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Abstract

Adams KE, Taranu ZE, Zurawell R, Cumming BF, Gregory-Eaves I. 2014. Insights for lake management gained
when paleolimnological and water column monitoring studies are combined: A case study from Baptiste Lake. Lake
Reserv Manage. 30:11–22.

Many lakes within the Boreal Plain and Grassland regions of Canada are currently eutrophic to hypereutrophic.
Limited paleolimnological work has been conducted to define water quality trajectories of lakes within this region.
A 25-year intermittent monitoring and a ∼150-year paleolimnological time series from Baptiste Lake, Alberta,
were analyzed using a combination of trend, correlation, and multivariate analyses. The temporal overlap between
the monitoring and paleolimnological time series provides an opportunity to assess coherence between the data
sources. Diatom assemblages in the sediment core show that eutrophic conditions were present for at least 150 years.
Monitored water chemistry data since the early 1980s show that total Kjeldahl nitrogen (TKN) has increased by
approximately 50% since the early 1990s, whereas concentrations of total phosphorus (TP) have remained stable.
Further, measured TKN is significantly correlated to measurements of chlorophyll a over the monitoring period
and to diatom-inferred TKN values, suggesting nitrogen limitation in Baptiste Lake. In contrast, measured TP was
not correlated to chlorophyll a or diatom-inferred TP. Changes in land use over the past 100 years is the most
parsimonious explanation for the nutrient changes. No statistical support for climatic change as a linear predictor of
nutrient dynamics was found. Our contemporary and paleolimnological analysis provides an important perspective
on the timing and magnitude of nutrient dynamics over ∼150 years. Future government and community decisions on
Baptiste Lake management would benefit from testing nutrient limitation and detailed modeling of nutrient runoff
from the watershed.

Key words: Baptiste Lake, diatoms, eutrophication, lake management, paleolimnology, total Kjeldahl nitrogen, total
phosphorus, water quality

Nutrient enrichment of lakes from anthropogenic activities
is one of the most widespread forms of pollution world-
wide (Smith and Schindler 2009). International lake sur-
veys have shown that eutrophic lakes are a common part of
the landscape in Europe and North America, where >45%
of the sampled lakes have total phosphorus (TP) concen-
trations near 30 μg/L (Moe et al. 2008, USEPA 2009).
Based on the analysis of a large spatial dataset of temperate
lakes, Orihel et al. (2012) showed that eutrophic lakes are

∗Corresponding author:. E-mail: irene.gregory-eaves@mcgill.ca

particularly susceptible to microcystin concentrations above
the recommended guidelines of the World Health Organi-
zation; however, these lake surveys often have little to no
temporal dimension; thus it is unclear how many of these
lakes were naturally eutrophic.

Baptiste Lake (Fig. 1), our study site, is one of the more-
studied lakes within the Boreal Parkland region of Alberta.
This site is part of a long-term water quality program and
thus has 25 years of intermittently collected limnologi-
cal data. Although these data are useful in understanding
the dynamics of the system, pairing these time series with
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Adams et al.

Figure 1.-(A) Location of Baptiste Lake (shown by the symbol where an x is contained within a circle) in relation to large cities in Alberta,
Canada. (B) The bathymetry of Baptiste Lake’s 2 basins, where isobaths represent distance in meters. The black triangle in the south
basin marks where the core was taken. Map (B) modified from Mitchell and Prepas 1990. Plot (C) shows the extent of agricultural land
cover (pasture and croplands), modified from Carlson (2008).

quantitative paleolimnological records can potentially pro-
vide a longer-term perspective on nutrient dynamics within
this lake.

Diatom assemblages preserved in lake sediments are particu-
larly useful because they can track past water quality dynam-
ics. With their rapid turnover and specific ecological prefer-
ences, diatoms are ideal bioindicators because they respond
quickly to changes in their environment (Smol and Stoermer
2010). In particular, diatoms respond strongly to changes in
nutrient concentrations, especially phosphorus (P) and ni-
trogen (N), within lakes (Hall et al. 1997, Dixit et al. 1999,
Bennion and Simpson 2011). Based on these underlying
principles, numerous paleolimnological transfer functions
have been developed over the past few decades to estimate
past changes in nutrients concentrations from subfossil di-
atom assemblages (reviewed in Hall and Smol 2010). Like-
wise, paleolimnological studies of sediment cores collected
from widely spaced sampling sites within a lake have pro-
vided evidence that developing a basin reconstruction from
a single core is a reasonable approach (e.g., Charles et al.
1991, Brenner et al. 1999).

Whereas the paleolimnological approach of tracking past
changes in nutrients with subfossil assemblages has been
widely applied and tested (Hall et al. 1997, Rippey et al.
1997, Bennion and Simpson 2011, Hobaek et al. 2012), sev-
eral key criticisms have been raised recently and merit closer
investigation. For example, Juggins et al. (2013) recently
emphasized that P might not always be the nutrient driv-
ing diatom assemblages in freshwater systems. Consistent
with this idea, many limnologists in general are rethinking
the “phosphorus paradigm,” and evidence is growing that

in certain circumstances lake-water N concentrations are
equally or more important than P concentrations in driv-
ing phytoplankton production (e.g., Elser et al. 2007, Lewis
et al. 2008, Donald et al. 2011). This topic is still actively
debated, however, and counter-arguments have been pre-
sented (Schindler 2012). For this reason, we have applied
both P and N transfer functions to the subfossil assemblage
from Baptiste Lake. By comparing the diatom-inferred nutri-
ent concentrations with the contemporaneous water column
data, we identify which nutrient variable, TP or total Kjel-
dahl nitrogen (TKN), more closely tracks the monitoring
record.

The primary aim of this study was to provide a long-term
history (at least ∼150 years) of trophic state dynamics from
Baptiste Lake, a eutrophic lake in Alberta, Canada. By ex-
panding the monitoring window through a paleolimnologi-
cal approach, we are able to assess the coherency between
long-term water quality and changes in climate as well as
make scientifically grounded recommendations for future
management to Alberta Environment and Sustainable Re-
source Development (ESRD).

Study site
Baptiste Lake is currently eutrophic and experiences fre-
quent cyanobacteria blooms during the summer (Fig. 1
and 2). We focused our analyses on the southern basin of
Baptiste Lake, which is one of two basins connected by a nar-
row channel. Although both basins are eutrophic, the south-
ern basin is more strongly stratified and, as such, nutrient
concentrations peak in spring and fall (Mitchell and Prepas
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Trophic dynamics of Baptiste Lake over ∼150 years

Figure 2.-Double root transformed cyanobacterial and diatom biomass plotted as a function of day of the year (DOY) for the 6 years of
available phyological data.

1990). The southern basin is also slightly less nutrient-rich
than the shallower, northern basin. Both basins have anoxic
bottom waters in summer and winter (Mitchell and Prepas
1990).

Over the past century, the catchment of Baptiste Lake has
been developed for agriculture, forestry, oil and gas explo-
ration, as well as residential settlements. Agriculture in the
catchment started in 1904 and has grown over much of the
last century. Today, about 20% of the catchment area is
being used for agriculture, 11.4% for pasture, 5% for crop-
land, and the remaining percentage is forested area. The
majority of the farms in the watershed consist of beef (in-
cluding feedlots) and hay farms, along with horse, oilseed,
and other grain farms (Cooke and Prepas 1998, Statistics
Canada 2011). The industrial footprint (e.g., roads, seismic
lines, and pipelines) of the Baptiste watershed makes up an
additional 4% of the watershed. Human settlements are also
an important land use in the watershed (∼1%). The imme-
diate shoreline of Baptiste Lake consists almost entirely of
residential private settlements (Carlson 2008), and the total
area of settlements in the watershed has increased by ∼32%
since 1991 (Carlson 2008).

Materials and methods
Water column and sediment core collection
and analyses

The ESRD staff has collected a detailed suite of water
column measurements (i.e., water temperature, pH, and
dissolved oxygen at 1.0 m depth intervals) as well as
euphotic-zone integrated water samples for chemical and
phytoplankton analyses (Table 1). Measurements taken from
the water column included TP and TKN, which is the sum of

organic N, ammonia (NH3), and ammonium (NH4
+), but did

not include nitrate or nitrite, although these were analysed
separately. Measurements were taken annually from 1983 to
2007, with a sampling hiatus between 1996 and 2003. The
lake was sampled 4–6 times during each open-water season
(May–Oct), and temperature profiles were taken from the
deepest point of the south basin (details of sampling method-
ology are provided in Taranu et al. 2012). Based on the
temperature profiles and a freshwater density–temperature
conversion table (Kalff 2002), we calculated water column
stability using the Schmidt Stability Index equation (SSI in
g/cm; Soranno 1996).

A sediment core (46 cm in length) was retrieved from the
deepest part of the south basin of Baptiste Lake (54◦44′N,
113◦33′W; coring depth = 25 m) using a modified Kajak-
Brinkhurst gravity corer (Glew 1989) in June 2010. The

Table 1.-Lake and catchment characteristics (compiled from
Mitchell and Prepas 1990) of the south basin of Baptiste Lake. We
have also reported key water quality values that represent
averages from the monitoring record (Casey 2011).

Variable Measurement

Mean depth (m) 12
Maximum depth (m) 28
Surface area (km2) 5
Catchment area: surface area 57
Water residence time (years) 6
pH (mean) 8.5
Chlorophyll a (ug/L, mean) 32.4
Total NH3+NH4 (μg/L, mean, as N) 45
NO3-NO2 (μg/L, mean, as N) 37
Transparency (Secchi depth, m, mean) 1.8
Mixing regime Strongly Stratified
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Adams et al.

core was sectioned in the field at 0.25 cm intervals, and
the samples were stored in the dark and frozen until pro-
cessed further in the lab. The core chronology was estab-
lished by applying the constant-rate-of-supply model to the
210Pb activity (Binford 1990). All radiometric isotopic mea-
surements were made using a Canberra gamma-ray Spec-
trometer with a well configuration based on a subset of 21
freeze-dried samples spanning the length of the core. The
age of the nondated sections (located between dated inter-
vals) was estimated by linear interpolation.

From the core, we prepared and plated 51 samples for di-
atom analysis using standard techniques described in Bat-
tarbee et al. (2001). A minimum of 400 diatom valves were
counted for each slide using a Leica DM4500 B microscope
at 1000× magnification with oil immersion. Diatoms were
identified to the lowest possible taxonomic level using sev-
eral references (Krammer and Lange-Bertalot 1986, 1988,
1991a, 1991b).

Data analysis

To reconstruct past changes in TP and TKN from the diatom
assemblages (referred to here as DI-TP and DI-TKN, re-
spectively), we applied a calibration set from western North
American freshwater lakes (salinity <1 g/L; n = 271; Moos
et al. 2009). This represents an expansion of the freshwa-
ter lakes in a dataset originally published by Cumming and
Smol (1993), where details regarding surface sediment and
water chemistry sampling are described fully. Within the
271-lake calibration set, the lakes spanned a strong TP and
TKN gradient (i.e., mean ± 1 standard error = 46 ± 14 μg/L
TP and mean = 744 ± 51 μg/L TKN). We chose to per-
form a reconstruction for both TP and TKN, but these vari-
ables are significantly correlated (r = 0.60, p < 0.001, n =
271).

Using the C2 Data Analysis package v1.6.7, we applied a
weighted-averaging (WA) model based on square-root trans-
formed species abundances, boot-strapping with classical
de-shrinking for TP and TKN (Juggins 2007). Because the
nutrient data were highly skewed, we applied a log(x) trans-
formation. We also removed several sites in the development
of the TKN model because they were either below the de-
tection limit, or one site was an extreme outlier in terms
of the composition of the diatom assemblages. Because we
made minor adjustments to the calibration set to standard-
ize the taxonomy of the core and removed an outlier, we
ran each WA model twice. Consistently, the r2

boot between
predicted and observed TP was modest (r2

boot = 0.45 and
47, n = 271) and the root mean squared error of prediction
(RMSEP) was 0.47 log TP units. The TKN data produced a
stronger inference model (r2

boot = 0.64 and 0.69, n = 266
or 267) and lower RMSEP (0.28 or 0.31 log TKN units).

The strength of these inference models are comparable to
those previously reported for diatom-based inference mod-
els for nutrients (e.g., Dixit and Smol 1994, Reavie and Smol
2001).

To evaluate the appropriateness of using the calibration set
on the diatom assemblages in the core from Baptiste Lake,
we first conducted a correspondence analysis (CA) and pas-
sively plotted the subfossil assemblages. As part of a differ-
ent analysis we ran a principal component analysis (PCA) to
summarize the main direction of variation (i.e., PCA axis-1
scores) in the diatom assemblages from the Baptiste Lake
sediment core. We then ran linear correlations between the
PCA axis-1 scores and DI-TP and DI-TKN to assess whether
the reconstructed nutrient variables were significantly re-
lated to the main direction of variation found in the diatom
record. Ordination analyses were run using CANOCO for
Windows, and correlations were run in the R v.2.11.1 statis-
tical program (R Core Team 2012).

We used a correlation approach to evaluate if diatom-
inferred nutrients tracked the changes observed in water
chemistry from the water column. We also evaluated the
strength of the correlations between seasonal and yearly
values of nutrients. Our definition of the seasons was based
on the thermal structure and the seasonality of phytoplank-
ton blooms in the south basin of Baptise Lake. Specifically,
in all but one year, the water column from the south basin of
Baptiste Lake was mixed (i.e., less than a one degree tem-
perature change across 1 m of water) before 15 May (Julian
day 135) and after 20 October (Julian day 293). Diatoms
and cyanobacterial dynamics also largely followed this pat-
tern (Fig. 2). As such, we separated the seasons as spring:
1 May to 1 June (Julian day 121–152); summer: 2 June to
1 October (Julian day 153–274); and fall: 2 October to 1
November (Julian day 275–305).

Finally, we applied a nonparametric Mann-Kendall trend
test (using the Kendall package in R; McLeod 2011, Hipel
and McLeod 2005) to the spring, summer, fall, and average
growing season TP and TKN data of Baptiste Lake to test
for the presence and direction of monotonic temporal trends
(Yue et al. 2002, R Core Team 2012). To compare the vari-
ability between the time series of the seasonal monitoring
TP and TKN data, the coefficient of variation was calculated
for each series.

To test whether changes in climate could explain some of
the observed variation in nutrient concentrations, we ap-
plied correlations between the nutrient time series and cli-
mate data taken from the nearby Athabasca and Meanook
weather stations. The climate factors considered were an-
nual and growing season air temperature and precipitation
data, as well as annual records of changes in lake level.
For all correlations, data transformations (either a log or
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Trophic dynamics of Baptiste Lake over ∼150 years

square-root transformation) were used when assumptions of
normality were violated.

Results
Sediment core analyses

Analysis of the 210Pb activity in the core reveals that the
46 cm core spans at least 150 years. Across the entire
record, diatoms were well preserved and abundant, and
the assemblage was largely dominated by planktonic taxa.
Overall, the Stephanodiscus minutulus/parvus complex in-
dicative of nutrient-rich conditions (Hobaek et al. 2012)
was most dominant, but also highly variable in terms of
its abundance (Fig. 3). Specifically, the S. minutulus/parvus
complex displayed a recurring pattern, decreasing between
4 and 14 cm, and again between 26 and 30 cm, as well as
around 40 cm. Decreases in S. minutulus/parvus to <15%
were synchronous with increases in the relative abundances
of Aulacoseira granulata and/or Aulacoseira ambigua, taxa
known to be competitive in both nutrient-rich and turbulent
waters (Bradbury et al. 2004; Fig. 3). In the top 10 cm of
the sediment core (∼1980 to present), a distinct increase in
Stephanodiscus hantzschii was observed (Fig. 3), although
abundances of ∼5% were also present in the 1800s. Con-
sistent with the diatom flora changes, inferred nutrient con-
centrations showed several substantial fluctuations over the
∼150 years represented (Fig. 3). In particular, DI-TKN and
DI-TP notably increased in the last decade.

Evaluation of DI-TP and DI-TKN
and a comparison with monitoring data

Similar to the diatom-inferred nutrient trends, both TKN
and TP measurements based on water column samples were
highest in the last decade. With the summer, fall, and grow-
ing season TKN data, we detected significant increasing
trends through time (Mann-Kendall Tau coefficients ≥0.4, p
≤ 0.03). The spring TKN data showed a marginally increas-
ing trend (Tau = 0.4, p = 0.08). In contrast, we detected
no pattern in the seasonal TP data (Tau ≤ 0.1; p-values >

0.5). The TP data were more variable than the TKN time
series, in which the coefficient of variation (CV) values for
each of the seasonal TP series were more than double than
those calculated from the TKN seasonal trends (Table 2). As
a standardized measurement of dispersion, high CV values
reveal high variability in the data, which could explain the
lack of trends in the TP datasets.

To evaluate whether the DI-TP and DI-TKN reconstruc-
tions represent a robust reflection of the trophic history of
Baptiste Lake, we conducted several different analyses. We
first considered the overlap in the composition of the di-

Table 2.-Coefficient of variation values for the seasonal TP and
TKN trends from monitoring data taken from Baptiste Lake.

Variable n
Coefficient of

variation
Mean
(μg/L)

Growing season TP 18 18.7 62.6
Growing season TKN 18 15.2 1209.8
Spring TP 14 40.4 99.1
Spring TKN 14 22.3 1125.7
Summer TP 18 17.2 52.9
Summer TKN 18 15.9 1234.1
Fall TP 13 23.9 86.1
Fall TKN 12 15.9 1097.9

atom assemblage between the calibration set and subfossil
assemblages. Our correspondence analysis clearly showed
that the Baptiste core samples fell within the envelope of
the calibration set (data not shown), suggesting the presence
of appropriate analogs. Strong and significant correlations
were also detected between the PCA axis-1 scores and DI-
TKN (r = −0.76, p < 0.0001) or DI-TP (r = −0.74, p <

0.0001), clearly indicating the main direction of variation in
the diatom record is consistent with a trophic signal (Fig. 4).
Finally, we compared the diatom-inferred nutrient estimates
with the contemporaneous water column data from the early
1980s to 2010 (Fig. 5 and 6). We found that the strongest
correlations were with the TKN time series (Fig. 6), but no
significant correlation was detected among any of the TP
time series (Supplemental Fig. 1).

Comparing nutrient concentration data with
environmental and climatic factors

To test whether both or a single nutrient variable were sig-
nificant predictors of phytoplankton abundance, we ran cor-
relations between chlorophyll a (Chl-a) and TP or TKN as
measured in the water column. This analysis clearly showed
a strong relationship between TKN and Chl-a (r = 0.81, p =
0.03), but no significant relationship was detected between
TP and Chl-a (r = 0.25, p = 0.59).

To explore whether changes in nutrient dynamics recorded
in Baptiste Lake were primarily driven by climate variabil-
ity, we ran correlations between the nutrient time series
and climate data taken from the nearby Athabasca and
Meanook weather stations (data from Canadian Daily
Climate Database and the Water Level and Streamflow
Statistics Database; Environment Canada 2006, 2012; see
Supplemental Fig. 2 and 3). First, we considered the nutrient
concentration measurements (averaged over the growing
season) but detected no significant relationships (p > 0.15)
between TKN or TP and air temperature, water levels,
or precipitation, even when annual or seasonal climatic
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Adams et al.

Figure 3.-The unsupported 210Pb profile and diatom-inferred TP (DI-TP) and DI-TKN estimates are plotted alongside the dominant diatom
taxa (>5% abundance) in Baptiste Lake over at least the past 150 years. The age estimates (shown on the extreme left) refers to the
estimated age of the sediments based on the application of the constant rate of supply model to the 210Pb data.

estimates were used. Recognizing that only 13 years of
water column TKN and TP data were available to evaluate
these relationships, we also adopted a similar framework
with the DI-TKN and DI-TP data (with 51 data points);
however, none of these analyses were significant (p > 0.5).

Discussion
Based on our paleolimnological analyses, we conclude
that Baptiste Lake has been eutrophic for at least the last
150 years; however, both the sediment core and monitoring

data show a general increase in TKN over the last decade.
Our comparison of the water column monitoring data with
the diatom-inferred nutrient records since the early 1980s
from Baptiste Lake show that DI-TKN tracks the modern
trends in measured TKN and consequently may allow the
reconstruction of this nutrient over time. The DI-TP trends,
however, were not correlated to the monitoring records and
thus should be viewed with caution.

Over the last 150 years the diatom assemblages in the core
from Baptiste Lake are dominated by taxa reflective of

Figure 4.-The relationship between the DI-TKN and DI-TP estimates and the corresponding PCA axis-1 sample scores based on the
subfossil diatom assemblages.
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Trophic dynamics of Baptiste Lake over ∼150 years

Figure 5.-(A) Average total Kjeldahl nitrogen (TKN; shown as filled diamonds) and diatom-inferred TKN (DI-TKN; shown as open
diamonds) concentrations since 1985. (B) Total phosphorus (TP; shown as filled diamonds) and diatom-inferred TP (DI-TP; shown as
open diamonds) concentrations since 1985. The error bars for the water column data show the full range of measurements made during
the growing season and the dotted series indicate ± 1 root mean squared error values for the diatom-inferred nutrient data (which has
been back-transformed). Note that there was a substantial interruption in the water column sampling of Baptiste Lake from 1996 to 2003.

eutrophic conditions. This result echoes the more qualita-
tive and longer-term study (spanning the past ∼4000 years)
by Hickman et al. (1990), who analyzed diatom assemblages
preserved in a core collected in the south basin of Baptiste
Lake. Based on their analysis, they inferred that changes
in lake stratification were revealed in the sediment record.
In particular, small Stephanodiscus taxa were most abun-
dant in laminated sequences (which they suggested were
reflective of meromictic conditions) and Aulacoseira gran-
ulata was most abundant during the unlaminated sequence
(reflective of dimictic or polymictic waters). In accordance
with this logic and other studies of Aulacoseira (Rühland
et al. 2008, Selbie et al. 2011) that have reported an asso-
ciation between this taxonomic group and turbulent water

column conditions, we tested whether changes in the rel-
ative abundance of Aulacoseira taxa were negatively cor-
related to Schmidt stability measures. Based on our anal-
yses of the water column monitoring record, however, no
significant relationship was detected between the relative
abundances of A. ambigua and A. granulata and water
column stability, possibly due to insufficient statistical
power (n = 19) or because Aulacoseira spp. are sensitive
to mixing under particular conditions (and thus the relation-
ship is nonlinear).

Although the DI-nutrient values were consistently reflec-
tive of eutrophic conditions before the 20th century, the val-
ues recorded in the early 21st century are unprecedented

17

D
ow

nl
oa

de
d 

by
 [

M
cG

ill
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

58
 0

1 
A

pr
il 

20
14

 



Adams et al.

Figure 6.-Correlation plots between DI-TKN and (A) spring, (B) summer, (C) fall, and (D) growing season TKN concentrations from the
water column of Baptiste Lake (south basin). The DI-TKN data from the core have been averaged by year in order to compare it with the
monitoring data.

compared to the previous 150 years. The high DI-TKN and
DI-TP values around 2003 are associated with the high abun-
dance of S. hantzschii (Fig. 3), a species known to proliferate
with increasing nutrient inputs (Stoermer et al. 1978, Eriks-
son and Forsberg 1992, Bradbury et al. 2004). In the Hick-
man et al. (1990) Baptiste Lake record, S. hantzschii was
abundant (typically >20% relative abundance) in the past
4000 years, and S. minutulus (a eutrophic, but less nutrient-
rich indicator than S. hantzschii) was only present in trace
abundances (<1% relative abundances). However, these in-
vestigators likely combined S. parvus with S. hantzschii
because the taxonomy of S. parvus was not well developed
until after the publication of the Hickman et al. study (see
Stoermer and Håkansson 1984, Håkansson and Stoermer
1988), and they did not report any presence of S. parvus.
As such, direct comparisons between our core and the core
assessed by Hickman et al. (1990) is difficult.

In many freshwater lakes, P has been considered the most
important limiting nutrient to primary production (Schindler
1977). More recently, however, limnologists and lake man-

agers increasingly recognize the role of other nutrients, such
as N (Lewis and Wurtsbaugh 2008), as a limiting nutri-
ent in primary production. In support of this change in
paradigm, we found that TKN was a significant predictor
of Chl-a in Baptiste Lake, where Chl-a was independent
of TP. Likewise, we found that the DI-TKN data tracked
the contemporaneous TKN dynamics measured in the water
column; however, TP dynamics, which were relatively sta-
ble during the monitoring window, were not correlated to the
DI-TP results. We also found that the dissolved inorganic N
(DIN):TP ratios for 82% of all open-water sampling dates
(n = 110) were indicative of N limitation (using the >75%
probability of N limitation criterion developed by Bergström
2010). Finally, experimental work by Donald et al. (2011,
2013) in eutrophic waters has shown that both total phyto-
plankton and diatom standing crop can be significantly en-
hanced by the addition of organic N (i.e., urea) to eutrophic
waters.

Consistent with our DI-TKN record, the 25-year intermit-
tent monitoring record from ESRD showed that growing
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season average TKN concentrations had increased by ∼50%
(997 μg/L in 1989 to 1649 μg/L in 2005) before decreasing
slightly in the most recent years. Additionally, our compar-
ison of the water column data with the paleolimnological
time series show that recent nutrient increases are outside
the range of variation observed over the last 2 centuries.
Given these results, the intensification of agricultural and
urban activities (Mitchell and Prepas 1990, Carlson 2008)
as well as climate change must be considered as possible
explanations.

Runoff from agricultural fields in the watershed has been
shown to contribute to the elevated levels of nutrients into
Baptiste Lake (Trew et al. 1987, Cooke and Prepas 1998).
Cooke and Prepas (1998) showed the export of different
fractions of P and N in streams were often at least 2 times
higher in those draining cropland and cow–calf operations
in the Baptiste Lake drainage area compared to those drain-
ing natural forests. Furthermore, epilimnetic TP concentra-
tions were found to be significantly related to the proportion
of agricultural land cover in a regional study of dimictic
lakes (Taranu et al. 2010). Ideally, we would quantify the
relationship between land-use changes and diatom-inferred
nutrient concentrations over the last century, but the large
agricultural census regions preclude a meaningful analysis
at the local watershed scale. As a result, we can only provide
supporting literature and weigh the evidence for alternative
hypotheses.

Increased nutrient levels could arise when higher summer
air temperatures lead to drought conditions (i.e., lower water
levels), whereby dissolved and particulate substances in the
water would become more concentrated (Carlson 2008). To
address this hypothesis, we ran correlations between average
growing season TKN and TP and average growing season air
temperature. Similarly, we ran correlations between annual
water levels and growing season TKN and TP to test the
possible effect of drought conditions on nutrient levels. With
both the monitoring record as well as the DI-TKN and DI-TP
data, we detected no significant relationship between trophic
state variables and average growing season air temperature
as well with annual water levels.

Precipitation may also affect the concentration of nutrients
because high precipitation could increase runoff of nutri-
ents from the watershed into the lake; however, no corre-
lation between annual precipitation data from the Baptiste
Watershed (Environment Canada 2012) and growing season
TKN and TP was found. Overall, based on the absence of
any significant relationships between the nutrient data and
the suite of climatic factors considered, we conclude that a
direct effect of climate change on the nutrient fluctuations
in Baptiste Lake is unlikely. Rather, the role of localized
anthropogenic activities (e.g., agriculture, residential devel-

opment, land clearance) in the Baptiste catchment area seem
to be more important drivers of TKN and TP concentrations.
Future studies are needed to explore whether climate change
could be interacting with land-use and if any nonlinear re-
lationships exist between climate change and water quality,
which were not examined here but could also be a factor in
driving nutrients.

Atmospheric deposition of N seems an unlikely factor to
explain the observed DI-TKN dynamics in Baptiste Lake.
First, stable isotope modeling work in the region sug-
gests that the sphere of influence of N deposition arising
from the Oil Sands operation is limited to a 30 km ra-
dius (Proemse et al. 2013), whereas Baptiste Lake is a
few hundred kilometers away from Fort McKay and Ed-
monton. A larger paleolimnological study on remote lakes
has detected an N deposition signal beyond a 30 km ra-
dius, but the lakes considered had much lower epilimnetic
concentrations of N (Holtgrieve et al. 2011). Furthermore,
we also conducted a paleolimnological analysis of a re-
gional lake, Ethel Lake, which is similar in morphometry
to Baptiste Lake (e.g., differ in Zmax by 2.5 m) but has a
smaller coverage of agricultural lands in its watershed (11%)
and limited shoreline development (Mitchell and Prepas
1990, Taranu et al. 2010). The DI-TKN and DI-TP profiles
from Ethel Lake clearly show no directional change over
at least the last 150 years (Supplemental Fig. 4), a finding
that differs from the paleolimnological results for Baptiste
Lake.

Given that Baptiste Lake has been a eutrophic lake over the
past ∼150 years, expecting any mitigative strategy to change
the lake to an oligotrophic state is unreasonable; however,
proper management and prevention strategies could reduce
excessive inputs of nutrients from the watershed, which
could mitigate the frequency and density of cyanobacterial
blooms (Taranu et al. 2012). With reports of animal mortal-
ity near the lake attributed to toxic cyanobacteria (Mitchell
and Prepas 1990), prevention of nutrients entering the lake
is not only an issue of maintaining the lake’s health, but also
that of the Baptiste Lake community. Management efforts
currently implemented in Baptiste Lake and its watershed
include the (near complete) elimination of grey-water pits
and toilet pits (Carlson 2008), as well as a halt in shoreline
development in 1977 (Mitchell and Prepas 1990). Prevent-
ing nonpoint source runoff from croplands and pastures is
more difficult, but a multitude of methods are available to
prevent a substantial amount of nutrients from entering the
lake. Techniques such as rotational grazing, proper fertil-
izer applications, and the use of alternate watering sources
would be beneficial in reducing nutrient loading to the lake
(Carlson 2008). One particularly effective and fairly sim-
ple strategy is the conservation and maintenance of riparian
zones, which could play a crucial role in the prevention

19

D
ow

nl
oa

de
d 

by
 [

M
cG

ill
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

58
 0

1 
A

pr
il 

20
14

 



Adams et al.

of nutrient-rich waters entering Baptiste Lake (Anbumozhi
et al. 2005).

Collectively, our analyses provide insights into the trophic
state dynamics of Baptiste Lake that extend the modern mon-
itoring record by at least 150 years. Knowing the timing of
nutrient fluctuations allows a clearer understanding of lake
dynamics and helps identify the factors that play paramount
roles in influencing the chemical and biological characteris-
tics of the lake, resulting in improved management recom-
mendations. We also provide support for lake-water N as a
limiting nutrient of primary production and, more specifi-
cally, as a driver of diatom assemblages of Baptiste Lake.
With these results, future research of Baptiste Lake should
test experimentally where and when N limits algal growth.
With this information, appropriate management guidelines
could be developed to control N and P sources in the water-
shed. Ultimately, we believe that coupling paleolimnology
with long-term monitoring data provides insights that can
contribute to the development of future management strate-
gies (e.g., Battarbee et al. 2012).
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