounding watersheds. In particular,
the percent of fen and percent of shallow organic deposit in the watershed are factors
that explain the highest amount of lake chemistry variation, especially components
of acidity and alkalinity. Also associated with lake chemistries is percent slope. As
slope decreases, runoff decreases and residence time in peatland terrain increases.
In the study area, acid and acid-sensitive lakes occur in watersheds where fens and
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shallow organic deposits occupy greater than 30% of the watershed, and where the
calculated slope index ranges between 1.7 to 16.9 m~!. These acidic lakes range
in size from 0.65 to 16.76 km? and in maximum depth from 1.1 to 9.8 m. Except
for a few larger lakes, acidic lakes in the area have the highest amounts of DOC,
TDN and TDP; these generally shallow lakes are most prevalent in watersheds with
highest bog cover.

The difference in lake chemistry between watersheds with high percent bog
cover and high percent fen cover is a function of how acidity is generated. High
DOC concentrations (29.8 + 5.2 mg/L) in lakes associated with high percent
bog cover reflects the generation of humic acids from decomposition processes
that occur in bogs. DOC concentrations are much lower (17.9 + 6.2 mg/L) in
lakes associated with watersheds having high fen cover in which acidity is largely
generated by exchange of cations for hydrogen ions.

Oil sands plants were established in the Birch Mountains area in the 1960’s
and 1970’s. Stratigraphic studies of Otasan Lake (L23) using diatoms, indicate
that the lake was originally alkaline at about 8220 B.P. prior to the development
of significant peatland cover (Prather, 1993). An abrupt change to slightly acidic
conditions occurred around 5200 B.P. corresponding to increased peatland cover in
the watershed (Prather, 1993). Peatlands are known to have expanded significantly
in other parts of Alberta after 6000 B.P. (Zoltai and Vitt, 1990).

In Alberta, the oil sands have the highest emissions of sulphur dioxide, max-
imum annual mean SO, concentration of 34.47 ug/m?, with sulphate deposition
decreasing rapidly from this point source (Cheng et al., 1995). As the Birch Moun-
tains Upland is upwind from the predicted emissions plume (see Cheng, 1994),
atmospheric pollutant contributions should be low. No significant relationship was
observed between sulphate concentrations in the lakes and lake pH (r2 = 0.008, p =
0.657), also suggesting that acidic deposition from emission sources has been lim-
ited in the Birch Mountains. There is no evidence from this study that these lakes
were acidified in recent time due to acid emitting industrial development; however,
the current acid-sensitive status of the lakes needs to be carefully monitored for
potential future effects from these industrial sources.

6. Conclusions

The extent off peatland terrain in watersheds plays an important role in deter-
mining acidity/alkalinity status of lakes on uplands in northeastern Alberta. Fens
are particularly important followed by bogs and shallow organic deposits, with all
acid-sensitive lakes occurring in watersheds with greater than 30% peatland cover.
Lake morphometry and watershed features such as slope do not appear to directly
explain lake acidity/alkalinity, however, they are related to nutrient status and TDS.
Lake acidity appears to have been initially generated during the mid-Holocene cor-
responding to a period of peatland expansion in northern Alberta.



36 LINDA A. HALSEY ET AL.

Acknowledgments

Funding was provided by NSERC Research Grant (A—-6390) and a Central Research
Fund (University of Alberta) grant to Dale Vitt. Assistance in the field was provided
by Drs. Peter Kuhry, Colleen Prather, Malcolm Sargent and Jiri Vana, for which
the authors are grateful. Discussions with René Belland and Barbara Nicholson
improved this manuscript. The authors also thank Bryan Kemper for critical sug-
gestions and Alberta Environmental Protection for providing much of the logistic
support. Comments of three anonymous reviewers improved this manuscript and
are appreciated.

References

Alberta Environment: 1987, Methods manual for chemical analysis of water and waste, Alberta
Environmental Center Pub. AECV87-M1, 451 p.

Alberta Environment: 1990, A review of approaches for setting acidic deposition limits in Alberta,
Alberta Environment Publication No. W-9014, 64 p.

American Public Health Association: 1978, Standard methods for the examination of waste and waste
water, The Association, Washington, 416 p.

Baker, L. A., Herlihy, A. T., Kaufmann, P. R. and Eilers, J. M.: 1991, Science 252, 1151-1154.

Bayley, S. E., Vitt, D. H., Newbury, R. W, Beaty, K. G., Behr, R. and Miller, C.: 1987, Canadian
Journal of Fisheries and Aquatic Sciences 44, Suppl. 1, 194-205.

Belland, R. and Vitt, D. H.: 1995, Ecoscience 2, 395-407.

Bierhuizen, J. F. J. and Prepas, E. E.: 1985, Canadian Journal of Fisheries and Aquatic Sciences 42,
1588-1594.

Braekke, F. H.: 1981, Medd. Nor. Inst. Skogforsoksves 36(10), 21 p.

Brooks, K. N.: 1992, in H. E. Wright, Jr., B. A. Coffin and N. E. Aaseng (eds.), The Patterned
Peatlands of Minnesota, University of Minnesota Press, Minneapolis, pp. 153-162.

Brown, R. J. E.: 1967, Permafrost in Canada, Geological Survey of Canada, Map 1246A.

Chatwin, S. C.: 1981, Permafrost aggradation and degradation in a sub-arctic pearland, M.Sc. Thesis,
University of Alberta, 163 p.

Cheng, L.: 1994, Concentration and deposition of anthropogenic pollutants in Alberta (summary
report), Environmental Research and Engineering Department, Alberta Research Council, 1494-
A9404, 10 p.

Cheng, L., Angle, R. P, Peake, E. and Sandhu, H. S.: 1995, Atmospheric Environment 29, 383-392.

Cliymo, R. S.: 1963, Annals of Botany 27, 309-324.

D’ Arcy, P. and Carignan, R.: 1996, Canadian Journal of Fisheries and Aquatic Sciences, (in press).

Environment Canada: 1982, 1951-1980 Canadian Climate Normals, Vol. 2 Temperature, Ottawa,
306 p.

Erickson, P. K.: 1987, An assessment of the potential sensitivity of Alberta lakes to acid deposition,
Water Quality Control Branch, Alberta Environment, Edmonton, 137 p.

Gorham, E., Janssens, J. A., Wheeler, G. A. and Glaser, P. H.: 1987, in T. C. Hutchinson and
K. M. Meema (eds.), Effects of Atmospheric Pollutants on Forests, Wetlands and Agricultural
Ecosystems, Springer-Verlag, Berlin, pp. 493-512.

Gorham, E., Underwood, J. K., Martin, F. B. and Ogden, J. G.: 1986, Nature 324, 451-453.

Gorham, E., Eisenreich, S. J., Ford, J. and Santlemann, M. V.: 1984, Chemical Processes in Lakes,
W. Strumm (ed.), Wiley, New York, p. 339-363.

Green, R.: 1972, Geological map of Alberta, Map 35. Research Council of Alberta, Edmonton.

Halsey, L. A., Vitt, D. H. and Zoltai, S. C.: 1993, Distribution of past and present ombrotrophic and
permafrost landform features, 1:1 000 000 Map, Forestry, Lands and Wildlife and Maps Alberta,
Edmonton.



INFLUENCE OF PEATLANDS ON THE ACIDITY OF LAKES 37

Hemond, H.: 1980, Ecological Monographs 50, 507-526.

Hill, M. O.: 1979, TWINSPAN — a Fortran program for arranging multivariate data in an ordered
two-way table by classification of the individuals and attributes, Ecology and Systematics, Cornell
University, Ithaca.

Holm-Hansen, O., Lorenzen, C. J., Holms, R. W. and Strickland, J. D. H.: 1965, International Council
for the Exploration of the Sea 30, 3-15.

Jones, M. L., Marmorek, D. R., Reuber, B. S., McNamee, P. J. and Rattie, L. P.: 1986, Brown waters:
relative importance of external and internal sources of acidification on catchment biota, LRTAP
Workshop 5, Environment Canada, Ottawa, 85 pp.

Jongman, R. H. G., Ter Braak, C. G. F. and Van Tongeren, O F. R.: 1987, Data analysis in community
and landscape ecology, Pudoc, Wageningen, 299 p.

Kahl, J. 8., Norton, S. A., MacRae, R. K., Haines, T. A. and Davis, R. B.: 1989, Water, Air, and Soil
Pollut. 46, 221-233.

LaZerte, B. D. and Dillon, P. I.: 1984, Canadian Journal of Fisheries and Aquatic Science 41,
1664-1677.

Nicholson, B. J.: 1989, Canadian Journal of Botany 67, 765-175.

NRCC: 1981, Acidification in the Canadian aquatic environment: Scientific criteria for assessing the
effects of acidic depostion on aquatic ecosystems, NRCC Publication No. 118475, Environmental
Secretarial, Ottawa, 369 p.

Ozoray, G., Hackbarth, D. and Lytviak, A. T.: 1980, Hydrogeology of the Bitumount-Namur Lake
area, Alberta, Research Council of Alberta Earth Sciences Report 78-6, Edmonton, 8 p.

Palmer, C. J. and Trew, D. O.: 1987, The sensitivity of Alberta lakes and soils to acidic deposition.
Overview report, Environmental Protection Services, Alberta Environment, Edmonton, 44 p.

Pawluk, S. and Bayrock, L. A.: 1969, Some characteristics and physical properties of Alberta tills,
Research Council of Alberta Bulletin 29, 72 p.

Peake, E. and Wong, R.: 1992, An evaluation of precipitation measurements in Alberta (1978~
1990), Report to the Environmental Quality Monitoring Branch, Alberta Environment, Edmonton,
Alberta.

Prather, C.: 1993, Proceedings of the twelfth North American Diatom Symposium, Delta Marsh,
Manitoba. p. 28

Prepas, E. E. and Rigler, F. H.: 1982, Canadian Journal of Fisheries and Aquatic Sciences 39,
822-829.

R and M Biometrics: 1985, Biogquant I1, Nashville, 52 p.

Riley, E. T. and Prepas, E. E.: 1985, Canadian Journal of Fisheries and Aquatic Sciences 42, 831-835.

Saffran, K. A. and Trew, D. O.: 1996, Baseline limnological surveys of 109 lakes in northern Alberta,
Alberta Environmental Protection, Edmonton, Alberta.

Sawicki, E.: 1978, in E. Sawicki, J. D. Mulik and E. Wittgenstein (eds.), lon chromatographic analysis
of environmental pollutants, Ann Arbor Science Publication Inc, Ann Arbor, M, pp. 1-9.

Sjors, H.: 1952, Oikos 2, 242-258.

Strong, W. L. and Legget, K. R.: 1992, Ecoregions of Alberta, Alberta Forestry, Lands and Wildlife,
Edmonton. Pub No. T/245.

SPSS: 1993, SPSS for Windows professional statistics release 6.0, SPSS Inc., Chicago, 385 p.

Stumm, W. A. and Morgan, 1. J.: 1981, Aquatic Chemistry, Wiley Interscience, New York, 780 p.

Ter Braak, C. J. F.: 1988, CANOCO — a FORTRAN program for canonical community ordination by
partial detrended canonical correspondence analysis, principal compents analysis and redun-
dancy analysis (version 2.1), Agricultural Mathematics Group, 95 p.

Trew, D. O.: 1995, The sensitivity of Alberta lakes to acidifying deposition, Proceedings of the Alberta
Lake Management Society, Sept. 30~-Oct. 1, 1995, Alberta.

Turchenek, L. W. and Lindsay, J. D.: 1982, Soils inventory of the Alberta Oil Sands Environmental
Research Program study area, AOSERP Report 122. Alberta Environment, Edmonton. 148 p.

Urban, N. R., Eisenreich, S. J. and Gorham, E.: 1987, in T. C. Hutchinson and K. M. Meema (eds.),
Effects of Atmospheric Pollutants on Forests, Wetlands and Agricultural Ecosystems, Springer-
Verlag, Berlin, pp. 577-298.

Vitt, D. H. (Project Leader): 1992, The peatlands of Alberta: A 1:1 000 000 summary map, Forestry,
Lands and Wildlife and Maps Alberta, Edmonton.



38 LINDA A. HALSEY ET AL.

Vitt, D. J. and Chee, W.-L.: 1990, Vegetatio 89, 87-106.

Vitt, D. H., Achuff, P. and Andrus, R. E.: 1975, Canadian Journal of Botany §3, 2776-2795.

Vitt, D. H., Bayley, S. E. and Jin, T.-L.: 1995, Canadian Journal of Fisheries and Aquatic Sciences,
52, 587-606.

Vitt, D. H., Halsey, L. A. and Zoltai, S. C.: 1994, Arctic and Alpine Research 26, 1-13.

Yentsch, C. S. and Menzel, D. W. L: 1963, Deep-Sea Research 10, 221-231.

Zoltai, S. C.: 1971, Geological Survey of Canada Special Paper 9, 305-310.

Zoltai, S. C.: 1993, Arctic and Alpine Research 25, 240-246.

Zoltai, S. C. and Vitt, D. H.: 1990, Quaternary Research 33, 231-240.

Zoltai, S. C. and Vitt, D. H.: 1995, Vegetatio 118, 131-137.



