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ABSTRACT: Freshwaters worldwide are under increasing pressure from anthropogenic
activities and changing climate. Unfortunately, many inland waters lack sufficient long-term
monitoring to assess environmental trends. Analysis of sedimentary ancient DNA (sedaDNA) is
emerging as a means to reconstruct the past occurrence of microbial communities of inland
waters. The purpose of this study was to assess a combination of high-throughput sequencing
(16S rRNA) of sedaDNA and traditional paleolimnological analyses to explore multidecadal
relationships among cyanobacterial community composition, the potential for cyanotoxin
production, and paleoenvironmental proxies. DNA was extracted from two sediment cores
collected from a northern Canadian Great Plains reservoir. Diversity indices illustrated significant community-level changes since
reservoir formation. Furthermore, higher relative abundances in more recent years were observed for potentially toxic
cyanobacterial genera including Dolichospermum. Correlation-based network analysis revealed this trend significantly and
positively correlated to abundances of the microcystin synthetase gene (mcyA) and other paleoproxies (nutrients, pigments,
stanols, sterols, and certain diatom species), demonstrating synchrony between molecular and more standard proxies. These
findings demonstrate a novel approach to infer long-term dynamics of cyanobacterial diversity in inland waters and highlight the
power of high-throughput sequencing to reconstruct trends in environmental quality and inform lake and reservoir management
and monitoring program design.

■ INTRODUCTION
Cultural eutrophication has become a worldwide environmental
issue for freshwater lakes and reservoirs, contributing to
deteriorating conditions and increased production of harmful
algae.1,2 Harmful algae in freshwater ecosystems have been
extensively studied over the past few decades. However, one of
the greatest challenges faced by water resource managers is that
little information is available on a time scale sufficient to assess
long-term, decadal to centennial, changes to the water quality of
aquatic systems3 and how these changes relate to the
production of harmful algae. Systematic monitoring approaches

are frequently initiated only in response to the emergence of
serious problems, such as blooms of harmful algae,4 and
therefore, are reactive rather than proactive. The analysis of
multiple physicochemical, subfossil, or biomolecular proxies
within sediment archives can provide insight into historical
events or trends in aquatic ecosystems, such as past and recent
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trends in primary producers.5−7 By understanding the environ-
mental trends in the ecology in vulnerable systems, managers
can proactively respond to changing conditions and potentially
avoid undesirable ecological consequences.
Traditional paleolimnological techniques particular to photo-

autotrophs, such as sedimentary pigment analysis, use non-
genetic biomolecules to infer long-term trends in the ecology of
aquatic systems. However, these techniques can be time-
consuming and provide limited taxonomic specificity.8 A
complementary approach based on sedimentary ancient DNA
(sedaDNA) is emerging as a popular tool in the retrospective
environmental assessment.9−12 DNA is fairly persistent in the
aquatic environment and can be deposited and preserved for
lengthy periods of time in lake sediment13−17 and provide a
supporting line of investigation for more classical fossil
remains.18,19 For example, qPCR and denaturing gradient gel
electrophoresis have been used to analyze sedaDNA to assess
past trends in abundance of cyanobacteria (in general) in
conjunction with phytopigment analysis.19 However, such low-
throughput sequencing techniques are time-, labor-, and cost-
intensive. The rapid development of high-throughput next-
generation sequencing technologies, bioinformatics tools, and
the establishment of taxonomic reference databases have laid
the foundations for novel, highly efficient, and reliable
approaches for sedaDNA analysis of complex microbial
consortia or particular taxonomic groups.20−22 Next-generation
sequencing techniques applied to permafrost and lake sediment
samples have demonstrated that a combination of physical
remains and sedaDNA can achieve more in paleoecological
reconstruction of terrestrial ecosystems than is possible through
either individual approach.23,24

In the present study, high-throughput sequencing was
applied to sedaDNA of sediment cores collected from the
two hydromorphologically distinct down-reservoir arms of Lake
Diefenbaker, a major reservoir in the northern Great Plains.
Previously inferred historical changes in the aquatic ecology of
this reservoir5−7 provide an opportunity to apply sedaDNA
high-throughput sequencing in combination with various
paleovariables to assess synchrony and concordance between
these inferential techniques and provide insight into environ-
mental associations of cyanobacterial taxa during periods of
ecological change. The objectives of this study were to (i)
reconstruct the temporal trends in the cyanobacterial
community since reservoir formation; (ii) identify the presence
and relative abundance of potentially harmful cyanobacterial
species; (iii) detect and quantify the microcystin synthetase
gene mcyA involved in microcystin production; (iv) explore the
relationships of cyanobacterial taxa with other relevant
paleovariables (nutrients, pigments, sterols, stanols, mcyA, and
composition of the diatom community), and (v) understand
the relative importance of variations in historical environmental
conditions in determining the observed past trajectories of the
cyanobacterial community. This approach has potential
application globally to provide high-resolution insight into the
mechanisms of ecological change in aquatic systems and to
forecast future trends. To our knowledge, high-throughput
sequencing of sedaDNA and the combination with other
multiple paleoenvironmental proxies has not been attempted
previously to retrospectively assess ecological trends in inland
waters.

■ MATERIALS AND METHODS

Study Area. Lake Diefenbaker (Figure S1) (50°43′ N,
107°30′ W) was formed in 1967, following the completion of
the Gardiner and Qu’Appelle dams on the South Saskatchewan
River and Qu’Appelle River valley, respectively.25 It is the
largest multipurpose reservoir on the Canadian Prairies,
supplying potable water to approximately 45% of Saskatch-
ewan’s residents.26 It currently provides power production,
flood control, and water supply for mining, crop irrigation,
various industries, wildlife interests, aquaculture, and recreation.
The water entering Lake Diefenbaker has a residence time of
roughly 1.3 years27 before exiting through the Gardiner (99% of
the flow) or Qu’Appelle (1% of the flow) arms. Based on
volume and average dam outflow, the Qu’Appelle arm has a
residence time of ∼26 years.28 Trophic status varies
longitudinally in the reservoir but is generally mesotrophic.29,30

Unfortunately, long-term physicochemical and biological
monitoring data is limited for the majority of this reservoir.31

Limnological data have been collected in the Qu’Appelle arm
since 1995, but these efforts came subsequent to shifts in
reservoir ecological status5−7,25 and represent a period of
photoautotrophic stability.32

Sediment Core Collection. Sediment cores were collected
from two hydromorphologically distinct regions, the Gardiner
arm (LDGD, 52.9-m water depth) and the Qu’Appelle arm
(LDQA, 19.1-m water depth) (Figure S1) in September, 2011
and August, 2012, respectively, using a Glew Maxi Gravity
Corer (John Glew, Kingston, Canada) fitted with 7.5 cm
diameter acrylic core liners. After collection, cores were sealed
and transported on ice to the laboratory for sectioning into 1
cm layers under nitrogen gas. Edges of subsamples (approx-
imately outer 1 cm rim) were discarded to preclude potential
contamination resulting from contact with the inner surface of
the acrylic tube. Samples were stored in 50 mL sterile glass vials
at −80 °C, in the dark. Sample subsets were well-mixed using
sterile techniques prior to further analysis.

Dating and Analysis of Sediment Cores. The complete
or majority of the sediment profile, postreservoir flooding, was
captured in the sediment cores (approximately 44 and 45 years
for the Gardiner and Qu’Appelle arms, respectively) and is
detailed elsewhere.5−7 Data regarding other paleophysicochem-
ical and -biological variables from the same cores included
concentrations of phosphorus (apatite phosphorus, AP;
nonapatite inorganic phosphorus, NAIP; organic phosphorus,
OP; and total phosphorus, TP), nitrogen (N) and carbon (C)
(δ15N, percent total N, δ13C, percent organic C and molar C/N
ratios), reactive particulate silica (PRSi), fecal sterols,
sedimentary pigments, and diatom community composi-
tion.5−7,33 These paleovariables are discussed in greater detail
in the Supporting Information, including cautionary informa-
tion related to using sedimentary P concentrations to infer
temporal trends.

Extraction of DNA and Sequencing of 16S rRNA
Amplicon. Strict ancient DNA work protocols were followed
to prevent contamination with modern DNA.34 All instruments
used for DNA isolation were placed in a hood under a UV lamp
a minimum of 30 min prior to use. DNA was extracted from 1-g
(wet weight) of sediment increments using E.Z.N.A. Soil DNA
Kits (Omega Biotek, Norcross, GA, USA) in accordance with
the manufacturer’s specifications. A total of 64 samples were
sequenced and analyzed. PCR-replicates were not analyzed, the
associated uncertainties of which are discussed in the

Environmental Science & Technology Article

DOI: 10.1021/acs.est.7b06386
Environ. Sci. Technol. 2018, 52, 6842−6853

6843

http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06386/suppl_file/es7b06386_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06386/suppl_file/es7b06386_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.7b06386/suppl_file/es7b06386_si_001.pdf
http://dx.doi.org/10.1021/acs.est.7b06386


Supporting Information. Negative controls consisted of silica
baked at 450 °C for 24 h and did not contain any amplicon
fragments during library preparation and thus were not
included for sequencing. Purity and concentration of DNA
were determined by measuring the A230, A260, and A280 using a
Nanodrop 1000 spectrophotometer (Thermo-Fisher, Waltham,
MA, USA). DNA samples were frozen at −80 °C until further
analysis. Universal cyanobacterial primers CYA359F,
CYA781R(a), and CYA781R(b)35 with attached Illumina bar
code overhangs were used to amplify the 379 bp fragment of
the V3 and V4 regions of bacterial small subunit rRNA (16S
rRNA).36 Reverse primers CYA781R(a) and CYA781R(b),
identified as primers A and B in this paper, differ by two
polymorphic bases situated at positions 7 and 23 (5′ to 3′) and
were used separately to differentiate between two different
cyanobacterial populations, targeting mainly filamentous and
heterocystous cyanobacteria and unicellular cyanobacteria, such
as Chroococcales and Oscillatoriales, respectively.36,37 However,
there is taxonomic overlap or shared operational taxonomic
units (OTUs) between the two reverse primers (i.e., they are
not mutually exclusive). Reaction solutions for PCR and library
preparation were made according to Illumina’s 16S Meta-
genomic Sequencing Library Preparation (Part# 15044223 Rev.
B) with 25 ng of paleoenvironmental DNA used as template,
and sample libraries were pooled to a final concentration of 6
pM prior to paired-end multiplex sequencing performed on a
MiSeq Desktop Sequencer (Illumina, California, USA). Raw
sequences have been made available in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive
(Accession# PRJNA350697).
Sequencing Data Analysis. Sequencing data were

processed using a cloud-based microbiome-seq analysis work-
flow in BaseSpace (https://basespace.illumina.com), which
automatically demultiplexed, quality filtered, and joined
paired-end read files. The 16S Metagenomics v1.0 application
utilizes a high-performance version of the Ribosomal Database
Project (RDP) algorithm38 and an Illumina-curated version of
Greengenes database (May 2013) to taxonomically classify 16S
rRNA amplicon reads at the 97% identity level. The output is a
classification of reads at multiple taxonomic levels from
kingdom to species.
Abundance of mcyAGene. The mcyA primers used

(mcyA-CD 1F and 1R) were designed to target the Planktothrix,
Microcystis, and Dolichospermum genera39 but have also been
used to gain an overview of cyanobacterial genera with the
potential to produce microcystins.40,41 The thermocycling
program was similar to the previous study,39 and the threshold
cycle (Ct) was determined using RT-PCR prior to confirmation
of amplicon size on 1% agarose gels and subsequent measured
fluorescence (Supporting Information). To confirm mcyA gene
identity, the amplicon was sequenced (University of Calgary,
Alberta, Canada), and the sequence was confirmed with 99%
identity when compared against the NCBI BLASTN (nr/nt
nucleotide collection) database.
Numerical Analysis. Statistical analyses were completed

using packages phyloseq, ggplot2, vegan, corrplot, hmisc, ade4,
dendextend, and ggRandomForests in R software v3.3.1 (R
Development Core Team, 2006), and differences were
considered significant when p < 0.05. A more comprehensive
review of the statistical methodology is provided in the
Supporting Information.
To avoid biases generated by different sequencing depths, all

samples were normalized to the minimum number of total

bacterial reads (10170) among all the 64 sequencing libraries.
Read counts of cyanobacteria community were then separated
from these normalized libraries. β-Diversity was calculated
using the Bray−Curtis dissimilarity index via the ordinate
function of the phyloSeq package and visualized with nonmetric
multidimensional scaling (NMDS) plot by the plot ordination
function of phyloSeq, ellipse, and ggplot2 packages. Permuta-
tional multivariate analysis of variance test (PERMANOVA, n =
9999) was subsequently employed to assess the statistical
significance of β-diversity among time (years) and sampling
sites using the vegan package.
Breakpoint (threshold) analysis for the number of

cyanobacterial OTUs versus year was performed using
segmented linear regression (SegReg software).42 Random
Forest (RF), as implemented in the ggRandomForest package,
was used to estimate the contributions of individual
paleoenvironmental variables on the alpha diversity (i.e.,
observed cyanobacterial OTUs) in Lake Diefenbaker. Random
Forest is an algorithm for classification that uses an ensemble of
trees. Each tree is growing while training using both bagging
(bootstrap aggregation) and random variable selection. RF does
not need a preselection of variables because it has a powerful
predictive performance even when most variables are noisy.43,44

We used 1000 trees to build the RF. The contributions were
determined using paleovariables as the predictor variables and
the observed cyanobacterial OTUs as the dependent variable in
an unbiased recursive partitioning-based RF model. RF
provides a measure of percentage of variance explained or
pseudo-R2 for the model obtained and a measure of variable
importance, i.e., the importance of the predictor variables,
which can be obtained as the total decrease in node impurities
from splitting on the variable, averaged over all trees. RF partial
dependence plots were also obtained to give a graphical
depiction of the marginal effect of a predictor on the response
variable after partialling out the effects of the other predictors in
the model and were calculated across the range of each
predictor variable’s observations.

Network Analysis. Network analysis has been widely used
to explore co-occurrence patterns between microbial taxa in
complex communities and to elucidate interactions between
microorganisms and their environments,44−47 which might be
more difficult to detect using the standard α- or β-diversity
matrices widely used in microbial ecology. Network visual-
ization and module detection of the co-occurrence relationships
of paleovariables and cyanobacterial genera were conducted on
Gephi v 0.9.1 (WebAtlas, Paris, France) with the Fruchterman-
Reingold placement algorithm.48 The topology of the resulting
network was described by a set of measures, including average
node connectivity, average path length, diameter, cumulative
degree distribution, clustering coefficient, and modularity. In
the co-occurrence network, the nodes represent the measured
variables and genera, and the edges correspond to robust and
significant correlations (|ρ| > 0.7 and p < 0.01) between nodes.

■ RESULTS AND DISCUSSION
Confirmatory to Monchamp et al.,49−51 our work shows that
high-throughput sequencing of DNA derived from lake
sediment cores provides a taxonomically sensitive means to
retrospectively assess trends in cyanobacterial communities.
Both 16S RNA and mcyA amplicons were successfully
recovered from sediment cores extracted from a northern
reservoir and identified taxa assessed for synchronous/
concordant stratigraphic changes with various physicochemical,
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subfossil, and biomolecular-based paleoenvironmental proxies
spanning 40 years. In combination with other lines of
traditional paleoenvironmental investigation, high-throughput
sequencing demonstrated a means to reconstruct environ-
mental-cyanobacterial associations potentially extending back
millennia, limited only by preservation of DNA and other
supporting proxies. The main findings of this study are
discussed below, with ancillary analyses detailed in the
Supporting Information.
Composition of the Cyanobacterial Community and

Trends in Diversity. Although the cyanobacteria-specific PCR
primers were employed here, some other bacteria, including
heterotrophic bacteria, were coamplified. This is similar to
previous findings involving sediment cores collected from two
peri-alpine lakes in Switzerland.49 Diverse communities of
cyanobacteria were successfully identified, through the
independent amplification of two reverse primers, for 32
sedaDNA samples from two sites spanning more than 40 years
(Figures 1). Although the amount of DNA was sufficient, PCR
amplicons of six sediment core increments (13−14, 15−16,
17−18, 20−21, 22−23, and 24−25 cm for primer A and 17−18
cm for primer B) in Gardiner arm were below the 4 nM
dilution requirement for sequencing, as recommended
Illumina’s 16S metagenomic library preparation guideline.

This could be due to the obtained sedaDNA originating
predominantly from noncyanobacteria DNA (e.g., plant and
animal tissues/cells), with the amount of targeted 16s rRNA
being insufficient to achieve adequate amplification. The
presence of PCR inhibitors (humic acids, salt, etc.) could also
have interfered with the efficiency of amplification.
In total, 33 genera of cyanobacteria were detected by

combining the data sets from amplification of both reverse
primers (Figure 1). Sequences matching unclassified cyano-
bacterial 16S rRNA genes were abundant (at least 40%) in the
samples tested. Prochlorococcus was the predominant cyano-
bacterial genus identified using the reverse primer A (average
relative abundance: 7.3% and 4.3% for the Gardiner and
Qu’Appelle arms, respectively). Chroococcus was the dominant
genus using the reverse primer B (average relative abundance:
17.6% and 10.9% for the Gardiner and Qu’Appelle arms,
respectively). With the high-throughput sequencing of
sedaDNA approach, we were able to verify the presence of
known potentially harmful and bloom-forming genera of
cyanobacteria (Dolichospermum, Microcystis, and Planktothrix),
which were also identified in the sediments of ten European
peri-Alpine lakes.49−51

Dolichospermum was the dominant genus (average percent
relative abundance of 2.6% in both reservoir arms) and was the

Figure 1. Shifts in taxonomic profiles of cyanobacteria in the Gardiner (LDGD) and Qu’Appelle (LDQA) arms of Lake Diefenbaker over time
(years). Circos plot shows the relative abundances of each cyanobacteria genus at two sampling sites (LDGD and LDQA) based on two different
primer sets (A and B) of cyanobacterial 16S rRNA gene across the time scale (years are color coded). The area of each circle is proportional to the
relative abundance of each identified genus in the cyanobacterial communities of each time interval. Dates represent the midpoint of each 1 cm
sediment increment.
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only one of these toxin-producing genera to exhibit an
increasing trend within the temporal profile of both sediment
cores (Figure 1). This trend coincided with the recent findings
in peri-Alpine lakes, which confirmed Dolichospermum species
can colonize a wide range of lakes where nutrients are not
limiting.50 It should be noted that next-generation sequencing
also identified low abundance or rare cyanobacteria taxa. These
taxa can be severely underestimated or missed using traditional
light microscopy techniques, which cap cell counts at a
relatively low number compared to the capacity of high-
throughput sequencing. This highlights the novelty and
importance of using sequencing methodologies to obtain
higher accuracy.
Based on breakpoint analysis, α-diversity in the Gardiner arm

remained relatively constant from the 1970s until 1988 (primer
B) to 1992 (primer A), after which diversity of the
cyanobacterial assemblage progressively increased in the
Gardiner arm (Figure 2). The Shannon−Wiener index
demonstrated breakpoints in 1987 (primer B) and 2003
(primer A) in the Gardiner arm. Cyanobacterial α-diversity
demonstrated a breakpoint at 1990 in the Qu’Appelle arm for
primer A (Figure 2) (number of cyanobacterial OTUs), after
which diversity increased progressively. The Shannon−Wiener
index demonstrated breakpoints in 1990 (primer B) and in
1993 (primer A), after which the index plateaued. Due to the
natural decay of exogenous DNA, DNA concentrations and

taxonomic diversity (i.e., the number of identifiable taxa) will
decrease with age of sedaDNA.52 This can complicate
interpretation of down-core trends if they present a monotonic
decay pattern. Taxonomic α-diversity did not decrease down-
core in the Qu’Appelle arm (Figure 2), suggesting that DNA
decay was not a confounding factor for the time period
represented by these deposits. Cyanobacterial α-diversity
increased after breakpoints (1988 and 1992 for primers B
and A, respectively) in the Gardiner arm, synchronous with
concentrations or abundance of physicochemical, pigment, and
DNA-based variables (Figure 2, excluding echinenone for
primer B; correlation data in Figures 5 and S4). The deviation
from monotonicity and concordance with other proxies of
autochthonous production demonstrates that, in combination
with other lines of evidence, high-throughput sequencing of
sedaDNA is a sensitive means to retrospectively assess α-
diversity of phytoplankton communities in inland waters.
β-Diversities were significantly different among years (primer

A: Adonis test-year p = 0.0005; primer B: Adonis test-year p =
0.0058) (Figure 3), suggesting a shift in composition within the
cyanobacterial community over time. Also, dissimilarities within
the community structure were observed within the temporal
profile between the Gardiner and Qu’Appelle arms (primer A:
Adonis test-site p = 0.0071; primer B: Adonis test-site p =
0.0054), as indicated by the nonoverlapping centroids (Figure
3). Altogether, these results showed recent communities of

Figure 2. Temporal trends in concentrations of select paleovariables, including physicochemical variables (biologically available P and particulate
reactive silica), cyanobacteria pigments (myxoxanthophyll, lutein-zeaxanthin, canthaxanthin, echineone, and chlorophyll a), mcyA abundance (as
absorbance), Dolichospermum percent relative abundance, number of cyanobacterial OTUs, and Shannon−Wiener index in sediment cores collected
from A) the Gardiner arm (LDGD, 2011) and B) the Qu’Appelle arm (LDQA, 2012) of Lake Diefenbaker, Saskatchewan, Canada. Closed symbols
indicate primer A data, and open symbols indicate primer B data for DNA-based analyses.
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cyanobacteria in either arm were distinctly different from those
of the early reservoir. The β-diversity, for both reverse primers,
illustrated a significant change in cyanobacterial community
composition through time at both locations (Figure 3). Given
that man-made reservoirs undergo rapid ontogenic changes
postformation, changes known to influence water quality,
biology, and trophic status,53 high-throughput genetic sequenc-
ing can provide a high-resolution means to retrospectively
assess ecological changes associated with the aging process of
inland waters.
mcyA Gene Abundance and Environmental Associa-

tions. The ability to recover and sequence vital functional
genes (e.g., mcyA), like those underpinning the production of
secondary metabolites (cyanotoxins), facilitates our under-
standing of the variables that favored toxic cyanobacterial
taxa.54 Similar to DNA concentration (Figure S2), abundances
of the mcyA gene were greater in more recently deposited
sediments of both reservoir arms (Figure 2), with a plateau of
mcyA abundance in the late 1990s in the Qu’Appelle arm. PCR
detection of the mcyA gene confirmed the presence of
potentially toxic cyanobacterial taxa in Lake Diefenbaker,
especially in recent years. Abundance of the mcyA gene
illustrated trends similar to that of multiple inferential variables
(biologically available P, PRSi, and algal pigments, data from
Lucas et al.,5,6 Tse et al.,7 and Maavara et al.33) in the vertical
sediment profile of the Qu’Appelle arm but not in the core
from the Gardiner arm (Figure 2). The abundance of the mcyA
gene demonstrated a trend similar to the abundance of
Dolichospermum in the Qu’Appelle arm, suggesting the
occurrence of this cyanotoxin in Lake Diefenbaker may be
associated with the Dolichospermum. Associations between
mcyA gene abundance and additional physicochemical,

subfossil, and biomolecular variables as well as cyanobacteria
community α-diversity and individual cyanobacterial taxa are
provided in Figures 5 and S4.

Random Forest Modeling of Paleophysicochemical
Variables and Cyanobacterial α-Diversity. The ubiquity of
cyanobacteria is due to a wide range of physiological
adaptations, including N2 fixation, that allow them to
successfully compete for limited resources in a diversity of
habitat types.54−56 A debate is currently ongoing regarding the
efficacy of phosphorus-only (“single nutrient”) versus nitrogen-
and-phosphorus (“dual nutrient”) management strategies for
cyanobacteria bloom mitigation in aquatic ecosystems,57−60

adding to decision-making uncertainty. To offer initial insights
into how different cyanobacteria adapt to nutrient loads
(phosphorus and nitrogen) and the other physiochemical
variables over the past 40 years in Lake Diefenbaker, a state-of-
the-art Random Forest machine learning algorithm, a data
intensive and assumption free ensemble modeling approach,
was used to interpret and quantify the relative importance of
paleophysicochemical variables to the α-diversity of cyanobac-
teria community as expressed by Observed OTUs across all
sedimentary samples from the two sites and for both reverse
primers (Figure 4). To our knowledge, this is the first
investigation to concurrently explore relationships between
cyanobacteria community and paleovariables, as well as to apply
the Random Forests methodology to the measurement of
cyanobacteria dynamics. Our results revealed that percent N,
percent C, δ13C, δ15N, C/N ratio, and NAIP+OP content were
among the top six variables covarying with the number of
observed cyanobacterial OTUs (Figure 4B). Cyanobacteria
community was less sensitive to changes in NAIP+OP
concentrations than to percent N, as demonstrated by the

Figure 3. Shifts in β-diversity of cyanobacterial OTUs over time (years) in the Gardiner (LDGD) and Qu’Appelle arms of Lake Diefenbaker,
Saskatchewan, Canada. The nonmetric multidimensional scaling (NMDS) visualizes the relative dissimilarities of cyanobacterial OTUs (A-Primer A
and B-Primer B) among time and sampling sites (circle-LDGD and triangle-LDQA). Distance matrices were generated using Bray−Curtis
dissimilarities of normalized read counts, and ordination was selected by minimizing stress on two dimensions. Each point corresponds to
cyanobacterial reads from a normalized 16S rRNA gene sequencing library, and years are color coded in the corresponding legends. Shaded ovals
represent the 95% confidence ellipse around the centroids of sampling sites. Permutational multivariate analysis of variance test (PERMANOVA, n =
9999) further showed that cyanobacterial OTUs among time (years) and sampling sites (centroids of LDGD and LDQA) are significantly different
(Primer A: Adonis test-year p = 0.0005***, -site p = 0.071**; Primer B: Adonis test-year p = 0.0058**, -site p = 0.0054**).
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smaller variable importance (Figure 4B), which is similar to the
findings of 17-year data set (from October 1993 to December
2010) of a shallow subtropical Lake George in Florida, USA
showing most cyanobacteria genera were less sensitive to
changes in TP concentrations than to total Kjeldahl nitrogen
(TKN).54

As indicated by the partial dependency plot of the years, the
α-diversity index of observed cyanobacteria OTUs steeply
increased after 1990. This trend is coincident with previous
pigment-based studies that have inferred an increase in
cyanobacteria activity or presence in Lake Diefenbaker.7,25

The partial dependency plot also showed that cyanobacteria
community diversity increased with increasing abundance of
autochthonous materials (i.e., algal biomass), as indicated by a
declining sediment C:N ratio61,62 and δ13C and increased total
C, N and NAIP+OP content (Figure 4A).5 These results
indicate synchrony between various paleolimnological proxies
related to organic matter source and reservoir trophic status
and sedaDNA sequencing data, thereby demonstrating the
complementary nature of high-throughput sequencing to
traditional paleoenvironmental techniques. In addition, the
plots provided critical thresholds for these paleovariables for
cyanobacterial community diversity in this ecosystem. More
specifically, partial dependency plots of potentially manageable
factors (e.g., percent N, percent C, NAIP+OP content, and
δ15N) demonstrated their predominantly nonlinear relation-
ships with α-diversity, and the increases of their values from
certain critical thresholds (∼0.2 for percent N, ∼1.5 for percent

C, 400 mg/kg dry weight for NAIP+OP, and 7 for δ15N) were
likely to be associated with an increase in the observed OTUs
in the long term (Figure 4A). Critical thresholds for
management purposes have been developed for systems using
historical algal abundance and water quality data. For example,
an annual mean total phosphorus threshold of 0.05−0.063 mg
L−1 was recommended as a long-term target for effective
mitigation of blooms in the St. Johns River Water Management
District.63 Therefore, thresholds of environmental quality can
be retrospectively inferred from standard and DNA-based
paleoenvironmental lines of evidence, with potential application
for setting system-specific benchmarks for management or
remediation. However, given that diagenetic processes can
decrease sedimentary C, N, and P content over time, sediment-
based thresholds would most likely represent conservative
values. In addition, caution is required in attempting to use
sediment P concentrations to set thresholds, as detailed in the
Supporting Information. More ideally, sedaDNA sequencing
data would be paired with historical water quality data to derive
system-specific water quality thresholds.

Correlation of Paleovariables and Individual Cyano-
bacteria Genera. Multiple paleovariables have been inves-
tigated in Lake Diefenbaker, and inferred temporal trends
indicate changes in the ecology of both the Gardiner and
Qu’Appelle arms.5−7,33 Trends in sedaDNA data were
compared to assess synchrony and concordance among lines
of investigation (physicochemical, biochemical, and subfossil
remains). Spearman’s ranked correlation coefficient was

Figure 4. Random Forest (RF) model of paleophysicochemical variables on the alpha diversity (Observed OTUs) in Lake Diefenbaker. A Partial
dependence plots of paleophysicochemical variables for the RF predictions of alpha diversity. Partial dependence of a given parameter is the
dependence of the probability after averaging out the influence of other parameters in the model. Red line is the partial dependence data line. Blue
line with shaded areas is the local polynomial regression fitting trend line (LOESS). Shaded areas are the 95% CI for each model. B Variable
importance of paleophysicochemical variables on the alpha diversity.
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therefore applied to examine possible relationships among α-
diversities, individual paleovariables, and relative abundances of
individual cyanobacterial genera (Figures 5 and S6). Between
the two sites and two reverse primers, Dolichospermum and
Prochlorococcus were significantly and negatively correlated with
the C:N ratio and significantly and positively correlated with
multiple paleovariables (year, percent N; concentrations of
NAIP+OP, TP, alloxanthin, lutein-zeaxanthin, canthaxanthin,
chlorophyll a, chlorophyll b, chlorophyll ap, echinenone,
cholesterol, campesterol, and β-sitosterol; and percent relative
abundances of Aulacoseira ambigua [Bacillariophyceae] and T.
f locculosa) and the Shannon−Wiener index. Temporal trends in
sterols and stanols were similar to trends observed for various
pigments produced by cyanobacteria and illustrated covariance
with multiple cyanobacterial genera (Figures 5, 6, and S4).
Correlations among relative abundances of cyanobacteria
genera and concentrations of various algal pigments in
sediments (Figures 5 and S4) suggest an increase over time
in both overall algal production and the production of certain
cyanobacterial taxa. For example, myxoxanthophyll, echine-
none, and zeaxanthin are biomarkers of cyanobacteria.64 These
pigments were positively correlated in the Gardiner arm with
the relative abundance of various cyanobacteria genera
including Dolichospermum. It therefore follows that the total
production of Dolichospermum has increased in this arm over
time. Therefore, the combination of pigment analysis and
sedaDNA sequencing provides a means to draw inferences not
possible using either line of investigation individually.
Although there may be some uncertainty in interpreting

sedimentary phosphorus variables individually65 (discussed in
the Supporting Information), the positive correlation of the
relative abundances of Dolichospermum, the mcyA gene (in the
Qu’Appelle arm), and multiple proxies of trophic state (Figures
5, and S4) suggests concordance among proxies and provides
additional confidence in the inferred trends. In addition, the
pattern of concentrations of paleoenvironmental DNA
observed in the Qu’Appelle arm deviates from the monotonic
pattern anticipated due to the progressive decay of exogenous

DNA, i.e., concentrations of environmental DNA decreasing
progressively down-core. Therefore, similar trends in other
paleoproxies, including cyanobacterial pigments, biologically
available P, PRSi, and abundances of the mcyA gene in the
Qu’Appelle arm, suggest that potential for production of
cyanobacterial toxins covaries with trophic status within this
region of the reservoir.

Network Analysis between Paleovariables and Cya-
nobacteria Genera. Analysis of patterns of co-occurrence by
use of correlation-based network analysis allows detection of
pairwise relationships between taxa and characteristics of the
environment. This approach has been successfully applied to
discern ecological linkages among microorganisms in marine
water66 and soil67 and to elucidate interactions between
microorganisms in marine or lacustrine ecosystems and their
environments.68−70 This approach was applied in this study to
sedaDNA sequence data to identify nonrandom co-occurrence
patterns between genera of cyanobacteria and paleoproxies to
illuminate the associations between inferential variables and
diversity or composition of the cyanobacterial community. For
example, there were associations or interactions between
specific genera of cyanobacteria and a variety of paleovariables
for each primer used (Figure 6). For primer A and the Gardiner
arm (Figure 6A), Prochlorococcus, the most abundant
cyanobacteria identified, was associated with several phys-
icochemical factors. For the same site and primer, Dolicho-
spermum appears to be associated with biomolecules, such as
coprostanol, while the C:N ratio was correlated with
abundances of Nostoc and Prochlorothrix. Although interpreta-
tion of such associations might be unclear for a given variable
(co-occurrence versus causation), this demonstrates a novel
means to retrospectively assess relationships between taxa and
characteristics of the environment.44,71

Network analysis has also been used to reveal seasonal co-
occurrence patterns in bacterioplankton communities.72 Based
on this analysis, the cyanobacteria community of the down-
reservoir arms of Lake Diefenbaker can be arranged into
different groups. For example, Mod 1 shows linkages among

Figure 5. Matrix of Spearman’s ranked correlation coefficients (ρ) between α-diversities, individual paleovariables (sedimentary pigments, mcyA
gene, sterols, stanols, and main diatom species), and relative abundances of individual cyanobacterial genera in each cyanobacterial community. The
size and intensity of color for each circle represents the strength of the correlation (the larger, darker circles demonstrate robust and significant
correlation coefficients ρ). Blue colors illustrate positive correlations, and red colors illustrate negative correlation coefficients. Only correlations that
are statistically significant (p < 0.05) are shown.
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Prochlorococcus, Crocosphaera, Oscillatoria, Anabaena, Thermosy-
nechococcus, Aphanizomenon, and Microcystis; whereas, Dolicho-
spermum, Nostoc, and Prochlorothrix exhibited linkages among
each other. For primer B (Figure 6B), Dolichospermum appears
to have a more dominant presence, with strong correlations
with other cyanobacteria and with diatoms. Linkages within the
cyanobacteria community were observed, with key diatom
genera sharing correlations with cyanobacteria genera and
paleovariables. For the Qu’Appelle arm and primer A (Figure
6C), three dominant groups were observed, with diatoms
Fragilaria, Stephanodiscus, and Asterionella comprising one

group; Prochlorococcus, Symploca, Dolichospermum, and Oscil-
latoria consisting of another group; and Crocosphaera,
Thermosynechococcus, Leptolyngbya, Snowella, Trichodesmium,
Planktothrix, Gloeotrichia, Nostoc, and Aphanizomenon constitut-
ing the third major group. These groups all exhibited linkages
with different measured variables. Similarly, linkages among
various groups of cyanobacteria, diatoms, and physicochemical
variables were observed for primer B in the Qu’Appelle arm
(Figure 6D). As more becomes understood regarding the
influence of contemporary environmental variables on co-
occurrence patterns in bacterioplankton communities, historical

Figure 6. Network analysis of co-occurrence patterns among paleophysicochemical characteristics, paleobiological variables (sedimentary pigments,
mcyA gene, sterols, stanols, and core diatom communities), and cyanobacterial genera measured/identified in sediment cores collected from the
Gardiner (A: LDGD-A, B: LDGD-B) and Qu’Appelle (C: LDQA-A D: LDQA-B) arms of Lake Diefenbaker, Saskatchewan, Canada. A connection
stands for a robust and significant correlation (Spearman’s correlation coefficients |ρ| > 0.7 and p < 0.01). The node size and font size of each node is
proportional to the eigenvector centrality; the thickness of each edge is proportional to Spearman’s |ρ| ranging from |0.7| to |1|. The nodes were
colored by modularity class.
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associations derived from sedaDNA sequencing can be used to
hindcast environmental quality, similar to transfer functions for
water quality or temperature based on diatom or aquatic
invertebrate calibration data sets.73−75

This study demonstrated the feasibility and usefulness of
high-throughput sequencing as applied to sedaDNA for the
reconstruction of historical assemblages of cyanobacteria and
long-term (over 40 years) ecological trends in freshwater
ecosystems. The techniques herein are more taxonomically
comprehensive and sensitive compared to existing retrospective
tools (e.g., sedimentary pigment analysis) and can provide
much more detailed information regarding potentially harmful
taxa and taxa linked to taste-and-odor issues. Significant and
positive relationships between the abundances of mcyA gene
and those of other proxies for primary producers (cyanobac-
teria taxa) and autochthonous production confirmed the
successful use of this approach to assess the long-term potential
for toxin production in inland waters. Using the approach
herein, other freshwater ecosystems impacted by anthropogenic
activities can be retrospectively assessed for associations
between environmental conditions and algal community
metrics archived in sediments, via the Random Forests machine
learning model, to potentially infer critical threshold values that
could serve as ecosystem management or remediation targets.
In the absence of long-term monitoring data, this case study
demonstrates that a combination of paleoenvironmental DNA-
based data and paleoproxies can be leveraged to retrospectively
and objectively assess the influence of a changing environment
or ontogenic processes on cyanobacterial communities or other
photoautotrophic organisms in aquatic ecosystems (Figure S5).
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Materials and Methods 

Study area and sediment core collection 

 With an approximate length of 181.6 km, a maximum depth of 59 m, an area of 394 km2 

and a volume of 9.03 km3,1 Lake Diefenbaker is the largest multi-purpose reservoir in the 

Canadian Prairies. It provides power production, flood control, and water supply for mining, 

crop irrigation, various industries, wildlife interests and aquaculture. Although important to 

regional the economy, publically available long-term monitoring data are scarce for this reservoir 

or temporally discontinuous (e.g., Saskatchewan Environment and Public Safety and 

Environment Canada).2 

 Sediment cores collected from the Gardiner and Qu'Appelle arms of Lake Diefenbaker 

(Figure S1) were selected for sedimentary ancient DNA analysis based on sedimentary pigment 

trends that suggested increasing cyanobacteria activity over time at these two locations.3 

 

DNA extraction and sequencing of 16S rRNA amplicon 

The thermocycling program was as follows: 95 °C for 3-min, followed by 25 cycles of 

denaturation at 95 °C for 30s, annealing at 55 °C for 30s, and extension at 72 °C for 30s, and 

finally an extension at 72 °C for 5-min. PCR product size and integrity was verified on a 

Bioanalyzer DNA-1000 chip using a 2100 Bioanalyzer Instrument (Agilent Technologies, 

California, USA). Although the amount of DNA was sufficient, some sediment increments in the 

Gardiner arm core (13-14 cm, 15-16 cm, 17-18 cm, 20-21 cm, 22-23 cm and 24-25 cm for 

primer (a) and 17-18 cm for primer (b)) were not included for 16S amplicon sequencing, as their 

PCR amplifications and concentrations of the amplicon did not reach Illumina’s threshold of 4 

nM for sequencing. 
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PCR replicates were not analyzed in this study. The use of PCR replicates can help to 

reduce the risk of missing rare taxa, but false positives (artefacts interpreted as real diversity) are 

a potential consequence due to accumulation of artefactual sequences.4 Given that our intent was 

to demonstrate proof of concept, rare taxa (<0.1 % relative abundance) were removed from the 

dataset to avoid the possible confounding influence of these artefactual sequences. Had the rare 

taxa list been expanded through the use of PCR replicates, these taxa would similarly have been 

removed during data trimming. Provided that there was adequate DNA template in the sample 

(facilitated by our focus on relatively young, DNA-rich sediments), one Illumina sequencing run 

can produce millions of amplicons. This has been demonstrated to provide adequate coverage of 

cyanobacterial diversity, including low abundance or rare taxa, in sediment samples spanning 

over 200 years.5 

 

mcyA gene abundance 

The thermocycling program consisted of initial denaturation at 95°C for 3-min, followed 

by 25 cycles of 95 °C for 30s, 60 °C for 30s and 72 °C for 30s, and a final extension phase at 

72 °C for 5-min. The threshold cycle (Ct) was determined using traditional RT-PCR 

methodology where samples were taken every 5 cycles. The Ct was determined to be cycle 25. 

An equal volume of amplicon was then loaded onto a freshly prepared 1% agarose gel containing 

SYBR Safe DNA gel stain (Thermo Fisher Scientific, Massachusetts, USA) and relative 

intensities of their fluorescence (proportional to abundances of mcyA) were determined using a 

Bio-Rad VersaDoc MP 4000 Molecular Digital Imaging System (Hercules, CA, USA) running 

Quantity One software v.4.6.7. 
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Palaeo-variables 

A variety of physicochemical, subfossil and biomolecular variables are can be used to 

infer past environmental conditions. Those variables relevant to this study are briefly detailed 

below. 

1. Particle size distribution (clay content) 

Climate and catchment processes (e.g. hydrology, vegetation dynamics, erosion) 

influence the loading and composition of materials deposited in lakes and reservoirs. Reservoir 

geomorphology, hydrology and management (e.g., drawdown regime) in turn affect spatial 

deposition and physical sorting of these materials along the long-axis of the reservoir.6-8 

Therefore, changes to these processes manifest in the sediment stratigraphy as alterations in the 

physical characteristics of the material deposited (e.g., particle size distribution). 

2. Organic matter (TOC, TN, C/N ratio, δ13C and δ15N values) 

 Palaeo-variables related to organic matter production and sources include total organic 

carbon (TOC), total nitrogen (TN), and 13C/12C (δ13C) and 15N/14N (δ15N) isotopic ratios. 

The molar ratio between the TOC and TN (C:N ratio) can help differentiate between 

autochthonous (lower C:N ratios) and allochthonous (higher C:N ratios) organic matter 

sources.9,10 The δ13C value is indicative of the parent materials, with autochthonous materials in 

Lake Diefenbaker being depleted relative to particulate organic matter of terrestrial origin (27 ± 

0.3‰).8 The 15N/14N (δ15N) isotope ratio can be indicative of sediment material source or 

inform regarding water column processes. For example, nitrogen from fertilizers in surface run-

off and municipal wastewater effluents can increase δ15N values in sediment.12-14 

3. Phosphorus 
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Total sedimentary phosphorus (P) concentrations (TP) and three geochemical forms of P 

(apatite inorganic [AP], non-apatite inorganic [NAIP], and organic [OP]) were investigated in 

Lucas et al.8 and were included as variables of interest in this study. Organic P represents P 

associated with carbon (C–O–P or C–P bonds).15 Apatite inorganic P represents orthophosphates 

bound in a crystal lattice within apatite grains,15 but also includes P in calcite. Sources of apatite 

typically include surface run-off and the banks of the water body.15,16 Non-apatite inorganic P 

represents all remaining orthophosphates bound to particulate matter, and typically consists of 

orthophosphates bound to iron, aluminum and manganese.15 

The NAIP and OP fractions are typically of non-detrital origin, meaning that these 

fractions were in solution prior to either being mineralized or converted to an organic form 

before deposition. Changes in NAIP or OP concentrations in the sediment profile can suggest 

temporal alterations in the proportion of more biologically available forms of P in aquatic 

environments.17 For example, increased sedimentation of organic P, possibly due to increased 

autochthonous production, can increase the concentration of TP in sediment.18 However, care 

must be taken when attempting to infer long-term P trends in a water body using sediment P 

concentrations and geochemistry. For example, inference of long-term P trends based on 

sediment TP concentration profiles can be contentious.19 Complications in the interpretation of 

temporal P loading trends can arise from natural diagenetic processes that lead to upward 

migration of P within the sediment profile as a result of changing redox potential. With respect to 

this study, the significant correlation between manganese (soluble under reducing conditions) 

concentrations and sediment TP (Lucas et al.8; r = 0.525, p < 0.0001) in the sediment profile 

suggests some upward migration of P within Lake Diefenbaker sediments down-reservoir. 

However, similar to the findings of Hiriart-Baer et al.17, the movement of P within down-
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reservoir sediment profiles was likely transient due to the lack of a significant correlation 

between sediment TP and iron concentrations (Lucas et al.8, r = 0.079, p > 0.05). This suggests 

that significant upward movement of P was likely not occurring because of a lack of co-

precipitation between iron and orthophosphates within the upper sediment core profiles.17,20,21 

Furthermore, there was a strong correlation in surficial Lake Diefenbaker sediments between TP 

and TOC,8 supporting the conclusion that increased P deposition was likely associated with P 

sequestration and sedimentation processes of primary producers.17,21 

1. Particulate reactive silica 

Particulate reactive silica (PRSi) originates largely from diatomaceous silica (SiO2).22,23 

As pelagic diatom remains settle to the bottom of a waterbody, some fraction of these remains 

will become entrained in the sediment stratigraphy. Therefore, concentrations of PRSi in the 

sediment profile can inform regarding trends in historical diatom production in the water column. 

2. Subfossil remains 

Upon death, a variety of aquatic plant and animal taxa leave behind remains that, once 

entrained in bottom sediment, largely resist decomposition. By understanding the environmental 

preferences and tolerances of these organisms and how their communities respond to various 

stressors, inferences can be made regarding past environmental conditions or long-term 

ecological trends. Well-studied taxa include diatoms (Bacillariophyta, siliceous frustules) and 

benthic non-biting midges (Chironomidae, larval head capsules). 

3. Biomolecular remains 

In addition to physical remains, organisms can leave behind various biomolecules 

including pigments (algae and macrophytes), sterols (from plants and animals), or DNA 

fragments (all organisms). These remains can derive from allochthonous sources (i.e., the 
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catchment) and be carried into a system, or be derived internally (autochthonous). Algal 

pigments in sediments can be used as biochemical indicators for reconstructing trends in 

historical populations of photoautotrophic algae and prokaryotes, with each pigment being 

particular to different broad groups of taxa.24 Sterol and stanol sources are detailed further below 

in the Results and Discussion. 

 

Numerical Analyses 

For sequencing data processing, non-bacterial sequences were removed from all samples 

to obtain a strictly bacterial dataset. Cyanobacteria sequences were separated from this dataset to 

determine relative abundances of cyanobacterial genera within each sample, and these data were 

visualized using a Circos plot.25 Numbers of shared cyanobacteria OTUs between sampling sites 

and primers and global similarity (co-inertia) between cyanobacteria assemblages of two primers 

were determined using Venn diagram and co-inertia analysis (CIA) in the “VennDiagram” and 

“ade4” packages, respectively. A Monte-Carlo test with 9999 permutations was used for 

validating results of CIA. α-diversity (number of observed OTUs and Shannon-Wiener index) for 

communities was determined using “phyloseq”26 and measures cyanobacterial community 

differences within each sediment increment. For β-diversity (Bray-Curtis dissimilarity index), to 

avoid biases generated by different sequencing depths, all samples were normalized to the 

minimum number of total bacterial reads (10170) among all sequencing libraries. Reads of 

cyanobacteria community were then separated from these normalized libraries. 

The Mantel test (9999 permutations) was used to investigate correlations between β-

diversities of cyanobacterial genera (Bray-Curtis distance) and all measured paleo-variables 

(Euclidean distance) for each sampling site and primer using “vegan” package. Spearman's 
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ranked correlation was conducted to visualize correlations among the relative abundances of 

each cyanobacterial genus and with all available palaeo-variables via “Corrplot” and “Hmisc” 

packages. The p values were adjusted by Benjamini-Hochberg method. Network visualization 

and module detection of the co-occurrence relationships of all measured variables and 

cyanobacterial genera were conducted on the interactive platform of Gephi v 0.9.1 (WebAtlas, 

Paris, France) with Fruchterman-Reingold placement algorithm.27 The topology of the resulting 

network was described by a set of measures, including average node connectivity, average path 

length, diameter, cumulative degree distribution, clustering coefficient and modularity. In the co-

occurrence network, the nodes represent the measured variables and genera and the edges 

correspond to robust and significant correlations (|ρ|>0.7 and p<0.01) between nodes.  
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Results and Discussion 

Composition of cyanobacterial community 

DNA was successfully extracted from the complete temporal profile of each sediment 

core, with greater DNA concentrations occurring in the more recent sediments (Figure S2). A 

total of 658,714 reads were obtained for cyanobacteria in the 64 sequencing libraries. Global 

similarities between the products of amplification with reverse primers and sampling locations 

for cyanobacteria was 13.8% (p=0.199, permutation test n=9999) (Figure S3). 

 

Correlations between paleo-variables and β-diversity of cyanobacterial community 

 In general, β-diversities of cyanobacterial assemblages were significantly and positively 

correlated with year, δ15N, δ13C and percent relative abundance of Tabellaria flocculosa 

(Bacillariophyceae) for both primers and both sampling sites by Mantel test (Table S1). 

Significantly positive correlations between cyanobacterial assemblages and several palaeo-

variables, including NAIP, TP, C:N ratio, abundances of multiple sedimentary pigments 

(fucoxanthin, alloxanthin, canthaxanthin, lutein-zeaxanthin, chlorophyll a and chlorophyll ap), 

mcyA gene abundance, sterols (concentrations of cholesterol and campesterol), and abundance of 

Fragilaria capucina (Bacillariophyceae), were observed in the Qu'Appelle arm sediment core for 

both primers. 

 

Correlations of relative abundances of cyanobacteria with sterols and stanols 

In this study, 24-ethylcholesterol (β-sitosterol) and campesterol concentrations were 

significantly and positively correlated with the abundances of various cyanobacteria, including 

Dolichospermum. β-sitosterol and campesterol can be synthesized by many microalgae and 
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cyanobacteria,28,29 with β-sitosterol used to characterize cyanobacteria.29 Some terrestrial plants 

and green algae can also produce these compounds, including cholesterol,30,31 but in Lake 

Diefenbaker, due to the draw-down regime and frequent turbidity of water, macrophyte 

occurrence is limited. 
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Figure S1. Sediment core locations in the Gardiner (LDGD) and Qu'Appelle arms (LDQA) of 

Lake Diefenbaker, Saskatchewan, Canada. The location of Lake Diefenbaker in Canada is 

indicated by a blue star. 
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Figure S2. Concentrations of sedimentary DNA and A260/280 measuring DNA purity in 

sediment cores collected from the Gardiner and Qu'Appelle arms of Lake Diefenbaker, 

Saskatchewan, Canada. 
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Figure S3. A Venn diagrams showing the number of shared operational taxonomic units (OTUs) 

of cyanobacteria between sampling sites and primers. B Association between cyanobacterial 

assemblages of primer A (circles) and primer B (triangles) in the Gardiner (LDGD) and 

Qu'Appelle (LDQA) arms of Lake Diefenbaker by use of co-inertia analysis (CIA). Each data 

point in panel B represents a 16S rRNA amplicon sequencing library, and libraries from the same 

sample are linked together via a gray line. CIA is a multivariate method that identifies trends or 

co-relationships in multiple data sets. Global similarities (co-inertia) between primer A and 

primer B datasets is 13.78% (p=0.199, permutation test n=9999). 

A.                                                                            B. 

  



S15 

Figure S4. Correlation plots reveal the Spearman's Rank correlation coefficients (ρ) among 

paleo-physicochemical characteristics, paleo-biological variables (sedimentary pigments, mcyA 

gene, sterols, stanols and core diatom species), relative abundances of cyanobacterial genera in 

each cyanobacterial community, and alpha diversities of cyanobacterial community in the 

Gardiner (LDGD) and Qu'Appelle (LDQA) arms of Lake Diefenbaker with two different primers 

(A-LDGD-A, B-LDGD-B, C-LDQA-A, and D-LDQA-B). The intensity of color for each square 

represents the strength of the correlation (the darker squares demonstrate a strong correlation ρ). 

Blue colors illustrate significantly positive correlations and red colors illustrate significantly 

negative correlation coefficients (p<0.05). Statistically insignificant correlations are unshaded. 

A. 
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B.  
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C. 
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D. 
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Figure S5. A flow chart to illustrate the content and the implication of this study in 

paleolimonology. 
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Table S1. Mantel tests (9999 permutations) correlations between paleo-variables (sedimentary 

pigments, mcyA gene, sterols, stanols, and compositions of diatom community) (Euclidean 

distance) and beta diversity of cyanobacterial community (Bray-Curtis distance) at each 

sampling site with two primers. Data in bold indicate significant correlations at p<0.05*, 

p<0.01**, and p<0.001***. 

Items LDGD-A LDGD-B LDQA-A LDQA-B 

r P r P r P r P 

Year 0.345 0.042* 0.231 0.006** 0.476 0.003** 0.603 0.001*** 

Draw down -0.045 0.591 0.112 0.15 -0.065 0.598 -0.035 0.537 

AP -0.026 0.464 0.116 0.076 0.093 0.291 0.136 0.236 

NAIP -0.004 0.353 0.097 0.167 0.285 0.023* 0.361 0.01** 

OP 0.107 0.174 0.05 0.275 0.025 0.388 0.025 0.388 

NAIP+OP 0.063 0.212 0.11 0.13 0.22 0.053 0.276 0.028* 

TP 0.044 0.246 0.11 0.13 0.333 0.01** 0.418 0.004** 

Percent N 0.261 0.09 0.18 0.063 0.106 0.217 0.107 0.216 

δ15N 0.28 0.084 0.24 0.015* 0.452 0.007** 0.527 0.002** 

δ13C 0.367 0*** 0.181 0.023* 0.287 0.08 0.392 0.032* 

Percent C 0.232 0.094 0.165 0.081 0.015 0.424 0.004 0.464 

C/N ratio 0.326 0.062 0.215 0.058 0.284 0.023* 0.329 0.017* 

PRSi 0.077 0.225 0.069 0.216 0.044 0.371 0.092 0.286 

Fuco 0.137 0.136 0.051 0.255 0.25 0.04* 0.317 0.017* 

Myxo 0.128 0.111 0.028 0.328 -0.189 0.914 -0.183 0.835 

Allo 0.122 0.118 0.022 0.346 0.308 0.016* 0.396 0.008** 

Diato 0.201 0.065 0.052 0.253 0.181 0.12 0.221 0.084 

Lutein 0.141 0.094 0.028 0.325 0.314 0.012* 0.386 0.006** 

Cantha 0.226 0.066 0.094 0.15 0.28 0.029* 0.365 0.013* 

Chl-b 0.12 0.158 0.06 0.238 -0.028 0.491 -0.009 0.459 

Chl-a 0.208 0.069 0.036 0.288 0.238 0.047* 0.312 0.017* 

Chl-ap 0.117 0.12 -0.018 0.486 0.333 0.016* 0.427 0.004** 

Echine 0.056 0.226 -0.017 0.477 -0.072 0.621 -0.11 0.716 

Phaeo-B 0.01 0.354 0.038 0.298 -0.316 0.996 -0.263 0.954 
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Pheo-A 0.158 0.134 0.06 0.251 -0.25 0.933 -0.204 0.837 

β-car 0.123 0.153 0.004 0.41 -0.199 0.872 -0.19 0.858 

mcyA -0.011 0.386 0.046 0.27 0.347 0.008** 0.457 0*** 

Cholesterol 0.059 0.232 -0.017 0.481 0.31 0.032* 0.388 0.014* 

Campesterol 0.112 0.135 -0.032 0.554 0.303 0.018* 0.358 0.011* 

β-sitosterol 0.046 0.238 -0.038 0.575 0.197 0.089 0.248 0.044* 

Coprostanol 0.01 0.316 -0.093 0.775 -0.197 0.855 -0.146 0.702 

Stigmastanol 0.038 0.275 0.008 0.395 -0.179 0.815 -0.125 0.718 

Aulacoseira ambigua 0.022 0.366 0.016 0.375 0.152 0.183 0.148 0.184 

Asterionella formosa 0.179 0.102 0.145 0.079 0.067 0.277 0.148 0.149 

Cyclotella bodanica 0.073 0.233 0.158 0.033* 0.025 0.42 -0.019 0.494 

Fragilaria crotonensis 0.206 0.12 0.228 0.006** 0.065 0.318 0.066 0.316 

Stephanodiscus medius -0.151 0.854 -0.025 0.556 -0.037 0.453 0.042 0.367 

Tabellaria flocculosa 0.193 0.133 0.151 0.024* 0.605 0.001*** 0.626 0.001*** 

Stephanodiscus niagarae 0.096 0.168 0.187 0.025* NA NA NA NA 

Stephanodiscus parvus 0.165 0.115 0.205 0.039* NA NA NA NA 

Fragilaria capucina NA NA NA NA 0.242 0.047* 0.234 0.047* 

Cocconeis placentula -0.168 0.904 -0.032 0.539 NA NA NA NA 

Cyclotella 0.003 0.347 0.045 0.288 NA NA NA NA 
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Table S2. Topological statistics for co-occurring networks (Figure 6) among paleo-

physicochemical characteristics, paleo-biological variables (sedimentary pigments, mcyA gene, 

sterols, stanols and diatom taxa) and cyanobacterial genera at each sampling site with two 

primers. 

Name LDGD-A LDGD-B LDQA-A LDQA-B 

Nodes 49 47 51 47 

Edges 353 411 307 326 

Average Degree (AD) 14.408 17.489 12.039 13.872 

Network Diameter (ND) 5 3 4 3 

Graph Density (GD) 0.3 0.38 0.241 0.302 

Modularity (MD) 0.119 0.095 0.191 0.152 

Clustering coefficient (CC) 0.315 0.335 0.281 0.303 

Average path length (APL) 1.67 1.337 1.586 1.403 
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