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Abstract

Inputs of glacial meltwater and changes in climate can profoundly influence lake ecosystems. Anderson and Seton lakes, two
morphologically and chemically similar fjord lakes within the Fraser River Basin, British Columbia, experience a common
biogeoclimatic setting, yet contrasting turbid-water influences from a hydroelectric development which diverts glacially-
turbid water into Seton Lake, but not Anderson Lake. We conducted a comparative paleolimnological study of these two
lakes to infer climatic and hydro-system influences affecting the freshwater algal community over the past ~200 years.
Paleolimnological analysis of multiple cores for sedimentary diatom assemblages from Seton Lake revealed substantial
diversion-related reductions in diatom concentrations and fluxes following the completion of the Bridge River Diversion
(ca. 1950). Diatom compositional changes in Seton Lake were consistent with decreased light penetration due to increased
turbidity. These changes did not occur in Anderson Lake, indicating the changes in the Seton Lake cores were likely driven
by inflow of the glacially-turbid waters. Both lakes exhibited diatom compositional changes ca. 1980, with a rise in Lindavia
comensis coincident with significant increases in local mean annual air temperatures and presumably associated limnologi-
cal changes. Modern phytoplankton data, collected as part of this study, provides support for the occurrence of different L.
comensis morphs throughout the sampling period (May—October) in Anderson Lake and in the fall in Seton Lake. The rise
of L. comensis in both Anderson and Seton lakes is conceivably linked to the recent ice-free conditions enabling this taxon
to persist throughout the year.

Keywords Glacial turbidity - Climate warming - Diatoms - Lindavia comensis - Discostella stelligera

Introduction

Climate warming is resulting in the rapid ablation of glaciers
around the world (Milner et al. 2017; Moon 2017). Glacier
runoff is an important source of freshwater and hydropower
generation in British Columbia, with glaciers and ice fields
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et al. 2011; Slemmons et al. 2013). For example, inputs of
glacial flour influences light attenuation, and thereby the
depth of the euphotic zone, which in turn affects thermal
stratification, the distribution of plankton in the water col-
umn, primary production, and ultimately the flow of energy
to higher trophic levels (Lloyd et al. 1987; Melack et al.
1997; Edmundson and Edmundson 2002; Hylander et al.
2011; Slemmons et al. 2013; Rose et al. 2014). Increased
inputs of glacial flour also have the potential to alter the
nutrient regime in lakes. Depending on the mineral content
of the glacial flour, concentrations of phosphorus (Hodson
et al. 2004) and nitrogen may increase with increased inflow
of glacial meltwaters with the potential to influence algal
growth (Slemmons et al. 2013).

Climate warming is also directly affecting lake-water tem-
peratures, with surface waters often warming at a faster rate
than air temperatures (Richardson et al. 2017). The extent
and duration of ice cover, as well as a multitude of con-
sequential limnological properties, including mixing depth
and length of the growing season, are changing as climate
warms (Richardson et al. 2017). Warming lake temperatures
and increased duration of the ice-free period change light
availability to algal communities, algal growth and seasonal
plankton dynamics (Lotter and Bigler 2000; Huisman et al.
2004; Weyhenmeyer et al. 2008; Feuchtmayr et al. 2012).
The period of ice cover has declined in numerous lakes in
the Northern Hemisphere leading to numerous changes in
algal production and community composition (Magnuson
et al. 2000; Weyhenmeyer et al. 2008; Benson et al. 2012;
Wang et al. 2012). The phenology of lake ice (timing of
ice break up and freeze up) are driven largely by latitude,
altitude and morphometric characteristics (Bernhardt et al.
2012; Kirillin et al. 2012; Magee and Wu 2017; Hewitt et al.
2018). Morphometric characteristics of lakes largely deter-
mine the degree of heat storage, while water clarity can also
influence heat budgets through the degree of light penetra-
tion, with deeper, larger and clearer lakes often being more
sensitive to increasing air temperatures due to their large
thermal capacity and delay in forming ice (Bernhardt et al.
2012; Magee and Wu 2017; Richardson et al. 2017).

Light availability, which can be profoundly influenced
by glacial inputs, plays an important role in phytoplankton
composition and seasonal dynamics. The ability of diatoms
to adapt to varying light conditions enables them to occupy
a wide range of ecological niches, including low-light con-
ditions during unstable water column periods and the deep
chlorophyll maxima, DCM (Lavaud et al. 2007; Polimene
et al. 2014; Shi et al. 2016). The existence and depth of the
DCM is highly influenced by light availability, and can be
affected by inputs of glacial water (Modenutti et al. 2013;
Navarro et al. 2018).

Nutrient concentrations are also a major influence on dia-
tom composition and seasonal dynamics. Both of the lakes
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in this study are Sockeye Salmon (Oncorhynchus nerka)
nursery lakes and salmon-derived nutrients (SDN) in nurs-
ery lakes often account for a large proportion of the nutri-
ent budget and diatom communities are responsive to these
inputs (Finney et al. 2000; Gregory-Eaves et al. 2003; Chen
et al. 2011). Glacial meltwaters and associated glacial flour
can also be a source of nutrients (Slemmon et al. 2013), in
addition to nutrient inputs from the watershed depending on
vegetation, precipitation and other lake-watershed interac-
tions (Hobbs and Wolfe 2007; Selbie et al. 2009).

The comparative paleolimnological study of Anderson
and Seton lakes, two large, deep fjord lakes in the Fraser
River drainage basin in British Columbia (BC) provides a
unique opportunity to explore the influence of glacial-water
inflow and climate on long-term diatom composition. Seton
Lake has received influxes of glacial flour since the 1950s
via the construction of the Bridge River Diversion (BRD)
for hydropower generation. Anderson Lake flows into Seton
Lake and consequently can act as a comparative reference
system as it is not influenced by glacial input and resultant
turbidity. Furthermore, the two lakes are located within the
same biogeoclimatic zone, have similar morphological and
chemical characteristics, and thus Anderson Lake can also
act as a comparative reference system for climate influences
apart from the BRD construction.

Paleolimnological records often provide the only means
to assess long-term dynamics, as monitoring records of suf-
ficient duration are rare. The ability to undertake compara-
tive studies between lakes in the same biogeoclimatic zone
with similar morphological and chemical characteristics
is uncommon. The comparison of the sedimentary diatom
records from Anderson and Seton lakes provides the rare
opportunity to investigate the influence of both glacial tur-
bidity and climate over the past~200 years. Sub-decadal to
decadal paleolimnological analyses of diatom assemblages,
biological indicators that are sensitive to chemical and
physical changes in the lake ecosystems (Smol and Cum-
ming 2000; Cumming et al. 2015) were completed on mul-
tiple cores from Anderson and Seton lakes. Contemporary
insights into the paleo-record were provided by the exami-
nation of seasonal changes in the diatom phytoplankton in
both lakes. Analysis of the air temperature record from the
Shalalth Station on the shore of Seton Lake facilitated an
examination of the recent climate variation on these two
sites over the last six decades.

Study lakes

Seton and Anderson lakes are located in the Fraser River
drainage basin British Columbia, Canada (Fig. 1). Ander-
son Lake (N 50°38. 089’ W 122°23.577") flows into the
west end of Seton Lake (N 50°41.758" W 122°08.007").
The maximum depth of Seton Lake is 151 m with a mean
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Fig.1 Location of Anderson and Seton lakes in British Columbia.
The two Anderson Lake core sites are identified as Al and A2. The
three Seton Lake cores are identified as S1, S2, and S3. The phyto-
plankton sampling sites are identified by the Secchi disk symbols

depth of 85 m and volume of 21 x 10 m*. Anderson Lake
is deeper with a maximum depth of 215 m, a mean depth
of 140 m and volume of 37 x 10% m®. Anderson Lake has
a slightly higher surface area of 28.6 km? versus 24.6 km?
for Seton Lake (Geen and Andrew 1961). Lengths and
average widths are similar at 21.9 km long X 1.1 km wide
for Seton Lake and 21.3 km X 1.4 km for Anderson Lake.
Neither lake freezes today, but did in the past (B. Aldoph
personal communication, First Nation St’at’imc Territo-
ries). Modern limnological data were collected monthly
(May-Oct) from 2014 to 2016 at two stations in each lake
(Fig. 1). Both lakes are oligotrophic, with mean annual
epilimnetic concentrations of total phosphorus (TP) of
2.1 ug L™! for Anderson Lake and 2.6 ug L™! for Seton
Lake, mean annual total nitrogen (TN) of 50.4 ug L™},
and 42.2 ug L™, respectively, and average chlorophyll a
of ~ 1.1 ug L™! for both lakes (Limnotek 2017; Barouillet

(note one overlays the coring site S1 symbol). The Shalalth Station,
next to the Bridge River Diversion from Carpenter Reservoir, is iden-
tified

et al. 2019). The mean euphotic zone depth is ~26 m in
Anderson Lake and ~ 12 m in Seton Lake. Both Anderson
and Seton lakes are slightly alkaline with average pH of
7.9 and 7.8, respectively.

The geology of the region is comprised of a mix of vol-
canic and sedimentary rocks of Carboniferous to Jurassic
origin (Geen and Andrew 1961). A continental climate
characterizes the region with cold winters and warm sum-
mers. The mean annual low in winter temperatures during
December and January 1964-2016 was -1.0 °C, and was
21 °C during the warmest months of July and August at
the British Columbia Hydro Shalalth Climate Station,
Seton Lake (Fig. 1). The area which encompasses Ander-
son and Seton lakes is within the rain-shadow of the Coastal
Mountains, with a semi-arid low mean annual precipitation
(between ~ 300 and 400 mm) and a forest comprised mainly
of Ponderosa Pine (Pinus ponderosa).
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Before the Bridge River Diversion (BRD), the flow
from Anderson Lake provided the majority of the water
flow into Seton Lake. By the end of the BRD project
in the mid-1950s, two-thirds of the water coming into
Seton Lake originated from the Carpenter Reservoir. The
water from Carpenter Reservoir is highly turbid and rich
in glacial flour (Chernos 2014). This inflow resulted in
decreased light transmission and visibility as the result of
the increased turbidity (Geen and Andrew 1961). The aver-
age annual turbidity in Seton Lake from 2014-2016 was
3.3 NTU (Nephelometric Turbidity Units), whereas Ander-
son Lake was only 0.7 NTU (Limnotek 2017; Barouillet
et al. 2019). The Carpenter Reservoir originates from the
rapidly retreating Bridge Glacier (Chernos 2014), which
erodes Mesozoic and Cretaceous bedrock rich in quartz
diorite and low in phosphorus-bearing apatite (B.C. digi-
tal Geology, Geospatial Data, Government of British
Columbia).

Methods
Sediment Core collection and sampling

A Glew gravity corer (Glew et al. 2001), equipped with a
1-m clear tube of 7.6 cm diameter, was used to retrieve sedi-
ment cores from the deep depositional basins of Seton and
Anderson lakes in August 2014 (Fig. 1). Two cores from
Anderson Lake were retrieved from depths of 203 m (core
A1) and 205 m (core A2), and were 66.5 cm and 51.5 cm in
length, respectively. Three cores were retrieved from Seton
Lake at depths of 128 m (core S3), 118 m (core S2), and
110 m (core S1), and were 74 cm, 66.5 cm and 74.5 cm in
length, respectively. Core S3 from Seton Lake was nearest
to the discharge of the diversion, while cores S2 and S1
were located at increasing distance from the BRD (Fig. 1).
The two cores from Anderson Lake were taken to span a
similar spatial gradient as in Seton Lake, and were used as
a temporal reference for Seton Lake because the water resi-
dence time and turbidity in Anderson Lake did not change
as a result of the BRD, and because of the similar geomor-
phological and physical characteristics of the two lakes.
The cores were sectioned into 0.5-cm intervals into 5X 9
inch sterile bags, and were stored at~4 °C. Chronological
control is based on radioisotopic activities of 210pp (lead),
137Cs (Cesium), 2'*Pb and *'“Bi (Bismuth) using an Ortec
gamma spectroscopy counter (Schelske et al. 1994) at the
Paleoecological Environmental Assessment and Research
Laboratory (PEARL) at Queen’s University and for Seton
Lake independent markers of changes in grain size com-
position during pre- and post-diversion periods (Barouillet
et al. 2019).
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Sedimentary diatom analysis

Sub-samples for diatom analysis were processed every
1 cm from 0 to 40 cm in both of the Anderson Lake cores
and at every 2 cm to the bottom of the core for each of
the Seton Lake cores. This sampling strategy was cho-
sen because it was suspected sedimentation rates would
be much higher in Seton Lake. For each sediment inter-
val, ~0.2-0.3 g of wet sediment was subsampled into a
20-ml glass vial and a 1:1 molar mixture of concentrated
nitric (HNO;) and sulphuric (H,SO,) acid was added to
remove organic matter. Samples settled ~ 24 h before the
acid was aspirated and rinsed with deionized water. This
settling and rinsing procedure was repeated ~ 7 times until
the pH of the samples was that of the deionized water.
Aliquots of each sample were pipetted onto coverslips,
and air-dried overnight before heating on a warming plate
and mounted with Naphrax® onto glass microscope slides.
Diatoms were identified and counted along parallel slide
transects using a Leica (DMRB model) microscope fit-
ted with a 100 X fluotar objective (numerical aperture of
objective = 1.3) and using differential interference con-
trast (DIC) optics at 1,000 X magnification. A minimum
of 400 diatom valves (average of 420) were enumerated
per slide. Diatoms were identified to the species level or
lower, using the following taxonomic references: Krammer
and Lange-Bertalot (1986,1988,1991a, b), Cumming et al.
(1995), Lange-Bertalot and Melzeltin (1996), Camburn
and Charles (2000) and Fallu et al. (2000).

Sedimentary concentrations of diatoms in each sample
were determined following Battarbee and Kneen (1982).
Briefly, an aliquot of a known concentration of microspheres
was added to each diatom sample, prior to subsampling for
mounting on coverslips. The microspheres were enumerated
along with the diatoms and used to calculate estimates of the
number of diatoms per gram dry weight of sediment. The
estimated sediment accumulation rate was used to calculate
diatom flux as number of diatom valves per cm? per year.

The diatom assemblage zones in the down-core analyses
were defined by a depth-constrained cluster analysis using
a square-root transformation (Edwards and Cavalli-Sforza
chord distance) on the relative abundance data of taxa that
were > 4% abundance (Grimm 1987). Correspondence anal-
ysis (CA) was run with the computer program C2 v. 1.7.5
(Juggins 2003) as a means of simplifying the multivariate
species data into the main directions of change in the diatom
assemblage data. CA ordinations were run on each core from
Anderson and Seton lakes using species data, expressed as
percent abundance, of the major taxa or groups of similar
taxa that reached > 10% minimum abundance in one sample
of one of the lake sedimentary records. This was done to
have the same taxa or groups of taxa included in the analyses
of both lakes. The diatom nutrient preferences identified in
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the results and discussion sections are based on a 251-lake
dataset in British Columbia (Cumming et al. 2015).

Diatom phytoplankton collection and analysis

Depth-integrated monthly water samples (20 mL from 6
equally spaced depths) were collected from the top 30 m of
the water column using a Niskin bottle at two stations in each
of Anderson and Seton lakes typically from May to October
2014-2016 and preserved with Lugols (Fig. 1). Counts of
algal cells with chloroplasts, by taxa, were completed using
an inverted microscope equipped with phase-contrast. Cells
of large micro-plankton (20-200 pm) were counted at 250X
magnification. All cells within one transect were counted at
1560X magnification. In total, 250-300 cells were counted
in each sample (cells in filaments and colonies were enu-
merated equally to small cells). Taxonomic references were
Canter-Lund and Lund (1995) and Prescott (1978).

A separate enumeration focused on diatom species pre-
sent in the monthly samples was completed for the sam-
pling years of 2015 and 2016, May and June sampling for
2014 were not available, nor October 2015. Approximately
120 mL of each water sample was settled in glass beakers
for several days, 100 mL was then siphoned off and ~40 mL
of 30% hydrogen peroxide was added to remove any organic
material. Samples were warmed in a water bath at~70 °C
for~4-5 h. Samples were settled for at least two days and
the supernatant aspirated to 20 mL and rinsed with deion-
ized water. Rinsing was repeated at least 5 times to remove
any remaining hydrogen peroxide. Samples were plated onto
coverslips, air dried and repeated on the same coverslip until
the concentration of diatoms was sufficient for enumeration.
A minimum of 400 diatom valves was counted when pos-
sible using the same microscope and taxonomic references
as the sedimentary diatom analysis. For samples with a low
concentration of diatoms at least 100 valves up to~300 were
enumerated within a maximum of 10 transects. Data are pre-
sented as percentages of diatom taxa, along with estimates
of number of diatom valves per mL based on the quantified
total algal enumeration data.

Climate analysis

Weather instrumentation near the Shalalth generating station
on Seton Lake provided temperature records from 1964 to
2016 (Fig. 1). The weather instrumentation is located away
from the effect of property lighting and included an Onset
Hobo Micro Station Data logger (H21-002) recording data
from a Photosynthetically Active Radiation (PAR) sensor
(S-LIA) and a Solar Radiation sensor (S-LIB). An Onset
Hobo Pro (U23) installed inside a solar radiation shield was
used to measure air temperature and relative humidity.

Mean, minimum and maximum average monthly tem-
peratures from 1964 to 2016 were calculated from the daily
records (BC Hydro, unpubl. data). Mean annual tempera-
ture (MAT) was calculated for each year of the record, and
a fast Fourier transform (FFT) 5-year smooth performed
using Origin v. 6.1 (2000). Linear regressions between time
and the mean, minimum and maximum monthly tempera-
tures, were run to determine if any significant linear trends
occurred over the length of the record. The average monthly
temperature for each month over the record (1964-2016)
was also calculated.

Results
Sedimentary diatoms

The average estimated temporal resolution between the
samples analyzed for diatoms in the Anderson Lake cores
was 6.2 years for core Al and 6.9 years for core A2. In
the Seton Lake cores, the average estimated temporal
resolution between samples prior to the diversion ranged
from~ 12-13.7 years. The temporal resolution of post-diver-
sion samples was higher due to the increased sedimentation
rate and was estimated to be highest in core S3 (closest to
the diversion) at 2.7 years, in core S2 at 3.5 years and core
S1 at 4.8 years. The sub-decadal to decadal resolution of
the analyses provided the ability to assess pre- and post-
diversion changes, and enabled the evaluation of decadal-
scale changes within Seton Lake in comparison to changes
in Anderson Lake.

Diatom assemblages from both lakes were comprised
of ~80% planktonic diatom taxa, reflecting the vast open-
water conditions of each lake and limited littoral zones.
Diatom valves were well preserved, with very few valves
showing any evidence of silica dissolution. In Anderson
Lake, the percent planktonic composition of the assemblages
ranged from ~73-90%. In Seton Lake, planktonic compo-
sition ranged from ~ 62-93%, with a few samples in core
S3 having a lower % planktonic composition of ~50%. The
most common planktonic species present in both lakes were:
Discostella stelligera (Cleve and Grunow) Houk and Klee;
Lindavia ocellata (Pant.) Nakov, Guillory, Julius, Theriot
and Alverson; Stephanodiscus minutulus (Kiitz.) Round and
Aulacoseira subarctica (Miiller) Haworth.

Anderson Lake

Approximately 160 diatom species were encountered in
the core samples from Anderson Lake, however, only 16 of
these reached abundances >4%. The diatom assemblages
had small compositional change prior to~ 1980 (Fig. 2)
with small fluctuations in oligotrophic (i.e. L. ocellata, D.
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Fig.2 Relative abundance of the dominant diatom taxa in Anderson
Lake sediment cores in a core Al, and b core A2. Total diatom con-
centration is to the right of the taxa. Zones (A, B1, B2) are based on

stelligera), meso-eutrophic (i.e. A. subarctica, S. minutu-
lus) and eutrophic Stephanodiscus oregonicus (Ehrenb.)
Hakansson planktonic taxa.
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depth-constrained cluster analyses. Pennate planktonic (Plank.) taxa
consist of A. formosa and F. crotonensis

The earliest part of the Anderson Lake sediment records
(Zone B2; ca. pre-1870 in core Al and ca. pre-1850 in
core A2) generally had higher percent abundance of A.
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subarctica, whereas S. minutulus was generally higher in
Zone B1 (Fig. 2). In the recent sediments (Zone A; post-
1980 in cores Al and A2), increases of ~20-40% were
observed in the oligotrophic to slightly mesotrophic plank-
tonic Lindavia comensis (Grunow) Nakov, Guillory, Julius,
Theriot and Alverson (includes small amounts of Cyclo-
tella gordonensis Kling and Hakansson, a similar taxon).
Mesotrophic pennate planktonic taxa (i.e. Asterionella for-
mosa Hassall; Fragilaria crotonensis Kitton) also increased
slightly in both cores post- 1980 (Zone A), and L. ocellata
and S. minutulus declined. Diatom concentrations remained
relatively stable throughout, with a small increase in core Al
in the upper sediments (upper portion Zone A). and varied
around a mean of 46.7 valves g~! dry weight x 10® in core
Al and 48.4 valves g~! dry weight x 10% in core A2.

Seton Lake

The number of diatom species encountered in the sam-
ples for Seton Lake was ~ 165 taxa, however, only 16-19
of these taxa reached abundances > 4%. In the Seton Lake
cores, meso-eutrophic planktonic taxa were often the most
common, particularly S. minutulus and A. subarctica, in con-
trast to the Anderson Lake cores in which the more com-
mon planktonic taxa were oligotrophic, D. stelligera and
L. ocellata.

Comparing across all of the Seton Lake cores there is
a high similarity in the diatom assemblages (Fig. 3). For
example, L. ocellata was most abundant ca. pre-1950 (Zone
B2, and also B3 in core S1), and L. comensis increased to
between 5-10% ca. post-1980 in all cores (Zone A), simi-
lar to the increase seen in the Anderson Lake cores, but of
a lower magnitude. In all cores, post ca. 1950 (Zone B1)
L. ocellata declined in percent abundance, whereas meso-
eutrophic planktonic Fragilaria (F. capucina Desmazié-
res, F. capucina v. gracilis (@strup) Hustedt, F. nanana
Lange-Bertalot, F. tenera (W. Sm.) Lange-Bertalot and
F. crotonensis only in core S3) and A. formosa increased.
Total benthic taxa also increased post ca. 1950, possibly
as a result of increased transport of littoral taxa with the
increased flow from the BRD, and was most pronounced
in core S3. These changes in the diatom assemblage post
ca. 1950 corresponded to a distinct decrease in total dia-
tom concentration in all cores from Seton Lake compared
to earlier years (Fig. 3). The sediment record from core S1
provided a longer temporal perspective and indicated distinct
fluctuations in the eutrophic planktonic, A. subarctica, and
oligotrophic planktonic taxa such as L. ocellata and D. stel-
ligera (Zone B3).

In the Seton Lake cores, diatom concentrations pre-
cipitously declined post ca. 1950 to~4 to 7.6 valves g~!
dry weight x 10%. A similar pattern is seen in the dia-
tom flux rates (Online Resource 1). Prior to this decline,

concentrations in cores S1 and S2 varied around means of
66.4 valves g~! dry weightx 10® and 75.7 valves g~! dry
weight x 108, respectively (slightly higher than in the Ander-
son Lake cores). The mean concentration in core S3, prior
to the decline, was lower at 35 valves g~! dry weight x 10%.

Correspondence analysis

The axis-1 scores of a correspondence analysis (CA) on
the diatom assemblages from the Anderson and Seton lake
cores provides a simplification of the species-rich records,
accentuating the major underlying changes over the past
200 years. The CA axis-1 scores of the Anderson Lake data
highlights the relative stability of the diatom assemblages
from ca. 1800 to 1970 and the prominent change in the dia-
tom assemblages at ca. 1980, driven primarily by the large
increase in L. comensis (Fig. 4). In the Seton Lake cores,
diatom assemblages exhibited small variations pre-1950,
followed by a distinct two-step change in the diatom assem-
blages exemplified first at ca. 1950, and subsequently at ca.
1980. Of further notable interest is that while variability
pre-1950 in the Seton Lake cores was low, it was higher than
what was observed in the Anderson cores pre-1980, further
emphasizing the large post-1980 changes in Anderson Lake.

Seasonal diatom dynamics

The primary focus of the analysis of the limited modern
diatom data was to explore whether any seasonal patterns
in dominant diatom taxa could be discerned, particularly L.
comensis, to provide insight into this taxon’s distinct post-
1980 rise in the sediment records from Anderson and Seton
lakes. Measured monthly limnological variables generally
did not significantly vary within each lake. For example,
seasonal variation in TP and TN indicated no significant
difference within or between lakes (Barouillet et al. 2019).
While, the depth of the euphotic zone was significantly shal-
lower in Seton Lake compared to Anderson Lake,~12 m
vs ~26 m, respectively (t-test, p <0.005), seasonal variation
within each lake was limited (Barouillet et al. 2019). As a
consequence, the ability to decipher the influence of these
variables on diatom seasonality in 2015 and 2016 was dif-
ficult. Hence, the focus in this paper is on the seasonal pat-
terns of individual diatom species, and how these observa-
tions help with the interpretation of the observed changes in
the species assemblages in the cores.

Diatom algal counts (#cells mL~") were typically highest
in the spring and late-summer/early-fall in both Anderson
and Seton lakes, with the exception of 2016 in which the
late-summer/early-fall counts in Seton Lake were very low
(Fig. 5). In Anderson Lake, D. stelligera was more promi-
nent in the spring sampling; whereas L. comensis was found
throughout the sampling season, but typically comprised
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«Fig. 3 Relative abundance of the dominant diatom taxa in Seton Lake
sediment cores in a core S3, b core S2 and ¢ S1. Total diatom con-
centration is to the right of the taxa. Zones (A, B1, B2, B3) are based
on depth-constrained cluster analyses. Planktonic (Plank) Fragilaria
consists of F. capucina, F. capucina v. gracilis, F. nanana and F.
tenera. Taxa names were further shortened in (b) and (¢), but are in
same order as in (a) (e.g. O. Plank. is Other Planktonic)

a greater percentage of the late summer/fall assemblage
(Fig. 5a, b). Lindavia bodanica (Grunow ex Hakansson)
Nakov, Guillory, Julius, Theriot and Alverson and F. croton-
ensis were also of higher relative abundance in the summer/
fall sampling. In 2015, A. subarctica had its’ highest relative
abundance in July; whereas in 2016 this taxon was dominant
in May and June.

In Seton Lake, D. stelligera was present in all of the
monthly samples, whereas L. comensis was a smaller com-
ponent of the phytoplankton assemblage and present later in
the sampling season (Fig. 5c, d). In both sampling years, F.
tenera had its’ highest relative abundance in June and July,
but with absolute numbers lower than in the May sampling.
In 2016, A. formosa and F. crotonensis were prominent in
terms of relative abundance, but total number of diatoms was
very low. A. subarctica was present in all monthly samples
from both years, but comprised a small proportion of the
assemblage.

Shalalth climate station data

There was a significant increase in the mean annual tempera-
ture (MAT) from 1964 to 2016 recorded at the Shalalth sta-
tion (r=0.45, p<0.001) (Fig. 6). The FFT- smoothed record
exemplifies sub-decadal variability with an overall increas-
ing trend particularly evident following the mid-1980s.
Analysis of the mean monthly air temperatures indicated this
was largely related to increases in summer/early-fall, as well
as January temperatures (Online Resource 2). Both the mean
and maximum July and September temperatures exhibited
significant, increasing trend from 1964 to 2016. January
temperatures indicated a significant increase since 1964 in
the mean, maximum and minimum air temperatures. Other
significant increasing trends were mean April air tempera-
ture and minimum May temperature. While the significant
monthly temperature trends were not strong, the analyses
provided information on which months were the prominent
drivers of the changes in the MAT (Online Resource 3).

Discussion

Influence of glacial turbidity on diatom dynamics

In western Canada, surface runoff from glaciers provides a
large source of freshwater (Bolch et al. 2010) and varying

turbidity inputs can influence downstream lakes. Glacial
flour and meltwater can alter levels of phosphorus, acting
either as a source or further limit phosphorus availability
through colloidal binding (Hodson et al. 2004). In addition,
glacial meltwaters may be enriched in nitrate and thereby
have the potential to alter algal assemblages (Slemmons
et al. 2013). The influence of glacial meltwater on turbidity
in lakes can also impact the depth of light penetration (Slem-
mons et al. 2013).

The euphotic zone of Seton Lake was significantly shal-
lower than Anderson Lake and was negatively correlated
with turbidity from 2014-2016 associated with the glacier
inflow (Barouillet et al. 2019). Total diatom concentrations
rapidly declined post-1950 in all of the Seton Lake cores,
coincident with flow from the BRD and concurrent increase
in clay-sized clastic material in the cores (Online Resource
4). This is in stark contrast to the relative stability of dia-
tom concentrations throughout the Anderson Lake cores.
In Kootenay Lake, a large mountain lake in British Colum-
bia, turbidity varied in the three arms of the lake as a result
of drainage from different watersheds providing a unique
opportunity to assess the influence of light and nutrients on
algal production (Northcote et al. 2005). The South Arm of
Kootenay Lake exhibited decreased light penetration and
shallower euphotic zone associated with the high inflow
of glacial meltwater in comparison to the West and North
Arms, which resulted in decreased primary production
during the late spring and summer diatom blooms, despite
higher phosphorus levels (Northcote et al. 2005). In Seton
Lake, declines in Cladocera remains were also contempo-
raneous with the influx of glacial turbidity, hypothesized
to be largely related to decreased primary production, but
also to potential physiological impairment of filter feeding,
and differential sensitivity of zooplankton to glacial flour
(Barouillet et al. 2019).

A response by primary producers to potential new nutri-
ent loads into Seton Lake compared to before the BRD
might be expected, but the degree of turbidity associated
with glacial meltwater can often be of greater influence on
aquatic biota than nutrient inputs from the meltwater (Slem-
mons et al. 2013). Glacial runoff from the Bridge Glacier via
the BRD into Seton Lake would be expected to be low in
phosphorus as the parent materials are low in phosphorus-
bearing apatite, but nonetheless may still be an important
nutrient source that did not exist before the BRD. The post-
diversion increase in percent of S. minutulus and subse-
quent decline post-1980, is consistent with a shorter-term
response to nutrients with the initial glacial flow. However,
the influence of glacial turbidity on reduced light penetra-
tion in Seton Lake may generally exceed the potential bio-
stimulatory effects of added nutrient loading and on a long-
term perspective reduce biological production compared to
pre-BRD conditions. In a survey of 18 glacially-fed lakes in
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Chili, New Zealand and the Rocky Mountains of the U.S.
and Canada, the extent of glacial flour was found to be the
primary driver of photosynthetically activated radiation
(PAR) and light attenuation (Rose et al. 2014).

The ability of diatoms to adapt to varying light condi-
tions is thought to be a key factor in their seasonal succes-
sion and vertical distribution within lake ecosystems. The
adaptive strategies to light are postulated to be related to
varying photoprotection capacity and varying pigment con-
centrations of different diatom species (Lavaud et al. 2007,
Polimene et al. 2014; Shi et al. 2016) and believed to be an
essential component of why the largest blooms of diatoms
most often occur during the turbulent spring and fall condi-
tions (Huisman et al. 2004; Sommer et al. 2012). Diatom
species that persist through the summer are often found in
the denser metalimnion where sinking is reduced (Reyn-
olds 1984; Longhi and Beisner 2009) and may become a

@ Springer

component of the deep chlorophyll maximum (DCM). While
light tends to be limited in the DCM, nutrient availability
is often higher than in the epilimnion in large oligotrophic
lakes (Saros et al. 2005; Caballero et al. 2016). Lindavia
ocellata (previously Cyclotella ocellata) has been found to
be abundant in the DCM (Stoermer et al. 1996; Wang et al.
2015; Caballero et al. 2016) and under other low-light condi-
tions (Malik and Saros 2016). The decline of L. ocellata in
Seton Lake (albeit a smaller component of the assemblage)
coincident with the onset of the BRD is consistent with a
reduction of light associated with higher turbidity leading
to a reduction or elimination of the DCM (Stoermer et al.
1996; Hylander et al. 2011); although other studies suggest
the DCM depth becomes shallower with increased turbidity
but is not eliminated (Navarro et al. 2018). In Lake Superior,
the abundance of L. ocellata was not found to be related to
turbidity or thermocline depth (proxies of light availability),
but the maximum turbidity only reached 0.6 NTU from 2001
to 2011 (Kireta and Saros 2019), much lower than in Seton
Lake. The post-diversion increase in planktonic Fragilaria
and A. formosa may in part be related to their ability to occur
in light-limited conditions under higher nutrient conditions
in the epilimnion of lakes (Reynolds et al. 2002); increases
in these taxa have also been associated with nitrogen enrich-
ment in alpine lakes (Yang et al. 1996; Saros et al 2011).
The sharp decline in diatom concentrations in Seton Lake
coincident with the BRD and the lack of a similar pattern in
Anderson Lake provides substantial evidence that inputs of
glacial flour had a profound impact on the primary produc-
tion of diatoms. Furthermore, adaptability to low-light con-
ditions and short-term nutrient pulse from the initial glacial
turbidity inputs may help to explain the trends of a number
of diatom taxa in Seton Lake. The lack of similar changes
in the temporal reference system of Anderson Lake supports
unique internal dynamics within Seton Lake, exemplified by
the initial post-1950s shift in species composition (Fig. 4).

Influence of climate on diatom community structure

Changes in climate may alter the physical attributes of a
lake over time (e.g. water temperature, mixing depth, ice
cover and length of growing season), which in turn could
influence the abundance and composition of diatom taxa.
One of the most profound influences on a lake ecosystem
is going from being seasonally ice-covered to a year-round
open system (Weyhenmeyer et al. 2011). As the length of
the ice-free season and number of ice-free years increases
in many lakes (Assel et al. 2003; Weyhenmeyer et al. 2008;
Wang et al. 2012; Magee et al. 2016), algal growth during
the winter would be expected to expand, even under low
temperature and low-light conditions. Although there are
no ice records for Anderson Lake, the native elders recall
skating on Anderson Lake in the late 1960s, consistent with
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photos of ice cover during this time, whereas today neither
Anderson nor Seton lakes freeze in the winter (B. Aldoph
pers com, First Nation St’at’imc Territories).

Globally, winter temperatures have had larger increases
than other seasons (IPCC 2013), with warming most pro-
nounced since 1979 (Hartmann et al. 2013). The number
of ice-free winters in Swedish lakes was related to signifi-
cantly higher January and February temperatures (Weyhen-
meyer et al. 2008). The timing of ice formation is generally
correlated with air temperature and local winds and is also
dependent on the morphometric characteristics of lakes
which determine the degree of heat storage (Arp et al. 2010,
2013; Bernhardt et al. 2012; Kirillin et al. 2012; Magee and
Wu 2017). Water clarity can also influence the heat budget
of lakes, as it controls the degree of light penetration (Bern-
hardt et al. 2012; Magee et al. 2016). Deeper, larger, and
clearer lakes, often with large thermal capacity, can be sensi-
tive to increasing air temperatures, particularly exemplified
by the delay in the onset of ice formation (Bernhardt et al.
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2012). January temperatures significantly increased since
1964 at the Shalalth climate station, as well as MAT, most
notably post ca. 1980 (Online Resources 2 & 3). This trend
holds more broadly across the British Columbia Southern
Interior Ecoprovince in which these lakes are situated, which
has experienced the most pronounced warming in winter
relative to other seasons over the period 1900-2013 (Mean
Winter Temperature + 1.5 °C, Maximum Winter Tempera-
ture+ 1.2 °C, Minimum Winter Temperature + 2.4 °C, BC
Ministry of the Environment, MoE 2016). A number of other
regions have experienced a post-1980 warming, including
the Canadian Rockies (Hobbs et al. 2011) and central Europe
(Woolway et al. 2017). On a global perspective, the rate of
increase in average land and ocean temperature since 1880
has further increased since 1981 to more than double the rate
prior to this time (NOAA 2019).

The distinct shift in diatom assemblages in both Anderson
and Seton lakes ca. 1980, as exemplified by the CA axis-1
scores, was coeval with the continued rise in mean annual
air temperatures at the Shalalth Station. The increase in L.
comensis was more pronounced in Anderson Lake where
it reached nearly 40% of the assemblage from being rare
or non-existent prior to ca. 1980. Similarly, L. comensis
(previously Cyclotella comensis) increased since 1985 in a
northern Swedish lake coincident with increasing air tem-
peratures (Bigler and Hall 2003). Rises in small oligotrophic
centric planktonic diatoms (Cyclotella, Lindavia, Discos-
tella) have been related to increased stratification in lakes
with warming conditions (Sorvari et al. 2002; Riihland et al.
2008; Winder et al. 2009; Shaw Chraibi et al. 2014). The
mixing depth of the water column can also be an important
factor in the distribution of Cyclotella species (Saros et al.
2012). Sedimentary records from the Great Lakes indicated
L. comensis increased ca. 1970-1980, whereas D. stelligera
declined or had no discernible trend (Reavie et al. 2017),
similar to what was observed in Anderson Lake. A signifi-
cant increase in the minimum annual temperature showed
the most consistent relationship to Cyclotella across all of
the Great lakes (Reavie et al. 2017). Accumulating evidence
indicates the rise in L. comensis and other Cyclotella taxa
can be indirectly linked to increasing air temperature, which
would influence lake-water temperature (Schneider and
Hook 2010; O’Reilly et al. 2015; Richardson et al. 2017;
Woolway et al. 2017), ice duration (Magnuson et al. 2000),
light regimes, and thereby lake thermal structure and mixing
depths (Edmundson and Mazumder 2002; Saros et al. 2016).

In Anderson Lake, the post 1980 rise of L. comensis
occurred while D. stelligera comprised a large component
of the diatom assemblage for at least the past~200 years.
The appearance or increased presence of D. stelligera is
one of the most cited taxon for inferring increased strength
and length of stratification in sedimentary records (Riithland
et al. 2008, 2015; Saros and Anderson 2015). In this study,
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inferring the rise of L. comensis primarily to such a mecha-
nism seems an inadequate explanation with the long-term
presence of D. stelligera. Various forms of L. comensis have
been documented in alpine lakes in the Alps and Canadian
Rockies (Wunsam et al. 1995; Yang et al.1996; Hausmann
and Lotter 2001), and in temperate lakes in southern Ontario
(Werner and Smol 2005). Hausmann and Lotter (2001)
found no clear relationship of the L. comensis complex with
environmental variables; whereas, summer temperature was
found to be related to the distribution of six defined morphs.
Scheffler and Morabito (2003) documented morphs of L.
comensis that were found in the late-fall and in the early-
spring, suggesting it may have overwintered. Five morphs
of L. comensis were defined in the Anderson and Seton lake
samples. In the 2015 phytoplankton samples from Anderson
Lake there was a clear separation between the spring, sum-
mer and fall morphs (Online Resource 5) that were similar to
the cold and warm morphs defined by Hausmann and Lotter
(2001); whereas the 2016 sampling did not have as clear a
distinction of the different morphs. Phytoplankton biomass
has been found to be significantly higher after winters with
ice-free conditions compared to those with ice coverage;
diatoms often outcompeted other phytoplankton groups
under the well-mixed, ice-free conditions (Weyhenmeyer
et al. 2008). Thackeray et al. (2008) found that the spring
dynamics of L. comensis was dependent on the magnitude of
the over-wintering population, with large populations some-
times found under the ice (Kienel et al. 2017), providing a
competitive advantage over other algal groups at the onset
of open-water conditions.

The coeval rise in L. comensis in both Anderson and
Seton lakes suggest a regional driver. We hypothesize that
the rise in L. comensis was related to a recent absence of
ice cover (B. Aldoph pers com, First Nation St’at’imc Ter-
ritories) due to climate warming, and the adaptability of
different L. comensis morphs to various light and mixing
conditions over the spring to fall periods. Phytoplankton
data provides insights into the potential of a higher continual
contribution of frustules to the sediments, that is plausibly
related to overwintering populations of L. comensis. The
higher variability in assemblage composition post-1980 in
Seton Lake than in Anderson Lake (exemplified in the CA
axis-1 scores) and the smaller increase in L. comensis, sug-
gests the interaction between glacial turbidity and climate
influences can result in unique responses.

Insights from seasonal diatom dynamics on recent
sedimentary changes

Seasonal phytoplankton data can provide insights into spe-
cies-specific patterns in paleolimnological records (Boeff
et al. 2016). In our study, we examined whether L. comen-
sis and D. stelligera had different timing of blooms, which
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could provide insight into the recent rise of L. comensis, as
both of these taxa are often grouped into Cyclotella sensu
lato in sediment records (Riihland et al. 2008; Reavie et al.
2017). Deciphering specific environmental variables (i.e.
light, nutrients, lake temperature) related to these seasonal
dynamics is more difficult and often complex. For example,
detailed analyses of phytoplankton dynamics in the Great
Lakes of individual Cyclotella sensu lato species have
concluded that multiple interacting physical and chemi-
cal variables often only explain part of the variation in the
distribution of various taxa (Reavie et al. 2017; Kireta and
Saros 2019). Nonetheless, information on seasonal dynam-
ics can be beneficial for interpreting sedimentary records.
In the Experimental Lakes Area, D. stelligera was found
to be primarily a spring or early-summer bloomer (Wiltse
et al. 2016); whereas other studies have shown variability
in the timing of blooms across lakes in the same climatic
region (Boeff et al. 2016). The occurrence of L. comensis
in various light and mixing regimes, including the DCM
of the Great Lakes during summer stratification (Stoermer
et al. 1996; Bramburger and Reavie 2016) and blooming in
the late-winter, either under the ice or under ice-free winter
conditions (Thackeray et al. 2008; Kienel et al. 2017) indi-
cates this taxon (or particular morphs) can be tolerant of low
light, including cold, low-light conditions during the winter.

In Anderson Lake, the phytoplankton data indicate that D.
stelligera tended to bloom in the spring, whereas L. comen-
sis was commonly found across the sampling season. In con-
trast, D. stelligera was prominent throughout much of the
sampling season in Seton Lake, whereas L. comensis was
less common, and generally present in the summer. This is
consistent with the sedimentary record where remains of
D. stelligera were low post-1960 in Seton Lake, but have
increased in relative abundance in the recent sediments to
as high or higher than in the past. The relative dominance
of L. comensis across the main growing season in Anderson
Lake (May—October) provides evidence that the increase in
the sedimentary record could in part be related to an over-
all greater annual production, particularly in the late sum-
mer/fall. We hypothesize that a decrease in ice cover and an
increased length of the growing season, enabled L. comensis
to have a unique niche from D. stelligera. Furthermore, more
of the late summer/fall bloom may reach the sediments in
comparison to the spring bloom and the subsequent clear-
water phase brought about by increased zooplankton popula-
tions and associated grazing pressures (Sommer et al. 2012).
This is supported by the highest density of zooplankton in
Anderson and Seton lakes occurring in the spring (Barouil-
let et al. 2019). Complex interactions related to the glacial
flour input and the influence on light availability in Seton
Lake may explain the lower magnitude increase of L. comen-
sis in comparison to Anderson Lake. However, interaction
between various variables, particularly temperature, light

and nutrients is complex and it is often difficult to disentan-
gle the specific influences on the various co-occurring small
Cyclotella (Lindavia, Discostella) species (Malik and Saros
2016; Kireta and Saros 2019).

Comparative paleolimnological studies

Comparative paleolimnological studies of lakes with simi-
lar chemical, morphological and biogeoclimatic settings
can provide unique opportunities to examine long-term
environmental impacts, but rarely do such circumstances
exist (Hadley et al. 2010). Here we examined the influ-
ence of increased inputs of glacial flour into Seton Lake
post ca. 1950, a phenomenon that certainly will increase
with glacial melting, but then abate as glaciers disappear.
The largest changes in concentrations and fluxes of diatoms
over ~200 years occurred in Seton Lake coincident with the
onset of the Bridge River Diversion and influx of glacial
turbidity. Total diatom concentrations sharply declined ca.
post-1950 in all three Seton Lake cores. Commensurate
changes in the composition of the diatom assemblages were
consistent with decreased light penetration and increased
turbidity. Similar changes did not occur in Anderson Lake,
suggesting the changes in Seton Lake post ca. 1950 were
primarily driven by internal dynamics as a result of the
diversion and not a regional forcing such as climate. This
comparative study also enabled an uncommon circumstance
to examine the influence of climate with that of climate and
glacial turbidity interaction in two similar lakes. This com-
parison revealed that while both Anderson and Seton lakes
underwent a compositional change in their diatom assem-
blages ca. 1980 that is consistent with climatic forcing, and
coincident with increasing mean annual temperatures at the
Shalalth Climate Station, the strength of the response var-
ied. This recent assemblage change was most pronounced in
Anderson Lake, with a dramatic rise in L. comensis; whereas
the more muted response in Seton Lake is likely a result of
interaction of climate forcing with glacial inputs leading to
a novel assemblage from those in Anderson Lake. The com-
parative seasonal phytoplankton data provided insights into
the timing of blooms of L. comensis in the two lakes and led
to the hypothesis of ice-free conditions being a major driver
of this recent assemblage change.
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