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Abstract: The rate of bitumen extraction in northeastern Alberta, Canada, is outpacing the state of ecological understand-
ing of the region, so that the extent of potential disturbances caused by atmospheric deposition remains largely unknown.
Atmospheric SO2 emissions from the Fort McMurray region of Alberta (*300 t�day–1) constitute *5% of the Canadian
total. Combined with an estimated NOx production of *300 t�day–1, these emissions have the potential to acidify surface
waters. Diatom assemblages in dated sediment cores from eight acid-sensitive lakes were analyzed to assess the effects of
acidifying emissions on boreal lake ecosystems. There is no evidence that these lakes have become acidified. Instead,
many of the lakes show characteristic changes towards greater productivity and occasionally greater alkalinity. The ab-
sence of evidence for acidification does not imply that emissions from the Oil Sands are environmentally benign, but
rather suggests that the biogeochemistry of these lakes differs fundamentally from well-studied acidified counterparts in
northern Europe and eastern North America. Complex interactions involving in-lake alkalinity production, internal nutrient
loading, and climate change appear to be driving these lakes towards the new ecological states reported.

Résumé : Le taux d’extraction du bitume dans le nord-est de l’Alberta est en train de surpasser l’état de notre compréhen-
sion de l’écologie de la région, au point où l’importance des perturbations potentielles causées par les précipitations atmos-
phériques reste en grande partie inconnue. Les émissions de SO2 atmosphérique dans la région de Fort McMurray de
l’Alberta (*300 t�jour–1) représentent *5 % du total canadien. Combinées à une production estimée de *300 t�jour–1 de
NOx, ces émissions peuvent potentiellement acidifier les eaux de surface. Nous avons analysé les peuplements de diatom-
ées dans des carottes de sédiments de date connue provenant de huit lacs vulnérables à l’acidité afin d’évaluer les effets
de ces émissions acidifiantes sur les écosystèmes des lacs boréaux. Il n’y a pas d’indication d’acidification de ces lacs. Au
contraire, plusieurs des lacs affichent des changements caractéristiques d’une évolution vers une plus grande productivité
et, à l’occasion, une alcalinité accrue. L’absence de signes d’acidification n’implique pas que les émissions provenant des
sables bitumineux soient sans effet sur l’environnement, mais elle indique plutôt que la biogéochimie de ces lacs diffère
de celle des lacs acidifiés similaires bien connus du nord de l’Europe et de l’est de l’Amérique du Nord. Des interactions
complexes impliquant la production d’alcalinité dans le lac même, la charge interne de nutriments et le changement clima-
tique semblent être en train de conduire ces lacs vers les nouveaux états écologiques que nous avons décrits.

[Traduit par la Rédaction]

Introduction

Activities directly related to extraction and processing of
the Athabasca Oil Sands bitumen resource in northeastern
Alberta currently generate an estimated 204 t�day–1 SO2 and
312 t�day–1 NOx in atmospheric emissions (Deer Creek

Energy Ltd. 2006). The Canadian Government’s National
Pollutant Release Inventory (NPRI 2006) provides far higher
estimates of 291 t�day–1 SO2 at 2006 production levels for
the Deer Creek air emissions study area, but lower estimates
of NOx emissions (73 t�day–1 NO2), reflecting the exclusion
of mine vehicles from emissions reporting requirements. The
available emissions inventory for the Fort McMurray region
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(Fig. 1; Golder Associates Inc. 2002; NPRI 2006) shows that
current SO2 emissions are comparable with those produced
early in the commercial development of the oil sands fol-
lowing initial commercial-scale mine development by Great
Canadian Oil Sands (now Suncor Energy, Inc.) in 1967.
Commencement of production by Syncrude Canada, Ltd. in
1978 effectively doubled total SO2 emissions. Installation of
flue gas desulphurisation technology by Suncor Energy, Ltd.
in 1996 resulted in a reduction in SO2 emissions to current
levels. NOx emissions have increased gradually since the
inception of commercial-scale bitumen extraction and have
risen dramatically since electrically operated mining equip-
ment has been replaced with diesel-fueled equipment. Be-
cause emissions from the mobile mining fleet are not
reported in the NPRI, NOx emissions reported by the NPRI
are far lower than actual NOx emissions. The acidification
potential of these emissions, sustained near current levels
for more than 40 years, is undeniable. Industry estimates
further suggest that an area of 13 000 km2 receives in excess
of 0.17 kequiv. H+�ha–1�year–1 (Deer Creek Energy Ltd.
2006), although efforts to validate these estimates have only
recently been initiated. As well, local meteorological data
may not provide an accurate indication of pollutant trans-
port, as local wind patterns reflect the channelling influence
of the Clearwater and Athabasca river valleys (AMEC Earth
and Environmental 2007). The actual extent of the area
affected by acid deposition from the Oil Sands thus remains
an open question. Nonetheless, estimates of acid deposition
conducted by industry exceed critical loads derived from
the steady state water chemistry model (Henriksen and
Brakke 1988) for a number of lakes in northeastern Alberta
(RAMP 2005a). These critical load estimates were calcu-
lated for an alkalinity threshold of 3.75 mg�L–1 CaCO3,
derived from regressions between pH and alkalinity, and a
threshold lake water pH of 6. As well, assessments of an ex-
tensive suite of Alberta lakes place those located in north-
eastern Alberta at the greatest risk of acidification (Hesslein
1979; Erickson 1987; Saffran and Trew 1996). While pre-
liminary investigations suggest that alkalinity in a small
number of lakes in the immediate vicinity of Oil Sands op-
erations is declining (R. Hazewinkel, unpublished data),
there is thus far no indication that these effects are geo-
graphically widespread or related to acid deposition. How-
ever, sustained monitoring of the most acid-sensitive lakes
in the region has only been conducted since 1999 (RAMP
2005a), with sporadic prior measurements. In this limited
historical context, it is impossible to conduct suitable trend
analyses to determine the onset and extent of acidification.
Because they are based on current alkalinity measurements,
critical load estimates rely on the unverified assumption that
surface-water alkalinities have remained constant.

An extensive body of research from eastern North Amer-
ica and northern Europe has established strong linkages
among acid deposition, lake acidification, and reorganization
of lake ecosystems (Schindler 1988; Battarbee and Renberg
1990; Charles and Smol 1990). Paleolimnology has played a
central role in these studies, permitting establishment of
baseline lake water pH and the range of natural (before
heavy industrial) variability. In the absence of suitable long-
term monitoring records, paleolimnology offers a robust
means of evaluating the effects of acid deposition on aquatic

ecosystems (Smol 2002). In these investigations, down-core
sedimentary diatom assemblages, coupled to training sets
that explicitly relate modern water chemistry to extant com-
munities, have been proven to be invaluable techniques for
inferring pH trends (Smol et al. 1986; Birks et al. 1990; Bat-
tarbee et al. 2001). In the present paper, we examine recent
(after *1750 AD) trends in diatom assemblages and lake
water pH from eight northeastern Alberta lakes.

Materials and methods

Study sites
The majority of Alberta lakes are underlain by calcareous

tills that confer carbonate buffering of atmospherically de-
rived acids. However, surveys in northeastern Alberta have
identified a number of lakes of moderate to high acid sensi-
tivity (i.e., having alkalinities <20 and <10 mg�L–1 CaCO3,
respectively) (Hesslein 1979; Erickson 1987; Saffran and
Trew 1996). These criteria, adapted from those established
for the early characterization of acid-sensitive lakes in east-
ern Canada (Altschuller and McBean 1979; NRCC 1981),
are based on the position of the lake relative to the point of
inflection of the sigmoid pH–alkalinity curve (e.g., Camar-
ero and Catalan 1998). The lakes identified in these surveys
are located in four distinct physiographic regions (Fig. 2),
but share certain geological and hydrological characteristics
that confer greater acid sensitivity. The Birch and Stony
uplands are underlain by dark grey and silty pyritic Creta-
ceous shales draped by fine loamy to clayey ground
moraine. The Caribou Mountains are underlain by non-
calcareous Cretaceous shales and coarse glacial drift and,
like the Birch and Stony uplands, contain extensive peat-
lands interspersed with dense mixed wood forest. The north-
eastern corner of the province is underlain by the Archaean

Fig. 1. Inventory of SO2 and NOx (as NO2) emissions from indus-
trial sources in the Fort McMurray area. Emissions from Golder
Associates Inc. (2002) are calculated from available predictions re-
lative to historic levels of production. Emissions from the National
Pollutant Release Inventory (NPRI 2006) are reported by industry
under the applicable regulatory agreements. Emissions reported to
the NPRI do not include NOx emissions generated by the mobile
mining fleet. As these account for the majority of NOx emissions,
the NPRI NOx figures can be understood to under-represent actual
NOx emissions.
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crystalline lithologies of the Canadian Shield, with open
canopy mixed wood forest and lowland peatlands. The Mus-
keg uplands are characterized by late Cretaceous non-
calcareous shales, sandstones, and siltstones and by a vast
expanse of muskeg with sparse open-canopy forest (Turch-
enek and Lindsay 1982). The heightened acid sensitivity of
all of these regions is due in part to low concentrations of
base cations in groundwater (Ozoray et al. 1980), their rela-
tively high position within the watershed, altered ground-
water flow in the presence of discontinuous permafrost
(Ozoray et al. 1980), and the influence of peatlands (Vitt et
al. 1996).

The names and locations of the eight study lakes are pre-
sented in Table 1. Site selection reflects the regional distri-
bution of acid-sensitive lakes along a 550 km transect
extending north and south from the acidifying emission
source (Fig. 2). With the exception of Touchwood Lake and
S1, these lakes are moderately (<20 mg�L–1 CaCO3) to
highly (<10 mg�L–1 CaCO3) acid sensitive (Table 1). Their
alkalinities fall within the 10th percentile of lakes contained
within a larger regional data set (mean alkalinity 120 mg�L–1

CaCO3, median alkalinity 100 mg�L–1 CaCO3, n = 450),
indicating that they are more likely to be affected by acid
deposition. Whereas a number of the more acid-sensitive
lakes are located east of the emission sources, these are pre-
dominantly thermokarst lakes with maximum depths of
approximately 1.5 m and were thought to be unsuited to
high-resolution paleoecological study because of the possi-
bility of sediment resuspension. The majority of the study
lakes are moderately productive. Two of the study lakes
(NE-4 and BM-1) are eutrophic (total phosphorus (TP) >
35 mg�L–1) and produce cyanobacterial blooms, whereas
only one (S-1) is oligotrophic (TP < 10 mg�L–1). The poten-
tial for substantial internal P loading likely exists throughout
the region (Burley et al. 2001) and is one of the causes for
their relatively elevated TP concentrations. With the excep-
tion of Touchwood Lake, access to the lakes is limited by
their distance from roads and populated areas and by peat-
lands, which are impassable during the ice-free season.
Touchwood Lake, the southern-most site, is within the Lake-
land Provincial Recreation area and is protected from in-
tense catchment disturbances. Human impacts within the
catchments of all of the lakes are therefore minimal. Namur
Lake (BM-2), the largest lake investigated, supports a fly-in
fishing lodge and a modest winter fishery. There is also a
small subsistence fishery on Legend Lake (BM-1). Touch-
wood Lake is subject to intense angling pressure and has
experienced several game-fish collapses over the last cen-
tury.

Sediment coring and chronology
Sediment cores were collected in 2003 and 2004 from the

central region of each lake with a modified Kajak–Brinkhurst
gravity corer (Glew 1989). The cores were extruded (Glew
1988) immediately upon retrieval and sectioned in 0.25 cm
increments from the surface to 10 cm, 0.50 cm increments
from 10 to 20 cm, and 1.00 cm increments thereafter, with
the exception of the cores from Touchwood Lake and SM-
7, which were sectioned in 0.50 cm increments from the
surface to 20 cm and in 1.00 cm increments thereafter.
Samples were frozen upon return from the field and

freeze-dried for further analysis and archiving. Core chro-
nologies were established from sediment 210Pb activities
measured by a-spectrometry, to which the constant rate of
supply (CRS) model was applied (Appleby and Oldfield
1978). Sediment deposition rates varied substantially
among the study lakes, with the unsupported 210Pb inven-
tory contained in the upper 10 cm (NE-4) to 30 cm

Fig. 2. Locations of the study lakes in northeastern Alberta,
Canada.

1556 Can. J. Fish. Aquat. Sci. Vol. 65, 2008

# 2008 NRC Canada



(Touchwood) of cores. However, there are no substantial
reversals in the unsupported 210Pb inventories, suggesting
that sedimentation rates have remained relatively constant
(Fig. 3). Where appropriate, basal CRS sediment accumula-
tion rates have been extrapolated to yield approximate ages
for sediments below unsupported 210Pb levels.

Diatom analysis
For diatom analysis, 100–200 mg of freeze-dried sediment

was heated to 70 8C in 30% H2O2, then centrifuged (1000g),
rinsed, and diluted to 10 mL. 200 mL aliquots were then di-
luted in deionized water (to 5–10 mL) and mounted on
cover slips, air dried, and mounted permanently onto slides
with Naphrax medium. Diatoms were enumerated from full
transects at 1000� under oil immersion. A minimum of 400
valves were identified and counted per sample, using stand-
ard freshwater floras (Krammer and Lange-Bertalot 1986–
1991), as well as regional iconographs addressing diatoms
from low-alkalinity (Camburn and Charles 2000; Fallu et al.
2000) and northern Alberta (Moser et al. 2004) lakes. Re-
sults are presented as relative frequencies of taxa that com-
prise >5% of the diatom sum in any one assemblage
(Fig. 4).

Numerical methods
Diatom stratigraphic data were synthesized using princi-

pal components analysis (PCA), a linear, indirect ordination
method. Exploratory ordination using detrended correspond-
ence analysis revealed short gradient lengths in the diatom
data from each lake (i.e., <1.5 standard deviation units),
thus justifying the choice of linear approaches such as
PCA in reducing the dimensionality of the data (ter Braak
and Prentice 1988). For each lake, PCA was conducted on
relative frequencies of all diatom taxa >1% in any one sam-
ple, using CANOCO ver. 4.5 (ter Braak and Šmilauer
2002). Comparisons of results using untransformed, square-
root-transformed, and log(1 + x)-transformed diatom rela-
tive frequencies were undertaken. Analyses using untrans-
formed data produced unacceptably high l1/l2 ratios,
indicating a disproportionate influence of dominant taxa.
Log-transformation best satisfied the assumption of normal-
ity based on analysis of normal probability plots, and
consistently produced the highest eigenvalues on the first
two PCA axes. For this reason, we report only PCA results
using this strategy. Sample scores from the first principal
component are plotted stratigraphically to represent varia-
tion along the dominant mode of variability among down-
core diatom assemblages (Fig. 5).

Paleolimnological inferences of lake water pH were ob-
tained by applying a 45-lake diatom–pH training set based
on sites from within the Regional Aquatics Monitoring Pro-
gram (RAMP 2005a, 2005b) sampling network (Pla and
Curtis 2006), to which Touchwood Lake was added (Ap-
pendix A, Table A1). With the exception of the Caribou
Mountain sites, which are located in the uplands west of
Lake Athabasca, the sites included in the training set are lo-
cated within the area depicted in Fig. 2. First axis detrended
correspondence analysis (l1 = 0.459) scores of samples in
the training set are strongly correlated with pH (r2 = 0.76),
indicating that pH is an important determinant of diatom
community composition (Pla et al. 2006). The inferenceT
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Fig. 3. Sediment 210Pb activities and constant rate of supply (CRS) age models for the study lakes.
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Fig. 4. Diatom stratigraphies from the study lakes. Only dominant taxa (>5% in any one sample) are shown. Grey horizontal lines are the
years 1950 and 1900 according to constant rate of supply (CRS) 210Pb age–depth models. Photomicrographs and taxonomic authorities are
presented by Hazewinkel (2006).
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model is based on weighted-averaging partial-least-squares
(WA-PLS) regression and calibration, with two components
retained (ter Braak and Juggins 1993). The WA-PLS model
minimized bootstrap root mean squared error of prediction
(RMSEPboot = 0.38 pH units) and bias and maximized the
regression coefficient of bootstrap pH estimates versus ob-
served pH (r2 = 0.84; Fig. 6a). Performance of the inference
model is also assessed by comparison of surface sediment
diatom-inferred pH (DIpH) and measurements from the
study lakes (Fig. 5) and by favourable comparisons of DIpH
profiles with those generated using other inference models
(Camburn and Charles 2000; Philibert et al. 2003). The plot
of residuals shows a slight but systematic bias in the model
predictions, as indicated by a maximum bias of 0.65 pH
units (Fig. 6b). This indicates that the model tends to over-
predict the pH of acid lakes and underpredict in alkaline
lakes by a maximum of 0.65 units according to the bootstrap
validation. The approximate range for optimal prediction is

between pH 6.0 and 7.5; presently, only Touchwood Lake
lies outside of this range.

Results

Diatom stratigraphy
A total of 280 diatom taxa were identified during the

course of the study (Hazewinkel 2006). Diatom assemblage
composition varies substantially among lakes (Fig. 4), re-
flecting a broad range of limnological characteristics. Prior
to *1950, diatoms in S-2 (Fletcher) and BM-1 (Legend)
were dominated by small colonial Fragilariaceae (Staurosir-
ella pinnata and Staurosira construens var. venter) and Au-
lacoseira subarctica. BM-9 (Otasan) and SM-7 were also
dominated by small Fragilariaceae, to the extent that they
frequently comprise >50% of assemblages. Sediments from
NE-4 and S-1 (Weekes) were not dominated by any one spe-
cies, but contained combinations involving Achnanthes min-

Fig. 5. Stratigraphies of diatom-inferred pH (DIpH) and of the first axis of principal component analysis (PCA) obtained from assemblage
relative frequencies, both expressed against time. Dates in grey font are extrapolated. Horizontal bars express the standard error of pH esti-
mates. Measured lake water pH and standard deviations are shown above each DIpH reconstruction, with numbers of measurements indi-
cated.
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utissima, Navicula kuelbsii, Nitzschia fonticola, and Stauro-
sira construens var. venter, in addition to Cyclotella ocellata
and Cymbella descripta in Lake S-1.

Of the above six lakes, the most pronounced stratigraphic
change occurred in S-2 (Fletcher), with an abrupt increase in
Cyclotella pseudostelligera from trace abundances before
*1985 to 50% in surface sediments. Other taxa, notably
Staurosira construens var. venter and Aulacoseira subarc-
tica, show concomitant declines. In BM-1 (Legend), changes
are more subtle and expressed over a slightly longer period
than in S-2 (Fletcher). Asterionella formosa and Cyclotella
pseudostelligera show modest increases accompanied by
loss of Staurosira construens var. venter beginning *1950.
The remaining three lakes (BM-9, S-1, and NE-4) show less
stratigraphic change.

Changes in the diatom stratigraphies of BM-2 (Namur) and
Touchwood Lake predate those observed in other study lakes
by about 50 years. Prior to *1900, diatom assemblages in
BM-2 (Namur) were typical of a deep, moderately productive
alkaline system, being composed of more or less equivalent
abundances of small Fragilariaceae (Staurosirella pinnata

and Staurosira construens var. venter), Cyclotella bodanica
var. lemanica, Aulacoseira subarctica, and Stephanodiscus
minutulus. Touchwood Lake was dominated by Fragilaria-
ceae (Stauroforma exiguiformis and Pseudostaurosira brevis-
triata) and Navicula scutelloides. Progressive changes in
these two lakes began around 1900. A decline of Cyclotella
bodanica var. lemanica in BM-2 (Namur) was concomitant
to increases of Staurosira construens var. venter and Aulaco-
seira subarctica, followed by sudden declines *1990, as the
abundance of Stephanodiscus minutulus rose markedly
from 15% to 62% (Fig. 4). The stratigraphic changes in
Touchwood Lake are similar to those in BM-2 (Namur).
Stauroforma exiguiformis and Navicula scutelloides de-
clined from 20%–30% around 1900 to near-absence.
Pseudostaurosira brevistriata and Staurosirella pinnata
remain abundant (20%–30%) until *1990, after which
they decline to less than 6% in surface sediments. These
declines occur at the expense of Stephanodiscus minutulus,
which first appeared *1930 prior to ascending in abun-
dance to 84% in surface sediments (Fig. 4).

With the sole exception of BM-9 (Otasan), all of the
study lakes show coherent, directional shifts in the structure
of diatom assemblages as indicated by the first axis PCA
sample scores (Fig. 5). These shifts are asynchronous and
reflect varied ecological responses to indeterminate environ-
mental factors. The magnitude of these shifts is indicated by
the percentage of cumulative variance explained by the axis.
Although the first PCA axis in NE-4 and S-1 (Weekes) is
short, the directionality of change suggests a coherent com-
munity shift. Changes along the first PCA axis are greater
among the remaining lakes (BM-1, BM-2, S-2, SM-7, and
Touchwood) as indicated by the longer gradient lengths.

Lake water pH reconstructions
Surface-sediment DIpH values lie within one standard

deviation of the measured pH values of BM-9 (Otasan),
NE-4, SM-7, and Touchwood lakes (Fig. 5). The diatom
model underpredicts mean pH by 0.18 in S-2 (Fletcher) and
0.10 in S-1 (Weekes) and overpredicts observed pH by 0.23
in BM-1 (Legend) and 0.26 in BM-2 (Namur). Some dis-
crepancy between inferred and measured pH may arise from
a collection bias of the measured data, which were obtained
late August through October and thus reflect late-season pH
only.

There is no indication that any of the lakes is becoming
acidified. Although inferred pH in BM-1 (Legend), S-2
(Fletcher), S-1 (Weekes), and SM-7 trend downward
slightly, the values are within natural variability. DIpH from
Touchwood Lake rose from 7 to >8 during the 20th century,
concomitant with the rise of Stephanodiscus minutulus.
Although BM-2 (Namur) experienced a similar increase of
Stephanodiscus minutulus, DIpH values do not increase in
this core. However, S-1 (Weekes) also produced a record of
increasing DIpH. Concordance between DIpH values and
sample scores on the primary axis of PCA provides an index
of the importance of pH as a driver of diatom community
structure (Wolfe 2002). DIpH and the PCA axis 1 trends
track each other well in Touchwood and S-1 (Weekes)
lakes, implying that pH is the dominant ecological gradient.
In the case of BM-2 (Namur), SM-7, and S-2 (Fletcher), ma-
jor proportions of the floristic variability captured by PCA

Fig. 6. Performance of the bootstrapped weighted-averaging partial-
least-squares (WA-PLS) diatom–pH training set (two components,
45 lakes). Diatom-inferred versus measured lake water pH confirm
the predictive power of the model (a), while the plot of residuals
indicates slight biases at the high and low end of the pH gradient (b).
RMSEPboot, bootstrap root mean squared error of prediction.
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axis 1 are unrelated to pH. Given the mesotrophic to eutro-
phic character of several taxa that have increased in recent
decades (e.g., Stephanodiscus spp.), it would appear that as-
semblage changes are more closely linked to increasing lake
production rather than to acidification. In lakes lacking Ste-
phanodiscus, such as L-109 (Fletcher) and L-25 (Legend), it
is another centric planktonic genus, Cyclotella, which has
increased. Several studies have associated increased plank-
tonic diatom production with climate warming and pro-
longed ice-free seasons (Rühland et al. 2003; Smol et al.
2005).

Discussion

Diatom communities in the majority of the study lakes
have undergone substantial and unidirectional changes dur-
ing the past century. The magnitude of these changes is ex-
pressed by the strength of the first PCA axis, which varies
from 19.2% in BM-9 (Otasan) to 45.7% in S-2 (Fletcher).
Floristic shifts are most pronounced in S-2 (Fletcher), BM-2
(Namur), and Touchwood lakes, all of which have moderate
to high alkalinities. Conversely, BM-9 (Otasan), NE-4, and
S-1 have undergone relatively little change, despite having
more acid-sensitive water chemistries. Furthermore, there
appears to be no relationship between lake location and the
magnitude of floristic change. Although the diatoms from
BM-2 (Namur) undergo a dramatic shift beginning *1900,
the flora from BM-9 (Otasan), 30 km away, remains rela-
tively unchanged, despite having a greater acid sensitivity.
A similar contrast exists between S-2 (Fletcher), which has
changed substantially over the past 20 years, and NE-4,
which has not. Perhaps the greatest similarity among the
lakes, therefore, is the absence of an acidification signal. In-
deed, the scarcity of acidophilic and dystrophic genera (e.g.,
Eunotia, Frustulia, Pinnularia, and Brachysira spp.)
throughout the study is noteworthy and surprising, especially
given the frequently high dissolved organic carbon concen-
trations recorded. The paleolimnological evidence is entirely
consistent with surface water chemistry data, which show no
recent temporal trends in pH or alkalinity in the study lakes
(Saffran and Trew 1996; RAMP 2005a, 2005b). The evident
mismatch between the chronology of acidifying emissions
associated with bitumen processing and inferred or meas-
ured pH change could reflect mediation of ecological re-
sponse by catchment factors. Acid buffering properties of
catchment soils have been shown to delay a direct ecologi-
cal response to acid deposition following the initial exceed-
ence of the critical acid load (Davis 1987). Notwithstanding
the apparent intransigence of surface water pH relative to
current acid loads, the chronology of the stratigraphic
changes, although somewhat variable between sites, is
broadly consistent with increasing anthropogenic pressures
in the region. Therefore, relationships to atmospheric emis-
sion from the Oil Sands may involve an indirect response to
acid deposition. We explore several explanations for the
observations, none of which are mutually exclusive.

Climate change
The northern Canadian prairies and the boreal transition

zone have warmed by 2–4 8C over the past century, substan-
tially more than the global average, and precipitation has

decreased by as much as 20% (Schindler and Donahue
2006). Warming has profound, but increasingly understood,
effects on a range of physical (Jankowski et al. 2006), bio-
geochemical (Schindler et al. 1996), and biological (Smol et
al. 2005) limnological processes. Warming induces earlier
onset and increasing stability of lake thermal stratification
(DeStasio et al. 1996). This favours planktonic algae that
follow the thermocline, including planktonic diatoms such
as Stephanodiscus minutulus (Bradbury 1988). Longer ice-
free seasons provide longer growing seasons for most algae,
enhancing overall lake primary production. Higher peak epi-
limnetic temperatures, usually coupled to internal or external
nutrient loading, produce cyanobacterial blooms that in turn
augment oxygen demand. Greater hypolimnetic residence
times, which accompany drought, enhance the importance
of in-lake biogeochemical processes, allowing more time
for both the removal of SO4

2– by dissimilatory microbial
reduction, as well as the mineralization of calcium and its
subsequent diffusion from sediments (Schindler et al. 1986).
The extent and duration of hypolimnetic and surface-sediment
anoxia, which is ultimately under climatic control, thus
controls geochemical processes in dimictic or polymictic
lakes. Furthermore, factors such as lake morphometry and
groundwater inflow may interact to produce asynchronous
and variable responses between even nearby lakes. For ex-
ample, Touchwood Lake, which is the deepest and only
lake in the study known to stratify strongly every summer,
produces the greatest diatom-inferred alkalinization trend.
The diatom that marks this trend (Stephanodiscus minutu-
lus) is also strongly associated with nutrient enrichment
(Bradbury 1988; Reavie and Smol 2001). Although alkalin-
ity may be generated by altered dissolved inorganic carbon
dynamics due to increased overall lake primary production,
we also infer that P concentrations in lakes now dominated
by Stephanodiscus have increased in recent decades. Simi-
lar observations have been made from a lake to the north-
east of Wood Buffalo National Park, where the changes
have been ascribed directly to the effects of 20th century
climate warming (Moser et al. 2002). From our perspective
nearer to the Oil Sands, the importance of in-lake proc-
esses resides in the fact that they potentially operate in in-
timate association with atmospheric deposition of nitrogen
and sulphur.

In-lake alkalinity and internal P loading
The stimulation of in-lake microbial alkalinity pumps in

response to modest inputs of strong acid anions has been
well established (Schindler 1985; Rudd et al. 1990). Peat-
lands may also contribute to biological neutralization of
SO4

2– and concomitant assimilation of NO3
– (Bayley et al.

1987), a relevant factor for most of the catchments consid-
ered here. Shallow and moderately productive Alberta lakes
also have characteristics conducive to strong internal P load-
ing. One accepted model for shallow lakes (Caraco et al.
1992; Søndergaard et al. 2003) is that Fe3+ is reductively
scavenged preferentially by SO4

2–, curtailing the accumula-
tion in sediments of iron phosphates such as vivianite
(Fe(PO4)2) and strengite (FePO4). When the supply of free
Fe3+ is limited, sediments diffuse PO4

3– to the water column
where it is rapidly exploited, particularly if other key
nutrients (N and, for diatoms, Si) are not limiting. If the
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importance of these processes is confirmed within north-
eastern Alberta, increased industrial SO2 deposition may be
inducing transients of increased P loading that will endure
until sediment and groundwater alkalinities are over-
whelmed.

Unsuspected roles for acid deposition?
The possibility that atmospheric deposition, coupled to

climate change, are inducing the observed changes in Al-
berta lakes remains to be systematically investigated from a
geochemical standpoint. However, such an interpretation
conforms to the results of the present study. N deposition is
already a known vector for increased peatland production in
Alberta (Vitt et al. 2003), at levels (*3 kg N�ha–1�year–1)
that have been shown to elicit diatom responses in other
areas and in the absence of attendant acidification (Wolfe et
al. 2003; Saros et al. 2005). For the southern portion of our
study area, N deposition likely occurs at much higher rates,
given estimates of 15.8 and 22.1 kg N�ha–1�year–1 for Elk Is-
land and Grasslands National Parks, respectively (Köchy
and Wilson 2001). The relevance of atmospheric N subsidies
is the potential alleviation of N limitation at times when
supply of P is enhanced by internal microbial generation as-
sociated with accelerated SO4

2– cycling and insufficient re-
ducible Fe. These processes raise algal production while
mitigating — for now — the undeniable acidification poten-
tial of industrial emissions from the Oil Sands. Lakes that
lack evidence of enhanced internal P loading (i.e., absence
of Stephanodiscus increases) likely contain sufficient Fe to
effectively bind PO4

3–, but nonetheless experience ecologi-
cal shifts as climate change favours genera such as Cyclo-
tella. RAMP data from two of the lakes in the Birch
Mountains, BM-1 (Legend) and BM-2 (Namur), both of
which have experienced marked recent changes in diatom
community structure, have high surface-water SO4

2– values
(3.41 and 7.62 mg�L–1, respectively) yet the lowest N:P ra-
tios of any of the lakes in this study. The mechanisms link-
ing the biogeochemical cycles of S, P, and Fe need to be
evaluated systematically in the course of future studies,
with particular attention to the sensitivity of biogeochemical
processes towards limnological parameters linked to climate,
namely stratification, water residence times, hypolimnetic
anoxia, and primary production.

Although the results of this study are somewhat surpris-
ing, they signify neither that northeastern Alberta is un-
impacted by atmospheric pollution nor that N and S
emissions from the Oil Sands are environmentally sustain-
able. Rather, the results highlight how incomplete the cur-
rent knowledge base is and how complex the interactive
biogeochemical processes involved are likely to be. The
observation that lakes in the study area have not acidified
does not imply that their acid sensitivities have been system-
atically overstated, but rather that the potency of in-lake
alkalinization and internal nutrient generation have not been
adequately assessed. We emphasize that the results pre-
sented here do not apply to lakes more immediately proxi-
mal (i.e., <50 km) to the expanding Oil Sands footprint. An
additional consideration is that the airshed for dispersion of
pollution plumes may be grossly underestimated, resulting in
relatively low SO2 and NOx fluxes to the study lakes. Addi-
tional investigations, particularly across the downwind

Canadian Shield terrains of northern Saskatchewan, Mani-
toba, and the southern Northwest Territories, will be neces-
sary to investigate this possibility. Paleolimnology, coupled
to ancillary techniques such as dendrochemistry (Savard et
al. 2002), should be combined to disentangle the effects of
climate change from those of atmospheric deposition in this
vast region. Finally, even in the absence of acidification
trends, the majority of investigated lakes are nonetheless on
trajectories of rapid ecological change. The character of
these changes is not incompatible with industrial atmos-
pheric inputs, because lake biogeochemical processes may
buffer acidity while augmenting nutrient (P and N) availabil-
ity, within the overarching context of a warming climate.
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Talbot, É., Siitonen, S., Solovieva, N., and Weckström, J. 2005.
Climate-driven regime shifts in the biological communities of
arctic lakes. Proc. Natl. Acad. Sci. U.S.A. 102: 4397–4402.
doi:10.1073/pnas.0500245102.

Søndergaard, M., Jensen, J.P., and Jeppesen, E. 2003. Role of
sediment and internal loading of phosphorous in shallow lakes.
Hydrobiologia, 506/509: 135–145. doi:10.1023/B:HYDR.
0000008611.12704.dd.

ter Braak, C.J.F., and Juggins, S. 1993. Weighted averaging partial
least squares regression (WA-PLS): an improved method for
reconstructing environmental variables from species assem-
blages. Hydrobiologia, 269/270: 485–502. doi:10.1007/
BF00028046.

ter Braak, C.J.F., and Prentice, I.C. 1988. A theory of gradient ana-
lysis. Adv. Ecol. Res, 18: 271–317.
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Table A1. Selected limnological parameters for the 45 lakes used in developing the diatom–pH training set.

Region and
lake code

Latitude
(8N)

Longitude
(8W)

Area
(ha)

Depth
(m)

TN
(mg�L–1)

TP
(mg�L–1)

DOC
(mg�L–1)

SO4

(mg�L–1)
Conductivity
(mS�cm–1) pH

TDS
(mg�L–1)

Chlorophyll a
(mg�L–1)

Alkalinity
(mg�L–1 as
CaCO3)

Stony Mountains
SM1 55.76 110.75 237.00 1.83 1.42 24.65 24.52 0.26 53.85 7.20 84.25 5.75 21.69
SM2 55.79 111.82 197.00 1.22 1.50 35.90 25.55 0.47 32.60 6.80 107.25 10.93 9.82
SM7 55.68 111.83 148.00 3.00 1.45 33.47 16.25 1.70 25.23 6.63 41.27 14.71 5.40
SM10 56.26 111.26 138.00 1.20 1.36 64.17 21.59 5.59 15.60 5.02 49.37 8.01 0.29

Birch Mountains
BM1 57.41 112.93 1685.00 9.10 0.44 35.90 9.21 2.92 29.03 6.80 34.20 8.37 7.24
BM2 57.44 112.62 4322.00 31.30 0.31 21.57 8.35 7.39 63.20 7.20 36.57 7.44 19.19
BM3 57.65 112.62 91.00 2.70 1.54 91.53 20.05 8.27 59.07 7.06 72.20 24.60 14.47
BM4 57.69 112.74 431.00 1.30 2.15 157.20 20.93 9.69 54.37 6.82 86.40 32.55 10.39
BM5 57.76 112.60 261.00 1.40 2.19 106.10 21.94 13.69 59.00 6.58 81.00 10.16 6.48
BM6 57.86 112.97 130.00 1.90 1.09 99.97 28.32 1.09 19.97 5.29 68.40 4.26 1.07
BM7 58.06 112.28 65.00 1.10 1.81 55.20 16.71 0.45 18.17 4.31 42.20 23.69 0.00
BM8 57.77 112.40 120.00 1.80 1.74 229.03 25.30 9.46 53.97 6.88 77.67 39.25 10.06
BM9 57.71 112.39 348.00 10.70 0.62 17.53 13.43 1.06 25.47 6.81 39.83 11.24 7.16
BM10 57.31 112.39 37.50 0.80 3.65 233.20 46.88 6.56 113.55 7.80 144.35 89.73 47.44
BM11 57.69 111.91 3.13 4.40 0.87 46.10 15.90 1.01 25.10 6.70 32.25 19.78 7.35

Northeast of Fort McMurray
NE1 57.15 110.85 62.05 2.10 0.61 18.07 25.87 0.67 22.13 5.96 57.50 7.83 3.55
NE2 57.09 110.75 371.43 1.70 0.58 21.77 31.18 0.60 28.03 6.38 84.60 5.39 7.41
NE3 57.05 110.60 56.00 2.00 0.89 32.60 23.58 0.93 48.17 7.13 68.90 13.99 20.01
NE4 57.96 110.38 116.00 1.20 2.07 42.73 14.14 0.92 27.30 6.83 51.77 42.17 8.47
NE5 56.89 110.90 22.00 1.70 2.17 38.90 51.76 0.39 59.67 7.18 133.43 23.08 23.90
NE6 57.27 110.90 28.12 1.75 0.72 64.10 16.92 0.76 60.15 7.10 59.25 18.33 26.35
NE7 57.15 110.86 9.37 2.50 0.65 15.10 31.39 0.53 23.15 5.28 65.50 2.70 2.54
NE8 57.23 110.74 14.60 1.00 0.66 20.75 28.21 0.19 25.10 6.39 53.00 3.89 6.84
NE9 56.77 110.90 315.00 1.83 1.82 40.05 28.27 0.28 157.35 8.26 138.25 13.72 79.58
NE10 56.64 110.20 419.00 1.50 1.97 47.35 25.19 0.35 154.65 8.67 110.75 5.53 76.28
NE11 57.29 111.23 575.00 2.00 1.39 23.00 23.53 3.09 163.80 7.94 146.00 9.72 78.00

West of Fort McMurray
WF1 56.35 113.18 320.00 1.30 7.02 221.63 50.90 0.52 42.43 6.91 127.93 173.68 14.95
WF2 56.25 113.14 76.00 1.80 1.73 96.20 20.71 1.47 35.15 6.70 41.75 12.34 8.34
WF3 55.91 112.86 216.00 2.00 1.45 63.43 32.30 1.74 24.90 5.48 71.50 20.81 2.17
WF4 57.15 111.98 3.25 0.80 2.48 69.55 50.48 11.41 118.65 7.41 165.25 14.89 41.08
WF5 56.80 111.92 20.55 0.80 1.65 27.35 33.01 0.82 79.00 7.42 92.00 7.79 33.94
WF6 56.81 111.72 16.23 1.50 1.15 27.50 31.96 0.50 43.50 6.84 85.50 8.81 14.26
WF7 56.78 111.79 8.25 0.90 1.47 25.50 33.89 1.64 81.50 7.39 109.75 5.61 34.63
WF8 56.77 111.95 202.00 1.52 1.40 31.20 22.62 0.51 93.40 7.80 76.75 6.89 43.28
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Table A1 (concluded).

Region and
lake code

Latitude
(8N)

Longitude
(8W)

Area
(ha)

Depth
(m)

TN
(mg�L–1)

TP
(mg�L–1)

DOC
(mg�L–1)

SO4

(mg�L–1)
Conductivity
(mS�cm–1) pH

TDS
(mg�L–1)

Chlorophyll a
(mg�L–1)

Alkalinity
(mg�L–1 as
CaCO3)

Caribou Mountains
CM1 58.77 115.43 160.00 8.50 0.68 43.20 22.62 2.88 52.27 7.15 66.97 5.59 18.09
CM2 59.13 115.13 940.00 6.00 1.05 26.33 12.34 2.05 30.20 6.86 35.50 5.52 8.37
CM3 59.20 115.46 230.00 3.50 1.86 83.43 21.89 3.73 41.03 6.87 61.87 12.00 11.15
CM4 59.31 115.33 310.00 11.50 1.12 32.50 22.84 1.02 30.97 6.83 53.33 3.47 9.46
CM5 59.24 114.52 80.00 1.80 1.28 43.03 19.21 1.19 20.13 6.22 37.33 13.94 3.03

Canadian Shield
S1 59.72 110.01 340.00 27.40 0.53 5.30 9.27 0.95 60.67 7.20 40.33 2.49 21.36
S2 59.12 110.82 103.00 12.90 0.97 13.07 18.83 0.53 52.00 7.08 57.17 3.22 18.21
S3 59.20 110.69 54.79 13.10 1.04 8.20 18.60 0.51 43.90 7.08 49.83 3.77 13.81
S4 59.17 110.56 142.00 9.14 0.69 15.97 13.84 1.12 54.43 7.22 44.50 5.87 20.78
S5 59.12 110.69 70.21 1.80 1.57 38.47 20.19 0.60 34.23 6.88 55.00 23.09 10.10

Eastern Alberta Plains
Touchwood 54.83 111.40 2900.00 40.00 0.70 16.95 10.80 7.86 273.67 7.69 147.00 3.58 143.33

Note: TN, total nitrogen; TP, total phosphorus; DOC, dissolved organic carbon; TDS, total dissolved solids.
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