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Abstract: Eutrophication in Canadian lakes degrades water quality, disrupts ecosystems,
and poses health risks due to potential development of harmful algal blooms. It also
economically impacts the general public, industries like recreational and commercial
fishing, and tourism. Analysis of a 140-year core record from Utikuma Lake, northern
Alberta, revealed the processes behind the lake’s current hypereutrophic conditions. End-
member modeling analysis (EMMA) of the sediment grain size data identified catchment
runoff linked to specific sedimentological processes. ITRAX X-ray fluorescence (XRF)
elements/ratios were analyzed to assess changes in precipitation, weathering, and catch-
ment runoff and to document changes in lake productivity over time. Five end members
(EMs) were identified and linked to five distinct erosional and sedimentary processes,
including moderate and severe precipitation events, warm and cool spring freshet, and
anthropogenic catchment disturbances. Cluster analysis of EMMA and XRF data identified
five distinct depositional periods from the late 19th century to the present, distinguished
by characteristic rates of productivity, rainfall, weathering, and runoff linked to natural
and anthropogenic drivers. The most significant transition in the record occurred in 1996,
marked by an abrupt increase in both biological productivity and catchment runoff, lead-
ing to the hypereutrophic conditions that persist to the present. This limnological shift
was primarily triggered by a sudden discharge from a decommissioned sewage treatment
lagoon into the lake. Spectral and wavelet analysis confirmed the influence of the Arctic
Oscillation, El Niño Southern Oscillation, North Atlantic Oscillation, and Pacific Decadal
Oscillation on runoff processes in Utikuma Lake’s catchment.

Keywords: eutrophication; end member modeling analysis; ITRAX-XRF; paleolimnology;
time series analysis

1. Introduction
Many First Nations communities across Canada rely on their culturally important

traditional lands, and particularly the aquatic ecosystem services derived from wetlands,
lakes, and streams. For the members of Treaty 8 White Fish Lake First Nation #459 (WLFN,
Atikameg; Figure 1), the whitefish (Coregonus clupeaformis) populations in Utikuma Lake
have been a vital source of sustenance for generations and have supported the local
economy since the establishment of a commercial fishery in the 1940s. However, there
has been a significant decline in the whitefish population in recent years as Utikuma Lake
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became increasingly eutrophic, and at present has reached hypereutrophic status with
cyanobacteria blooms observed [1]. The acceleration of eutrophication starting in the mid-
1990s eventually rendered the lake’s whitefish fishery financially unsustainable, causing
negative impacts on the community. By 2012, the fishery had completely collapsed (Fabian
Grey, Pers. Comm., 2024). In an effort to determine whether there had been any recovery in
the whitefish population, netting sessions lasting 16 and 24 h, respectively, during summer
2023, were attempted but yielded no fish (Dwayne Thunder, Pers. Comm., 2023).

Figure 1. Map showing Utikuma Lake, its location within Canada (star, upper right inset), as well as
the location of the community of Atikameg (Whitefish Lake First Nation #459) on the western shore.
The coring site is indicated by a red star, at which four closely spaced gravity cores were collected.
Location and core details are presented in Table 1. Bathymetric contours are given in meters.

Table 1. Sediment coring stations and details for each collected core.

Utikuma Lake

Date Collected: 16 June 2022
Sampling Location: 55.86914508, −115.42383901
Sampling Depth (m): 4.5

Core ID Core Length
(mm)

Sampling Resolution
(mm)

BU1 459 1
BU2 355 1
BU3 345 5
BU4 370 5

While the primary causes of eutrophication are unclear, community elders and knowl-
edge keepers implicate documented large scale sewage releases from two upstream decom-
missioned sewage treatment lagoons as potential contributors—one incident in 1996 and
the second in 2004. There is also the possibility that climate variability or other types of
land use change accompanying the well-documented mid-20th century Great Acceleration
may have also been contributing to the observed degradation and the development of
harmful algal blooms in the lake [2,3]. The decline in water quality and the rising frequency
of algal and cyanobacterial blooms has been observed in lakes throughout the region and
worldwide, presenting an emergent and persistent environmental challenge [4–10]. Un-
derstanding the relationship between anthropogenic and natural drivers of eutrophication
may help to inform management and remediation strategies of lakes worldwide.
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Retrospective long-term proxy records of past environmental conditions are neces-
sary to place current conditions into context [11]. Freshwater lakes archive continuous
sedimentary records of biological, chemical, and physical proxies of past environmental con-
ditions, influenced by broad-scale patterns of natural climate variability and anthropogenic
disturbances [12–14].

The purpose of this study was to evaluate potential natural and human-induced
factors influencing the environmental conditions and eutrophication trajectory of Utikuma
Lake from the late 19th century to present. With the support of members of WLFN,
gravity cores were collected from Utikuma Lake for paleolimnological analyses, including
ITRAX-XRF core scanning and grain size analysis. These analyses were selected to give
insights into the nature and timing of physical and chemical changes that have occurred
in the lake and correlate observed paleolimnological changes to known climatic and/or
anthropogenic influences.

Study Area

Utikuma Lake (Figure 1), a large, shallow lake covering 288 km2, lies at an elevation
of 648 m. It is situated within the Peace River drainage basin in northwestern Alberta,
approximately 65 km northeast of High Prairie, Alberta. The lake is bordered by the Gift
Lake Métis settlement on the western shore and the 8300 ha WLFN on the norethern and
western shore. Much of the shoreline is relatively undeveloped, save for the community
of Atikameg, the WLFN headquarters (population 880, Statistics Canada 2021 census).
Characterized by a single basin, Utikuma Lake has a maximum depth of 5.5 m and an
average depth of 1.7 m [15].

Utikuma Lake is fed by a catchment area that covers around 2170 km2. The ratio
of the watershed area to the lake area is approximately 7.5:1, which is relatively small
compared to most lakes in Alberta, suggesting lower than average surface water flow into
the lake. The lake receives water from several surface inflows, including the Utikuma River,
which brings water from Utikumasis Lake (situated 3 km west of Utikuma Lake), along
with several unnamed permanent streams with a variety of origins. The main outflow
from Utikuma Lake is the continuation of the Utikuma River on the north shore, which
eventually merges with the Muskwa, Wabasca, and Peace Rivers [15,16]. The Utikuma
Lake catchment area is in the Central Mixed Wood subregion of the Boreal Forest Natural
Region of Alberta in an area comprised of generally rolling topography overlain by mixed
boreal forest and wetlands [17]. The underlying substrate includes a variety of Cretaceous
sedimentary rocks that host rich petroleum reserves.

The climate is continental, characterized by cold, long winters and short, cool summers.
Based on the 1971–2000 climate normals, which describe the average climatic conditions
from the nearest year-round meteorological recording station at Slave Lake (55◦18′ N,
114◦46′ W), located approximately 65 km to the southeast, the average annual temperature
is 1.7 °C. Monthly temperatures average from −13.5 ◦C in January to 16.4 ◦C in July [18].
The average annual precipitation is 422 mm, with 70% occurring as rain from May to
September. The highest average daily precipitation, around 2.4 mm per day, is recorded
between early June and mid-July, followed by a relatively drier period from mid-July to the
end of August, with approximately 2.0 mm per day [18].
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2. Materials and Methods
2.1. Core Collection and Subsampling

Both UWITEC and Glew-type sediment corers were deployed to collect gravity cores
from Utikuma Lake (55.86914508◦ N, −115.42383901◦ W) from a boat supplied by D.
Thunder of WLFN (Figures 1 and 2A, Table 1). Four closely spaced cores were collected
from Utikuma Lake (designated BU1–4) from a water depth of 4.5 m. As the collected cores
were composed of very soft sediments, they were kept upright during transport to shore
to avoid homogenization of the sediment and were either subsampled in the field, or in
nearby High Prairie, AB, at 1 mm or 5 mm resolutions using a portable custom designed
high-resolution extruder (Figure 2B,C, Table 1; [19]). Each core was completely subsampled
and kept refrigerated during transport to Carleton University, where they were stored
under refrigeration prior to subsequent analyses.

Figure 2. Photographs showing (A) collection of a UWITEC gravity core from Utikuma Lake as the
bottom of the core is capped upon recovery, (B) a UWITEC core barrel filled with a core mounted
on a custom-built portable extruder that can be deployed in the field and which can produce 1 mm
resolution subsamples, and (C) a 1 mm resolution subsample being transferred from the extruder
into a sample bag for subsequent analysis.

2.2. 210Pb Chronology

Select 5 mm resolution samples from core BU4 were sent to the Blais Radioisotope lab
at the University of Ottawa for 210Pb dating. 210Pb is a radionuclide in the 238U decay chain,
with a half life of approximately 22 years. The 210Pb activity was measured for each sample
(in Bq/kg) using a gamma spectrometer [20]. Corresponding dates of deposition of the
bottom of each sample interval were calculated from the resulting activity measurements
using the following formula:

Date = sampling date −
( 1

λ

)
ln
[ A0

Ax

]
(1)

where λ is the decay constant of 210Pb (0.03114 year−1), A0 is the total 210Pb activity for the
sediment core, and Ax is the cumulative 210Pb activity at the given depth x [20]. Results of
the gamma spectrometry are presented in Table 2. A spline interpolation was fitted to the
age-depth values, which was then used to extract dates at the 1 mm resolution to be used
in subsequent analyses (Figure 3).
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Figure 3. 210Pb age model (black) and standard deviation (grey) for Utikuma Lake, with an average
sedimentation rate of 1.5 mm/yr.

Table 2. 210Pb activity and calculated dates by sample for Utikuma Lake Core BU4. Activity below
185 mm was below the detection limit.

Utikuma Lake (BU4)

Depth
(mm)

210Pb Total Activity
(Bq/kg)

210Pb Activity Error
(Bq/kg)

Age
(Years BP)

Age Error
(Years)

Average Date of Deposition
(Years AD)

0-5 330.26 44.84 1.97 0.34 2020.48
20–25 238.41 29.81 5.52 0.64 2016.94
40–45 296.85 34.72 10.22 1.08 2012.23
60–65 264.15 31.26 18.49 1.74 2003.97
80–85 217.27 31.66 29.62 2.65 1992.83
100–105 224.98 33.73 42.35 3.74 1980.10
130–135 181.13 31.75 57.28 5.51 1965.17
150–155 141.47 31.44 80.32 9.01 1942.14
180–185 109.95 33.83 121.20 14.39 1901.25

2.3. ITRAX-XRF Analysis

The upper 200 subsamples at 1 mm resolution from the Utikuma Lake Core BU1 were
loaded into sequential sediment reservoir (SSR) vessels and compacted to ensure that there
were no void spaces [21]. Only the upper 200 mm of the BU1 core was analyzed as this
interval covers the time period of interest prior to the establishment of the commercial
fishery to the post-fishery hypereutrophy. The SSRs were stepwise analyzed at 0.2 mm
resolution on a Cox ITRAX µXRF-CS using the Mo XRF tube. The resulting elemental data,
in counts per second, were normalized against the Mo inc/Mo Coh scattering ratio [22–24].
Two groups of data were used for further analysis. For example, runoff/precipitation were
inferred from the Fe, Ti, K/Rb ratio, or Ca/Sr ratio, and productivity were inferred from P,
S, and the Si/Ti ratio (Table 3; [11,22,25–27]).
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Table 3. Overview of ITRAX elements and elemental ratios used as proxies throughout this study.
Note: several of these elements/ratios have been reported as proxies for multiple environmental
processes; only those relevant to this study are listed.

Element or Elemental Ratio Proxy for: References

Ti Terrigenous/detrital sediment; runoff [28]
Fe Terrigenous/detrital sediment; runoff [28]
K/Rb Detrital clay [22]
Ca/Sr Detrital carbonate [28]
P Primary productivity [11]
S Organics; Organic matter decay [22,27]
Si/Ti Biogenic silica content [28]

2.4. Grain Size Analysis

The upper 200 1 mm resolution subsamples of the core BU1 were used for particle
size analysis. The subsamples were subjected to a three-step digestion protocol to remove
carbonate material, organic matter, and biogenic silica, modified from Murray [29] and van
Hengstum et al. [30]. This digestion protocol is as follows:

1. Addition of 10% HCl to dissolve and remove carbonate minerals.
2. Addition of 30% H2O2 to oxidize and remove organic matter.
3. Addition of 0.2 M NaOH to dissolve and remove biogenic silica.

The completion of this digestion protocol leaves only silicate material from inorganic
sources; thus, the grain size distribution indicates only physical runoff characteristics of the
lake catchment.

Following the digestion protocol, the subsamples were analyzed using a Beckman
Coulter (Los Angeles, California, USA) LS 13 320 laser diffraction particle size analyzer
equipped with a universal liquid module. Subsamples were pipetted into the analyzer
until an obscuration to 10 ± 2% was achieved. Each subsample was analyzed in triplicate
for its grain size distribution ranging from 0.37 µm to 2000 µm. The triplicates were then
averaged for each subsample.

End-Member Modeling Analysis

The averaged grain size distributions for each of the 200 subsamples described above
were used for end-member modeling analysis (EMMA). The purpose of EMMA is to
characterize the primary grain size distributions (i.e., the end members) within a sediment
horizon, which provides information on the depositional regimes within a lake. EMMA
was carried out in R (version 4.2.2, [31]) using the package EMMAgeo v.0.9.7 by Dietze and
Dietze [32]. Only robust end members (EMs) were included, defined as those with distinct,
interpretable loadings that did not overlap, as well as those where similar loadings were
consistently observed across most model runs [33].

2.5. CONISS Cluster Analysis of ITRAX Elemental Profiles and EMMA Data

Stratigraphically constrained incremental sum of squares hierarchical clustering
(CONISS, [34]) was carried out using the R package “rioja” (v.1.0-5, [35]) to visually iden-
tify stratigraphic groupings within the ITRAX elemental profiles and EMMA data. The
groupings, or “zones”, for the core are specified in Table 4. As this method maintains
the stratigraphy of the samples, it allows for the recognition of temporal shifts in the
environment—in this case, shifts in lake productivity and runoff characteristics.
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Table 4. CONISS cluster results for the combined EMMA and ITRAX elemental profiles of Utikuma
Lake Core BU1.

Utikuma Lake (BU1)

CONISS
Group

Date Range
(Years A.D.)

Depth
(mm)

Zone 1 pre-1950 144–200
Zone 2 1950–1973 115–144
Zone 3 1973–1996 79–115
Zone 4 1996–2017 18–79
Zone 5 2017–present 0–18

2.6. Time Series Analysis

Prior to applying time series analysis transformations, the ITRAX and EMMA data
were resampled alongside the 210Pb age model to produce evenly spaced time series for the
BU1 core profiles—a requirement for most time series transformations. Blackman–Harris
window functions were applied to the resampled data to reduce spectral leakage, and the
windowed time series were then filtered to remove low-frequency signals [36].

Spectral and wavelet analysis was carried out on the treated ITRAX and EMMA time
series for core BU1. Each of these analyses transform time series data into their frequency-
domain counterpart. Thomson’s Multitaper Method (MTM, [37]) was used to carry out the
spectral analysis transforms. This method compares a series of sinusoidal waveforms of
varying frequencies to the input data (here, the ITRAX/EMMA time series) to assess its
frequency content. Waveforms with a high incidence with the input data are represented
as high “power” at the respective frequency on the resulting periodogram. The MTM is a
unique method of this transformation in that it averages many iterations of this process
to eliminate potential biases that may arise when applying just one transformation. The
resulting periodograms from this spectral analysis technique provide discrete peaks in the
frequency data, allowing for simple interpretation. Monte Carlo and chi-square methods
were used to estimate red noise and confidence levels, respectively [38,39].

Continuous wavelet transforms (CWTs) were used in addition to the MTM to provide
information about time-frequency variation. CWTs employ the same fundamentals as
the MTM, though using a wavelet instead of a sinusoidal waveform. Furthermore, the
MTM is a frequency-only transformation which assumes stationarity in the input data.
CWTs do not rely on this assumption, instead comparing the wavelet to the input data
stepwise through time, which results in a time-varying frequency transformation. Unlike
the MTM, CWTs do not provide discrete peaks. Due to the complementary nature between
the two transformations, these techniques are often used in tandem, though results can be
marginally different between the two because of differences in their methods [40,41].

3. Results
3.1. Grain Size Analysis

Grain size analysis of core BU1 revealed a clayey silt-dominated sediment distribution
in Utikuma Lake (average 71% silt, 25% clay). Five EMs were recognized from the grain
size distributions in an EMMA model that explained 76% of total variance (Figure 4). The
clay EM01 (mode = 1 µm, 25% of variance explained) is primarily present between 0 and
120 mm. EM02 (mode = 9 µm, 17% of variance explained) and EM03 (mode = 44 µm, 48%
of variance explained) are generally dominant throughout the core, though EM03 briefly
disappears from the EM distribution between ∼27 and 45 mm. EM04 (primary mode =
84 µm, secondary mode = 42 µm, 7.1% of variance explained) and EM05 (mode = 146 µm,
2.9% of variance explained) are sparse throughout the core.
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Figure 4. Utikuma Lake Core BU1 grain size frequency distributions for the 200 subsamples (gray
plots), as well as the distribution of five robust end members (EMs) derived from the model that best
explains the sediment grain size distributions.

3.2. CONISS Clustering of ITRAX and EMMA

The down core profiles of EMMA and ITRAX results in Utikuma Lake were defined
by five stratigraphic clusters (Figure 5, Table 4). Zone 1 (pre-1950) elemental profiles of
Utikuma Lake is characterized by stability in EM02 and EM03, which are the most dominant
EMs in this interval. Runoff proxies—particularly Ti and Fe—are also fairly constant, as
are the productivity proxies. Zone 2 (1950–1973) marks a transition, during which EM02
and EM03 remain stable and dominant, but Ti and Fe are reduced, whereas K/Rb and
Ca/Sr exhibit sharp aberrations. Within Zone 3 (1973–1996), the distribution of EMs shifted
compared to down core; EM02 remained constant, but EM03 decreased. The decrease
in EM03 was mirrored by an increase in EM01. Ti and Fe fluctuate regularly during this
interval, whereas K/Rb and Ca/Sr are relatively low. The Si/Ti ratio and S values are also
relatively low in much of Zone 3 compared to Zones 1 and 2.

Zone 4 (1996–2017) is marked by a strong transition in both runoff and productivity.
Ti, Fe, Si, P, and S all show distinct increases at the boundary between Zones 3 and 4
and remain high throughout Zone 4. EMs also show significant changes in this zone.
EM02 remains fairly constant, but EM03 fluctuates dramatically until it disappears entirely
(∼27–45 mm, 2010–2015). EM01 also becomes more prevalent throughout this zone.

Finally, Zone 5 (2017–present) exhibits a reversal of many of the patterns recognized
in Zone 4. After a final peak at the boundary of Zones 4 and 5, the productivity proxies
decrease, as do Ti and Fe. EM01 decreased relative to Zone 4, and EM03 is present again.
EM04, which was generally low or absent down core, also increases in this zone. Similarly,
EM05, which was rare down core, exhibits two aberrations near the top of the core: once
just below the Zone 4/5 boundary and once just above.
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Figure 5. Down core EMMA and normalized ITRAX elemental profiles for Utikuma Lake in core BU1, plotted against depth and estimated age. The CONISS cluster
dendrogram (right) indicates five zones, the boundaries of which are marked by horizontal red lines.
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3.3. Time Series Analysis
3.3.1. ITRAX

Interannual oscillations with periods ranging from 1.5 to 8.0 years are common among
both the productivity and runoff proxies (Figure 6). Interdecadal–multidecadal oscillations
are also prevalent, though at lower (<95%) statistical significance. Each of Ti, Fe, and Ca/Sr
exhibit a ∼25+ year oscillation throughout the core. Similar ∼30+ year oscillations are
present from approximately 1950 onward for K/Rb, Si/Ti, and S (Figure 6).

Figure 6. Spectral and wavelet time series analysis results of the normalized ITRAX elemental profiles
for Utikuma Lake Core BU1. Red noise (AR1) and confidence levels are indicated on the spectrogram
(left). Periodicities are indicated when the spectral power is statistically significant at 90%. Likewise,
time-frequency areas of high spectral power, shown in red, which are statistically significant at 90%
are indicated with black contouring on the CWT scalogram (right). CONISS boundaries (white
dashed lines) overlay the wavelet scalograms.
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The presence of many of the oscillatory components align with the CONISS zonations
identified in Section 3.2 (Figure 5). For instance, the ∼30+ year oscillation present in K/Rb,
Si/Ti ratio, and S profiles appears after the Zone 1/2 transition. Interannual oscillations in
K/Rb primarily exist in Zone 2, whereas similar oscillations in Ti and Fe are most prevalent
in Zone 3 and during a segment of Zone 1 spanning ∼1910–1940. While the productivity
proxies (namely Si/Ti ratio and S) indicate several instances of interannual–interdecadal
oscillations, these are most prevalent during Zone 4, after which their strength subsides
(Figures 5 and 6).

3.3.2. EMMA

Oscillations in the 30–36-year range are present for EM01, EM02, EM03, and EM04
continuously throughout their records, though generally with lower significance in the
mid-1900s (with the exception of EM04; Figure 7). Similar oscillations were present over
the length of the ITRAX derived Fe, Ti, and Ca/Sr profiles (Figure 6). Interannual oscilla-
tions persist in clusters throughout each of the EM records, with a dearth of interannual
oscillations occurring in EM01 from ∼1930–1990, and in EM02 and EM03 from ∼1930–1965.
EM04, on the other hand, exhibits interannual oscillation throughout these intervals. For
EM05, the EM record was too sparse to produce statistically robust results and was therefore
omitted from this analysis (Figure 7).

Figure 7. Spectral and wavelet analysis results for the five identified end members (EMs) identified
in Utikuma Lake Core BU1. Oscillations above the 90% confidence level are labeled in the spectral
time series results (left) and encircled in a solid black line in the wavelet time series analyses (right).
CONISS boundaries (white dashed lines) overlay the wavelet scalograms.



Environments 2025, 12, 63 12 of 21

4. Discussion
The EMMA and ITRAX-µXRF results from the late 19th–present core record can be

interpreted together to shed light on sedimentary processes during the 20th century in
Utikuma Lake. Grain-size EMs are often indicative of various environmental processes
distinguished by sedimentary energy [11], and the ITRAX elemental ratios chosen are
related to runoff or productivity [27,42]. These results are combined with precipitation
data from Campsie, Alberta (∼200 km southeast of Utikuma Lake) to better constrain the
cyclical behavior and environmental significance of the geological variables. This dataset
was preferred over historical data from the closer Slave Lake because the record at the
Campsie station is not only longer (1912–2013), but using Slave Lake’s historical climate
records would require combining data from multiple stations, which would still result in
gaps in the record.

4.1. Spring Freshet

In northern Alberta, and other northern latitude regions, the most significant annual
runoff event occurs during the spring thaw, when freshet water from the rapidly melting
snowpack is released. This process results in the transport of coarser allochthonous material
from the catchment into lakes and would be expected to feature very prominently in the
sedimentary record of Utikuma Lake [11,43,44]. We suggest that the consistent presence of
EM02, EM03, and the runoff proxies Ti and Fe throughout the core are indicative of spring
freshet activity in Utikuma Lake. While Fe can be indicative of redox conditions, its similar-
ity to the Ti record suggests a similar source for both elements (i.e., detrital/terriginous
material; [22,28]). This interpretation raises two closely related questions: why would
a single environmental process result in two distinct sedimentary EMs, and why is the
spectral content broadly similar between the time series for these two EMs?

Previous research (e.g., [14,44–46]) has indicated that, in cold climates, two primary
types of spring freshets occur; those associated with lower-energy and warmer weather, and
those occurring during higher-energy and cooler weather. During colder springs, snowmelt
is more prolonged, leading to an increase in meltwater in the snowpack. Ultimately, these
cool spring conditions lead to a more sudden, intense delivery of coarser sediment to the
system. Conversely, more moderate spring conditions result in gradual runoff, leading to a
less intense influx of sediment to the lake [45]. Accordingly, we interpret the finer grain
size distributions contributing to EM02 to be characteristic of a warmer spring, and the
coarser EM03 to be characteristic of colder spring conditions.

The similarity in spectral frequencies between the time series for both EM02 and
EM03 suggested a common oscillatory driver of these two regimes. Previous research
suggests several cyclic teleconnections, including the Arctic Oscillation (AO), North Atlantic
Oscillation (NAO), El Niño-Southern Oscillation (ENSO), and Pacific Decadal Oscillation
(PDO). These teleconnections have previously all been associated with a variety of climatic
patterns across North America, including impacts on temperature and snowpack [47–50].

Cross-wavelet transforms (XWTs) can be used to compare the CWTs of two signals
to show the common components of both signals; in this case, the EM signals can each be
compared to time series representing seasonal snowfall and a variety of known climatic
oscillations [41]. For example, Figure 8 shows XWT results for EM02 and EM03 compared
against each of the PDO, ENSO, AO, and NAO. These results indicate that the observed
30-year periodicity in both EMs is most prominently related the PDO. It is important
to note that although the primary modes of the PDO are in the 15–25 and 50–70-year
ranges [51,52], there is also an approximately 25–35-year PDO mode spanning the mid 20th
century (Figure A1; [53–55]). When considering the sedimentary variables assessed, the
30-year periodicity is substantially continuous, and by comparison to the XWT results for
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snowfall, it may be related to the influence of the AO and NAO after 25–35-year mode
of the PDO receded. The 2–8-year periodicities, mostly observed toward the end of the
20th century in the EM02 and EM03 data, may be related to ENSO, which, like the PDO,
is known to influence hydrologic systems in Western Canada [47,56,57]. Further still, the
CONISS divisions observed here (Table 4) broadly align with regime shifts in the PDO in
1945/46, 1976/77, 1997/98, and mid-2010s [58–60], suggesting that the PDO is a substantial
contributor to shifts in Utikuma Lake in the past century.

Figure 8. Cross wavelet transforms (XWTs) of EM02 and EM03 with annual snowfall total in Campsie,
AB, and each of the PDO, ENSO, AO, and NAO. Oscillations above the 90% confidence level are
encircled in a solid black line.

Finally, it is important to note that the deposition of either EM02 or EM03 in the
Utikuma Lake core record depends on the phase of various teleconnections. While these
teleconnections largely develop independently of each other and are characterized by their
own ocean–atmosphere interactions, depending on their phase, they may either reinforce
or suppress the effects of other teleconnections. Patterson et al. [61] analyzed 20th-century
annually deposited varves from Effingham Inlet on the western coast of Vancouver Island.
They found that the development of positive or negative phases of the PDO significantly
influences the expression of both Schwabe solar cycles and ENSO in the sedimentary record,
particularly before and after the Great PDO Regime shift of 1976–1977. In the Effingham
Inlet record, ENSO displayed a varying period, differing during the cool PDO conditions
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before 1976–1977 and the warm conditions after. The phase of the PDO similarly impacted
the expression of 9–12-year Schwabe solar cycles, which dominated the Effingham Inlet
record during the negative PDO conditions before 1976 and were suppressed during the
subsequent positive phase.

4.2. Storms

Heavy rainfall events, whether from mid-latitude cyclones or thunderstorms, would
be expected to influence the ecology and sedimentation of Utikuma Lake. We suggest that
EM04, which occurs regularly in the sediment core but much less frequently compared
to the spring freshet-derived EMs (EM02, EM03), is derived from major storm events
(Figure 5). The coarser modal grain size of EM04 suggests higher energy rainfall events
are required for the input of this EM. In contrast to storm sediments found in coastal or
low-latitude locations (e.g., [62]), the rarity of EM04 can be attributed to the low incidence
of very large storms in this continental high-latitude region. While the spectral signatures
of EM02–EM04 all exhibit a similar ∼30-year periodicity, EM04 stands out due to its more
prominent 2–8-year periodicities (Figure 9). The two runoff proxies (K/Rb and Ca/Sr)
and the three productivity proxies (P, S, and Si/Ti ratio) also exhibit more prominent
2–8 year periodicities, although the ∼30-year periodicity is not as pronounced (Figure 9).
The similarities in their spectral signatures suggest that these sedimentological variables
(EM04, K/Rb, Ca/Sr, Si/Ti, P, and S) are interrelated. Since EM04 requires greater energy to
deposit, it is possible that the sediment originates from a different source than the sediment
from a spring freshet. This could explain the association of K/Rb and Ca/Sr with EM04,
as opposed to the association of Fe and Ti with spring freshets. Winds and heavy rainfall
associated with these large storms, unlike spring freshets, may have a greater influence on
productivity as the sudden influx of sediment and increased mixing of the water column
can disturb the lake ecosystem [63,64]. This could explain the similarity in spectral power
between EM04 and the productivity proxies Si/Ti, P, and S.

Figure 9. Cross wavelet transforms (XWTs) of EM01 and EM04 with annual rainfall total in Campsie,
AB, and each of the PDO and ENSO. Oscillations above the 90% confidence level are encircled in a
solid black line.
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A similar exercise was performed for climatic data as was performed for the spring
freshet above. XWTs between EM04 with PDO and ENSO time series are shown in Figure 9.
The XWT analysis suggests that these 2–8-year periodicities are likely influenced by ENSO
and PDO. The PDO-EM04 XWT also prominently features a common ∼30-year periodicity.

In contrast to EM04, EM01, which is primarily composed of clay-sized particles with a
less prominent coarse tail, is more characteristic of lower-energy inputs to the system, such
as baseflow. Some researchers have attributed similarly defined EMs to the weathering of
catchment soils, likely resulting from more moderate precipitation events [11,33,65]. As
EM01 is not characterized by cyclic activity, it likely arises from processes outside of those
responsible for EM04 and the related runoff and productivity proxies.

4.3. Anthropogenic Influence

Many of the patterns recognized in the ITRAX and EMMA stratigraphic datasets
correspond with known settlement and land use changes within the Utikuma catchment
through time. For instance we interpret the very coarse EM, EM05, primarily as a record
of anthropogenic inputs. EM05 appears only briefly in the 1910s and 1960s, and for a
more extended period in the late 2010s. The period in the late 2010s coincided with the
construction of a new water treatment plant in adjacent Atikameg [66], which led to an
influx of coarser sediments into the lake. The instances of this EM in the 1910s and 1960s
likely coincided with other instances of significant land use change in the catchment.

CONISS cluster analysis revealed several clear breaks in both the ITRAX and EMMA
records that correspond to distinctive paleolimnological phases in the history of Utikuma
Lake (Figure 5). ITRAX analysis indicates that the lake, currently characterized as hyper-
eutrophic [1], has experienced variable levels of eutrophication throughout its entire core
record, which spans back to the late 19th century. This is characterized here by the primary
productivity proxies S, P, and Si/Ti. Sulfur is found in relatively low concentrations in
oligotrophic lake environments, but higher levels occur in nutrient-rich eutrophic locations
characterized by significant concentrations of macrophytes, where natural biochemical
sulfur cycling occurs [67]. Although P is a macronutrient essential for all forms of life, it
is also the primary cause of eutrophication in lakes, particularly those subjected to point
source pollution from sewage and agricultural runoff [68]. Excess P leads to eutrophication
and associated algal blooms and macrophyte growth, which result in the depletion of
oxygen levels in aquatic ecosystems [69]. Biogenic silica (SiO2) serves as an indicator of
diatom abundance and productivity in lacustrine sediments, as evidenced by the relative
abundance of Si detected through ITRAX analysis [27,28]. The Si/Ti ratio is used to normal-
ize Si content, ensuring that changes reflect diatomaceous sediment contributions rather
than increased siliciclastic deposition from the catchment, making it a useful proxy for
eutrophication [27,70,71].

In Utikuma Lake, the relative abundance of productivity proxies increased abruptly
above already very high background levels starting in the mid-1990s (Figure 5). By approx-
imately 2015–2017, concentrations reached their highest levels in the available late 19th
century to present record. However, levels have trended to be progressively lower since
2018. Notably, throughout the entire stratigraphic record, changes in the relative abundance
of these productivity indicators (P, S, Si/Ti) have mirrored similar changes in the relative
abundance of Ti and Fe, which serve as proxies for precipitation-related runoff from the
catchment [11,28].

The unprecedented and anomalously high levels of productivity proxies observed from
the mid-1990s onward in Utikuma Lake may have been triggered by a well-documented
extraordinary event. According to personal communications from the WLFN, including
co-author Fabian Grey and WLFN Elders (pers. comm., 2024), the extraordinary increase in
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productivity observed in the lake may be associated with two major incidents of sewage
discharge. Following the establishment of a large new sewage plant and lagoon for the
community of Atikameg, two smaller sewage lagoons were scheduled for decommissioning:
one located on the shore of Mink Creek, which flows from Utikumasis Lake to Utikuma
Lake, and the other situated on the eastern shore of Utikumasis Lake. In 1996, to remove the
contents of these lagoons, the contractor simply breached the berm of the sewage lagoon
on the shore of Utikumasis Lake, allowing the contents to flow freely into the lake and
subsequently downstream into Utikuma Lake. The productivity proxy data for S, P, and
the Si/Ti ratio indicate an immediate and dramatic spike in lake productivity following the
1996 sewage release (Figure 5). Utikuma Lake, which was already eutrophic, was pushed
beyond a trophic tipping point resulting in the hypereutrophic conditions that are still
present today. Subsequently, in 2004, the contents of the sewage lagoon on Mink Creek
were similarly released, almost immediately reaching Utikuma Lake. This second release
seems to not have had as dramatic an impact as the 1996 release, probably because the lake
was already hypereutrophic.

The change in trophic state seems to have severely negatively impacted a commercial
fishery that existed in Utikuma Lake. Following the initial 1996 sewage release there was an
almost immediate decline in the spawning of whitefish from Utikuma Lake and Utikumasis
Lake. Commercial fishing in Utikuma Lake came to an end in 2012 (co-author Fabian Grey
and WLFN Elders, Pers. comm., 2024). To put the scale of destruction of this fishery in
context, despite significant declines in the whitefish population after 1996 it still contributed
43.7% of the Alberta commercial whitefish catch in 2006 [72]. In 2018, during the last year
of lake monitoring, it was observed that the current population of mature specimens of lake
whitefish has significantly decreased and is unable to support a sustainable fishery [73,74].
Additionally, the high incidence of winter kill due to low under-ice oxygen levels, associated
with the lake’s hypereutrophic status, makes recovery of the fishery nearly impossible until
eutrophication levels are reduced [73]. Co-author Dwayne Thunder assessed the whitefish
population during the summer of 2023 by deploying multiple nets for 16 and 24 h intervals,
respectively. No fish were captured during this assessment.

Although evidence strongly suggests that the sewage release starting in 1996 con-
tributed significantly to Utikuma Lake’s transition to hypereutrophic status, a simultaneous
peak in Ti and Fe runoff proxies indicates that catchment disturbance may have also in-
fluenced the lake’s change in trophic state (Figure 5). While the sewage discharge is likely
the primary cause of the initial sharp increase in eutrophication levels, the effects of PDO
and ENSO may have exacerbated the eutrophication (e.g., changes in temperature and/or
precipitation regimes, seasonal ice cover, and wind patterns). This is indicated by the
prominence of PDO and ENSO oscillations in productivity proxies and increased summer
and fall rainfall toward the end of the 20th century and into the 21st century (Figure 6).

5. Conclusions
Through the implementation of paleolimnological techniques and various statistical

analyses, we have demonstrated that both anthropogenic and climatic influences have
caused variations in the limnological conditions of Utikuma Lake. The most significant
change occurred in 1996, negatively impacting lake health, when productivity drastically
increased. This is documented by a dramatic and rapid increase in P, S, and Si/Ti ratios
beyond a trophic tipping point to hypereutrophy. This event coincided with the discharge
from a decommissioned sewage lagoon upstream in nearby Utikumasis Lake. Climatic
variability related to shifts in the influence of the Pacific Decadal Oscillation (PDO) and El
Niño-Southern Oscillation (ENSO) toward higher summer and fall rainfall levels and/or
more extreme rain events, as documented by runoff proxies (K/Rb, Ca/Sr), may have exac-
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erbated the observed productivity shift. Evidence of extreme rainfall events in the summer
and fall is also documented by the presence of the coarser-grained EM04 (mode = 84 µm).
Numerous instances of discontinuous interannual spectral content are likely related to
ENSO. Of particular interest is an interdecadal oscillation, likely related to the Pacific
Decadal Oscillation (PDO), present in the EM time series but only in the summer rainfall
time series. This suggests that the influence of thunderstorms, as opposed to mid-latitude
cyclones, may be separately reflected in the spectral content of this EM.

The runoff and productivity proxies, EMMA, and a comparison to climatic data were
used to constrain the effects of the spring freshet. This is reflected in two sedimentary EMs,
EM02 (mode = 9 µm), and EM03 (mode = 44 µm), representing a common occurrence in cold
climates where warmer (cooler) springs result in lower EM02 (higher, EM03) energy freshets.
The spectral content of these two EM time series is similar and aligns with the spectral
content of fall and winter snowfall time series, which show influences from the PDO, ENSO,
AO, and NAO. These results confirm that cooler springs result in more sediment reworking,
while the total amount of mobilized sediment is more highly influenced by the snowpack.

The very coarse EM05 (mode = 146 µm) appears only briefly in the 1910s and 1960s
and for a more extended period in the late 2010s. This EM is interpreted as evidence
of infrastructure construction in the catchment, such as the construction of a new water
treatment plant in adjacent Atikameg in the late 2010s [66], which led to an influx of coarser
sediments into the lake. The presence of this EM in the 1910s and 1960s likely coincided
with other significant land-use changes in the catchment. In contrast, EM01 (mode = 1 µm)
typifies very low-energy inputs into the lake system from the catchment, possibly related
to smaller scale rainfall events.
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Appendix A

Figure A1. Continuous wavelet transform (CWT) of the Pacific Decadal Oscillation. Oscillations
above the 90% confidence level are encircled in a solid black line.
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