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A B S T R A C T   

Aquatic palynomorphs have the potential to provide valuable insights into past environments but little has been 
done to assess the utility of freshwater dinoflagellate cysts as palaeoecological proxies of lacustrine environ
ments. This study is the first to compare the distribution of freshwater dinoflagellate cysts found in surface 
sediments from 32 boreal lakes with varying physical and chemical characteristics. Cysts of Fusiperidinium wis
consinense, Parvodinium umbonatum, and Peridinium willei were nearly ubiquitous, but of the remaining cyst taxa, 
only Parvodinium inconspicuum, Peridinium limbatum, and Peridinium volzii were abundant but present in a smaller 
number of lakes. Assemblage composition broadly clustered into three groups: 1) an assemblage (primarily 
Peridinium spp.) associated with relatively shallow, mesotrophic lakes; 2) an assemblage dominated by 
F. wisconsinense in mesotrophic lakes with intermediate depth and relatively high pH and alkalinity; and 3) an 
assemblage dominated by P. umbonatum in deeper oligotrophic lakes. Moreover, changes in dinoflagellate cyst 
assemblage were assessed in a sediment core spanning the Holocene from nearby Gall Lake and interpreted 
alongside other previously published paleoecological proxies from this core. High abundances of many dino
flagellate cysts including P. limbatum, P. willei, F. wisconsinense, and P. inconspicuum were observed when lake 
production was high at a time when lake-levels were low and climate was more arid than today. This study 
suggests that dinoflagellate cysts in lacustrine sediments are, when abundant, promising both in modern and core 
samples, and the relationships between assemblages today and in the past can contribution additional infor
mation in understanding past ecological conditions.   

1. Introduction 

Since the pioneering work of Bas van Geel in the 1970s illustrating 
the potential value of non-pollen palynomorphs (NPPs) as paleoenvir
onmental proxies (see Hooghiemstra, 2012), palynologists are increas
ingly aware of the fraction of their slides that is neither pollen nor 
embryophyte spores (van Geel, 2001; Haas, 2010; Miola, 2012; van der 
Linden et al., 2012). Many of these NPPs are the remains of algae that 
have acid-resistant walls at some stage of their life cycle, providing in
sights into some of the primary producers of lacustrine and marine 
ecosystems (Shumilovskikh and van Geel, 2020; McCarthy et al., 2021; 

Mudie et al., 2021). The resting cysts produced by many thecate dino
flagellate species (Bravo and Figueroa, 2014) can preserve well in lake 
sediments (Mertens et al., 2012) and are one group of aquatic paly
nomorphs that have been reported in palynological preparations. These 
include studies of Cenozoic lake sediments (Traverse, 1955; Wall and 
Dale, 1968; Norris and McAndrews, 1970; Evitt, 1974) and from paly
nological preparations of sediments from the Cretaceous (Batten and 
Lister, 1988a, 1988b; Batten, 1989; Zippi, 1998). Only recently how
ever, effort has been made to employ these common NPPs as paleo
limnological proxies for the last several hundred years (Tardio et al., 
2006, 2009; McCarthy et al., 2011; Mertens et al., 2012; McCarthy and 
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Krueger, 2013; Danesh et al., 2013; Drljepan et al., 2014; Volik et al., 
2016; Michels, 2018; Pilkington, 2019). 

Dinoflagellates are an important component of the plankton com
munity found in freshwater as well as marine environments (Guiry, 
2012), and their ecology and biogeography are well known in lakes from 
North America and Eurasia (e.g., Burden et al., 1986; Hansen and Flaim, 
2007; Popovský and Pfiester, 2008; Carty, 2014). The motile stage of 
dinoflagellates is preserved only in exceptional conditions (Masure 
et al., 2013; Krueger and McCarthy, 2016), but Mertens et al. (2012) 
estimated that nearly one-quarter of freshwater dinoflagellates produce 
cysts composed of a complex but inert biopolymer, like the 15–20% of 
marine species estimated by Head (1996). Unlike diatoms and the 
relatively well-known green algal palynomorphs Pediastrum and 
Botryococcus, the part of the dinoflagellate life cycle with high fossil
isation potential typically bears little or no resemblance to the motile 
thecate stage studied by phycologists, limnologists, and oceanographers. 
Less than one-third of the more than 300 species of extant di
noflagellates known from modern lakes have been linked to their thecate 
stages (Mertens et al., 2012), but excystment studies allow most of the 
commonly observed cyst taxa in sediments to be linked with their motile 
stage (Table 1). Nonetheless, many dinoflagellate cysts remain uniden
tified by pollen researchers who merely note their presence in their 
slides. 

Unlike analysts who have long employed a dual taxonomy for marine 
dinoflagellate cysts (e.g., Head et al., 2023), palynologists who study 
modern lake sediments typically name a cyst for the motile taxon from 
which it germinates (Evitt and Wall, 1968; Wall and Dale, 1968; Tardio 
et al., 2009; McCarthy et al., 2011). Molecular analyses are increasingly 
being used to provide information on the taxonomy and nomenclature of 
dinoflagellates, and molecular phylogeny is providing insights into the 
evolutionary radiation of dinoflagellates as they adapted to freshwater 
environments (Craveiro et al., 2013; Luo et al., 2016; McCarthy et al., 
2018). Dinoflagellate affinity can also be inferred in proximate or 
proximocavate cysts that closely resemble the cellulosic thecae of their 
vegetative stage (e.g., Fusiperidinium wisconsinense and Peridinium lim
batum; Table 1; Supplemental Data). In the absence of typical ‘peri
diniacean’ features (e.g., a paracingulum marked by ornamentation or 
by indentation of the outer wall or apical or antapical horns), a smooth 
inner wall and an outer wall that can bear ornamentation and the 

presence of a distinctive yellow/red body found within the cyst have 
been used as characteristics to identify less distinctive palynomorphs as 
dinoflagellate cysts (Mertens et al., 2012). 

Taxonomic uncertainty limits the value of the phycological literature 
to the interpretation of dinoflagellate cyst assemblages, but while even 
fewer cysts of marine dinoflagellates have been related to vegetative 
stages (in comparison to that of freshwater dinoflagellate cysts), they are 
a well-developed palaeoceanographic proxy. Assemblages of marine 
dinoflagellate cysts have been related directly to sea-surface conditions, 
and distributions in surface sediments show strong correlations to sea- 
ice cover duration, temperature, salinity, nutrients, and oxygen (e.g., 
de Vernal, 2009; Zonneveld et al., 2013; Ellegaard et al., 2017; Mudie 
et al., 2017; Marret et al., 2020; de Vernal et al., 2020; Thole et al., 
2023). Dinoflagellate cyst-based transfer functions have proven useful as 
indicators of past marine environments, particularly in high-latitude and 
coastal and neritic environments (e.g., Guiot and de Vernal, 2007) 
despite differential preservation potential of cysts to oxidation (Zonne
veld et al., 1997, 2008; Radmacher and Uchman, 2020). For example, 
cysts produced by protoperidiniacean dinoflagellates have proven more 
sensitive to oxidation than cysts produced by gonyaulacalean taxa, 
which can reduce the accuracy of paleoenvironmental reconstruction in 
samples from oxygenated depositional settings or in areas where sedi
mentation rates are very low and cysts are longer in contact with oxygen 
(Zonneveld et al., 1997, 2008; Hopkins and McCarthy, 2002). 

In the absence of quantitative information regarding the modern 
distribution of dinoflagellate cysts and the environmental variables that 
may influence their distribution, the cysts of freshwater dinoflagellates 
have primarily been used to qualitatively reconstruct paleoenviron
ments, typically in association with better-understood proxies (e.g., 
pollen, testate amoebae, sediment geochemistry) in the same cores 
(Burden et al., 1986; Danesh et al., 2013; Drljepan et al., 2014; Volik 
et al., 2016). Quantifying the relationship between dinoflagellate cysts 
in surficial lake sediments (i.e., the uppermost 0.5 to 1 cm in a core) and 
contemporaneous physical, chemical, and biological data (or long-term 
monitoring) and using this modern information alongside paleoecolog
ical information from widely used biological proxies can help us assess 
the utility of freshwater dinoflagellate cysts as a paleoecological proxy. 

The objectives of this study are to: 1) identify freshwater dinofla
gellate cyst assemblages in surficial sediment samples from a diversity of 
boreal lakes spanning a range of chemical and physical characteristics 
from the International Institute for Sustainable Development- 
Experimental Lakes Area (IISD-ELA) in northwest Ontario, Canada; 2) 
assess the relationships between the dinoflagellate cysts found in mod
ern sediments from these lakes to the measured physical and chemical 
environmental variables; and 3) examine the response of dinoflagellate 
cyst assemblages in a sediment core from a lake (Gall Lake), also located 
in northwest Ontario, to large changes in water level and lake produc
tion from well-studied proxies including diatoms and sedimentary pig
ments (Karmakar et al., 2015a, 2015b), and to changes in climate and 
aridity inferred from pollen (Danesh et al., 2021) over the Holocene. 

2. Regional site description and study lakes 

The focus of this study is on surficial sediments taken from boreal 
lakes located in the IISD-ELA (Enache et al., 2011) and a sediment core 
taken from a small boreal lake (Gall Lake, ~200 km northeast of IISD- 
ELA) in northwest Ontario, Canada (Fig. 1; Kingsbury et al., 2012; 
Karmakar et al., 2015a, 2015b; Danesh et al., 2021). These lakes are 
found in the Winnipeg River Drainage Basin (150,000 km2) located on 
the Precambrian (Canadian) Shield, which is dominated by granodiorite 
and overlain with shallow, poorly drained soils (Moos and Cumming, 
2011; Kingsbury et al., 2012). This region experiences a humid conti
nental climate (Köppen Dfb), with hot summers and long cold winters. 

The IISD-ELA is an important reference region as it consists of rela
tively undisturbed lakes and their watersheds (Findlay and Shearer, 
1992; Enache et al., 2011) and was only minimally impacted by acid 

Table 1 
Cysts that have been related to the motile vegetative stages of extant freshwater 
dinoflagellates.  

Dinoflagellate species Cyst–theca relationship 

Family: PERIDINIACEAE Ehrenberg 
Peridinium gatunense Nygaard Viner-Mozzini et al. (2003) – association 

with motile cells in the water column and 
in sediment traps 

Peridinium limbatum (Stokes) 
Lemmermann 

Evitt and Wall (1968) – incubation and 
excystment 

Peridinium volzii Lemmermann Krueger and McCarthy (2016) – multiple 
life stages in palynological preparations 

Peridinium willei Huitfeld-Kaas McCarthy et al. (2011) – incubation and 
excystment and molecular analysis  

Family: PERIDINIOPSIDACEAE Gottschling, Kretschmann & Zerdoner 
Parvodinium inconspicuum 

(Lemmermann) Carty 
McCarthy and Krueger (2013) – multiple 
life stages in palynological preparations 

Parvodinium umbonatum (F. Stein) Carty Tardio et al. (2006) – molecular analysis 
and association with motile cells in the 
water column and in sediment traps  

Family: THORACOSPHAERACEAE Schiller emend. Tangen in Tangen et al. 
Fusiperidinium wisconsinense (Eddy) 

McCarthy, Gu, Mertens & Carbonell 
Moore 

Wall and Dale (1968) – incubation and 
excystment 
Luo et al. (2016) – molecular analysis, 
from culture 

Chimonodinium lomnickii Craveiro et al. (2011) – from culture  
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precipitation and nutrient loading, in comparison to the heavily 
impacted areas in eastern North America (Meyer-Jacobs et al., 2019). 
The vegetation in the IISD-ELA watershed is dominated by black spruce 
(Picea mariana) and jack pine (Pinus banksiana) (Schindler et al., 1996). 
The study lakes are generally small (<100 ha, with the exception of Lake 
256 and Lake 468 that are 110 ha and 290 ha respectively), shallow to 
moderately deep (depth range = 2 to 27 m), oligotrophic to mesotrophic 
(total phosphorus (TP) range = 1 to 21 μg ⋅L− 1), slightly acidic to cir
cumneutral (pH range = 5.4 to 7.6), and with moderate to high con
centrations of dissolved organic carbon (DOC range = 3 to 15 mg/L) 
(Table 2; Enache et al., 2011). Mean annual temperature and mean 
annual precipitation from 1961 to 1990 in this region was ~2.4 ◦C and 
~ 633 mm, respectively (based on the climate station closest to IISD- 
ELA, i.e., Kenora; https://climate.weather.gc.ca). The IISD-ELA study 
lakes used to assess the modern-day distribution of dinoflagellate cysts 
(Fig. 1, Table 2) are a subset of those that were used to develop a diatom 
calibration set (Enache et al., 2011). 

Gall Lake (50◦ 14’ N, 91◦ 27’ W) is located near Sioux Lookout, 
approximately 200-km northeast of the IISD-ELA (Fig. 1). It is a rela
tively deep (Zmax = 18 m), dimictic lake with a relatively small surface 
area (19 ha). It is slightly acidic (pH = 5.9), oligo-mesotrophic (TP =

12.3 μg⋅L− 1) and has a relatively high concentration of DOC (15.8 mg/L; 
Kingsbury et al., 2012). The vegetation cover surrounding Gall Lake is 
comprised of black spruce (Picea mariana), jack pine (Pinus banksiana), 
and poplar (Populus spp.), with minimal anthropogenic activities in the 
catchment (Kingsbury et al., 2012). Mean annual temperature and mean 
annual precipitation from 1961 to 1990 in this region was ~1.2 ◦C and 
was ~710 mm, respectively (based on the climate station closest to Gall 
Lake, i.e., Sioux Lookout; https://climate.weather.gc.ca). Gall Lake was 
chosen to study the Holocene record as a) it is a headwater lake with 
small drainage area, making it more sensitive to climate change than 
lakes with larger drainage basins and/or higher-order lakes (Webster 
et al., 1996; Ala-aho et al., 2013) and b) it is a well-studied lake with 
published data on multiple established palaeoecological proxies i.e., 
diatoms (Karmakar et al., 2015a, 2015b), subfossil pigments (Karmakar 
et al., 2015b), and pollen (Danesh et al., 2021). 

3. Methods 

3.1. Sediment core collection and sample processing 

Sediment cores for the modern calibration set were collected in June 

Fig. 1. Map showing the study lakes from the International Institute for Sustainable Development-Experimental Lakes Area (IISD-ELA) used for the modern cali
bration set, and Gall Lake – where a core was taken for Holocene scale comparison and reconstruction. A) Depicts the location of IISD-ELA in northwest Ontario, 
Canada in relation to the Great Lakes. All lakes are reference systems with little to no anthropogenic impacts. B) Indicates the locations of 32 calibration lakes that 
were sampled. Surface sediments (top 0.5 cm) were taken from all lakes to develop a modern calibration set for freshwater dinoflagellate cysts. C) Shows the location 
of Gall Lake (50◦ 14’ N, 91◦ 27’ W) in relation to the ELA calibration lakes in northwest Ontario, Canada. A piston core was taken from the center of Gall Lake to 
compare changes in downcore dinoflagellate assemblages with changes observed from other well-established proxies throughout the Holocene. 
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2006 from the deep central basin of 40 IISD-ELA study lakes using a 
gravity corer with an internal diameter of 7.62 cm (Glew et al., 2002); 
detailed methods can be found in Enache et al. (2011). For the palae
oecological analysis, a ~ 5 m sediment core was collected (June 2011) 
from the deepest region of the central basin of Gall Lake (coring depth =
16.5 m) using a Livingstone square-rod piston corer with an internal 
diameter of 5.1 cm (Glew et al., 2002); detailed methods can be found in 
Karmakar et al. (2015a). All gravity cores were sectioned on site at 0.5- 
cm intervals into individual Whirlpak® bags. The piston cores were 
extruded on the coring platform and wrapped into PVC casings. All 
sediment samples were kept on ice until they could be stored in a cold 
room (~4o C) at Queen’s University. Both the modern surface sediments 
(IISD-ELA) and the Holocene-scale core (Gall Lake) were processed for 
dinoflagellate cysts at the Paleoecological Environmental Assessment 
and Research Lab (PEARL) using a modified procedure used for pollen 
analysis (e.g., Faegri and Iversen, 1989; Bennett and Willis, 2002). 
Briefly, sub-samples (~1 cm3) of sediment were treated with 10% hy
drochloric acid (HCl) to remove carbonates, and one tablet containing 
12,543 Lycopodium clavatum spores (batch # 124961) was added to 
quantify cyst concentrations (Stockmarr, 1971). The procedure differed 
from a standard pollen preparation in that: 1) acetolysis treatment was 
omitted in keeping with the recommendations of Mertens et al. (2009) to 
avoid degradation of dinoflagellate cysts; 2) during HCl treatment, the 
sample was warmed in a hot water (90 ◦C) bath for only 30 min; 3) KOH 
treatment was omitted because the lakebed sediments were not clay-rich 
and bases can degrade palynomorphs; and 4) no HF was used for the 
preparation of the slides that were used for data collection, because the 
sediments were highly organic. Following chemical treatment of the 
sediment, the remaining residues were sieved with a 5-μm Nitex® mesh 
to capture and concentrate the dinoflagellates, which were then back
washed into a beaker, and aliquots of the residue were mounted onto 
microscope slides with glycerine jelly. To provide a cleaner matrix for 
high-quality digital images, residues from 10 of the study lakes were 
later treated at Brock University with 48–52% HF to remove the silici
clastics and sieved with a 10-μm Nitex® mesh using deionised water, 
prior to the material captured in the sieve being backwashed into a 
beaker. Samples from the Holocene-scale core from Gall Lake were 
processed as described above, however a weak basic solution (0.02% 
sodium hexametaphosphate) was used to disaggregate clayey sediments 
near the bottom of the core. No samples from the Gall Lake core were 
treated with HF. 

The 0–0.5 cm interval (top) from each core from the IISD-ELA study 
lakes was analysed to determine the modern distribution of freshwater 
dinoflagellate cysts, while the sub-samples from the Gall Lake sediment 
core were taken at regularly spaced intervals (every ~16 cm) in order to 
compare dinoflagellate cysts-based assemblages with interpretations 
based on other algal proxies (diatoms and sedimentary pigments; Kar
makar et al., 2015a, 2015b) and pollen grains (Danesh et al., 2021) in 
the same core. A minimum sum of 50 dinoflagellate cysts was chosen 
(Heiri and Lotter, 2010; Larocque et al., 2001; Quinlan and Soml, 2001). 
Cysts were identified at 40× magnification under brightfield illumina
tion (Chambers et al., 2011) using descriptions and illustrations from 
several published sources (Table 1; Mertens et al., 2012). 

3.2. Sediment geochronology 

Detailed information pertaining to 14C dates from the Gall Lake core 
can be found in Moos et al. (2009) and Karmakar et al. (2015b). The age- 
depth model was constructed using the IntCal20 calibration curve 
(Reimer et al., 2020) using the rBACON (v. 3.1.1) modelling package in 
R (Blaauw, 2010; Blaauw and Christen, 2011; R Core Team, 2020) based 
on nine accelerator mass spectrometry (AMS) 14C age estimates (from 
Danesh et al., 2021). The default settings outlined by Goring et al. 
(2012) for the gamma distribution of the accumulation rates were used 
to run the model. The age-depth model was also re-applied to the pre
viously published pollen, diatom, and pigment data to which the 

Table 2 
Select environmental variables from the 32 Experimental Lakes Area study lakes. 
a  

Lake TP 
(μg⋅L− 1) 

TKN 
(μg⋅L− 1) 

DOC (mg 
L− 1) 

pH Zmax(m) Lake Area 
(ha) 

Lake 
93 4.4 353 8.4 6.5 9.0 7.9 

Lake 
99 9.7 551 8.9 6.4 7.6 6.5 

Lake 
109 3.1 295 5.5 7.0 9.4 14.4 

Lake 
110 2.0 323 6.2 6.6 12.6 5.9 

Lake 
114 3.0 418 7.1 6.5 2.5 13.2 

Lake 
115 15.3 627 11.3 6.1 4.0 6.5 

Lake 
129 8.3 465 9.6 6.5 6.1 4.5 

Lake 
131 21.3 470 6.8 6.1 1.8 3.1 

Lake 
132 7.3 348 5.2 6.4 7.3 7.2 

Lake 
149 13.0 700 8.0 7.0 4.3 28.0 

Lake 
150 7.8 830 8.1 7.1 1.8 13.0 

Lake 
163 4.4 258 4.5 7.1 8.3 15.7 

Lake 
164 5.1 334 8.8 6.7 7.0 15.3 

Lake 
165 7.4 391 9.3 6.6 4.6 11.4 

Lake 
224 1.0 213 3.4 7.0 25.0 25.4 

Lake 
226 4.0 280 7.2 6.6 13.0 17.0 

Lake 
240 3.6 299 6.4 6.9 11.0 44.1 

Lake 
256 4.4 237 3.3 6.7 21.9 110.0 

Lake 
257 11.0 361 9.1 6.3 8.7 28.2 

Lake 
377 4.0 260 4.8 7.2 15.8 27.2 

Lake 
378 3.5 300 6.9 7.0 16.4 8.1 

Lake 
383 3.8 369 8.4 6.7 9.0 5.2 

Lake 
384 5.7 389 9.4 6.6 3.5 6.3 

Lake 
435 1.6 214 4.7 7.2 13.7 5.7 

Lake 
438 11.1 917 9.2 6.7 3.0 17.0 

Lake 
468 4.3 321 5.0 7.0 12.1 290.0 

Lake 
625 1.6 318 5.9 6.9 27.1 77.5 

Lake 
626 3.4 304 5.5 7.1 12.8 24.5 

Lake 
627 5.2 330 5.8 6.9 7.6 34.9 

Lake 
629 2.1 286 7.8 6.8 18.5 63.2 

Lake 
631 2.0 298 5.4 7.6 6.0 38.4 

Lake 
661 13.7 526 15.3 5.4 2.0 5.0  

a For full list of water chemistry data please see Enache et al. (2011). TP =
Total Phosphorus, TKN = Total Kjeldahl Nitrogen, DOC = Dissolved Organic 
Carbon; Zmax = water depth near the center of each lake. 
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dinoflagellate cyst assemblages were compared to in this study. A new 
Bayesian age-depth model was developed on the near-shore core of Gall 
Lake (see Danesh et al., 2021) as this core provides qualitative changes 
in lake level, based on changes in planktonic diatoms. 

3.3. Numerical analysis of modern dinoflagellate cysts in surface 
sediments for the IISD-ELA Lakes 

Dinoflagellate cysts were grouped into three categories that reflect 
relative dominance of the various cyst types: 1) abundant taxa – cysts 
that achieved >20% relative abundance and had an effective number of 
occurrence of at least two lakes (i.e., Hill’s N2 > 2); 2) common types – 
morphotypes that achieved between 5% - 20% relative abundance and a 
Hill’s N2 > 2; and 3) rare types – all other morphotypes (i.e., <5% 
relative abundance and Hill’s N2 < 2). Principal Component Analysis 
(PCA) was used to determine the main directions of variation in the 
dinoflagellate assemblages for the abundant taxa and common taxa 
(Fig. 2), as the species turnover in this dataset was low (1.7 standard 
deviation units). In cases with low species turnover (i.e., generally less 
than 2 s.d. units) taxa will exhibit monotonic responses and linear 
ordination techniques are preferred (e.g., Birks, 1995). PCA is an un
constrained ordination technique that assumes a linear response model 
of taxa across the latent environmental gradients (ter Braak and 
Šmilauer, 2012). The PCA was performed using a square-root trans
formation of the relative abundance species data. To assess the rela
tionship between dinoflagellate cysts and measured environmental 
variable, the environmental variables were passively (i.e. do not influ
ence the position of species and site scores) plotted in the PCA ordina
tion space. The number of environmental variables chosen as potential 
explanatory variables was minimised by grouping environmental vari
ables that were highly correlated (r > 0.7) and choosing a representative 
variable for each group (Table 3). All ordinations were done using the 
computer program CANOCO v.5 (ter Braak and Šmilauer, 2012). His
tograms showing relative abundance of dinoflagellate cysts across the 
calibration set were graphed using the program C2 (Fig. 2; Juggins, 
2007), and the PCA biplots were graphed using CANOCO v5 (Fig. 3; ter 
Braak and Šmilauer, 2012). 

3.4. Numerical analysis of the changes in the Holocene cyst assemblage in 
down-core samples from the Gall Lake sediment core 

Dinoflagellate cysts that made up a minimum of 5% of the total 
assemblage in the Gall Lake (Fig. 4) piston core were graphed using the 
computer program C2 (Juggins, 2007). All cyst types enumerated were 
included, using ‘cf.’ to compare specimens that are similar to docu
mented taxa. Dinoflagellate cyst assemblages were examined over the 
Holocene in comparison with other published proxies in reference to the 
subepochs Early, Middle and Late Holocene based on the Greenlandian, 
Northgrippian and Meghalayan age boundaries as proposed by the In
ternational Commission on Stratigraphy as defined by GSSPs (Walker 
et al., 2019). Changes in the cyst assemblages were examined in terms of 
relative abundances and concentrations. Cyst diversity was also exam
ined using the Shannon Diversity Index (SDI) calculated from the 
dinoflagellate cyst assemblage at each depth to examine the change in 
species diversity over time. Total dinoflagellate cysts and concentrations 
of specific taxa (e.g., Fusiperidinium wisconsinense) were plotted with the 
other published proxies (diatoms (Karmakar et al., 2015a), pigments 
(Karmakar et al., 2015b), pollen (Danesh et al., 2021)) for this core 
(Fig. 5). 

4. Results 

4.1. Geochronology 

Based on the 210Pb radioisotopic analysis of Mushet et al. (2018) 
from six of the IISD-ELA calibration lakes, the ages of the surface sedi
ments used for analysis represent the most recent years of sediment 
accumulation from each lake. Age-depth chronologies for the sediment 
core Gall Lake are based on calibrated 14C dates (Danesh et al., 2021). 
The age-depth model shows a strong, near-linear relationship with no 
reversals or hiatuses in sedimentation and the piston core from Gall Lake 
spanned ~10,000 cal. BP (Danesh et al., 2021). The time span inte
grated by each 0.5-cm interval over the last ~10,000 years is ~12 years 
for Gall Lake. 

Fig. 2. Relative abundances of the abundant (>20% and N2 > 2) and common (5%–20% and N2 > 2) dinoflagellate cysts in modern surface sediments taken from 
the 32 study lakes in the International Institute for Sustainable Development-Experimental Lakes Area (IISD-ELA). The x-axis represents the relative abundance of the 
dinoflagellate cysts, and the y-axis represents the individual lakes. Dinoflagellate morphotypes and lakes are arranged according to the PCA first-axis species scores 
and sites scores, respectively. Lake codes are those of the IISD-ELA. Asterisks indicate samples with low raw counts (* = 50–100 counted, and ** = 27–50 counted). 
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4.2. Distribution of modern dinoflagellate assemblages in the IISD-ELA 
calibration lakes 

Dinoflagellate cysts were counted from the surface sediments of 40 
IISD-ELA lakes. In eight lakes, dinoflagellate cyst counts were < 20, 
therefore those lakes were omitted from the PCA analysis, leaving a total 
of 32 lakes (Fig. 1). The average cyst count across the 32 lakes was ~130 
cysts per sample, ranging from ~30 to ~340 cysts. Thirty-seven dino
flagellate cyst morphotypes were enumerated, of which only eight taxa 
were included in the statistical analysis as they met the cut off criteria of 
reaching at least 5% relative abundance in at least two lakes. Only six 
taxa were identified to species level (Supplemental Data) based on 
published cyst-theca relationships documented in Table 1, and two other 
cyst types were tentatively identified as cf. Apocalathium sp. (Craveiro 
et al., 2016) and Peridinium cf. cinctum, although the morphology of the 
latter can be highly variable (Izquierdo López et al., 2018). The majority 
of the other unidentified morphotypes were rare, consisting of less than 
5% with an effective number of occurrences less than 2 (Hills N2 < 2), 
but share the characteristics of freshwater dinoflagellate cysts (Mertens 
et al., 2012): a small to relatively large (ca. 20–100 μm diameter) cyst 
with a thick double wall, presence of a dark “red body” indicative of cell 
contents/plastids and the presence of an archeopyle reflecting the po
sition of one of more thecal plates. 

Dinoflagellate cyst morphotypes were arranged according to their 
PCA axis-1 site and species scores, respectively (Fig. 2), with Lake 627 (a 
relatively large, shallow lake and higher nutrient concentrations being 
most dissimilar from Lake 435 (a small, deep lake with relatively low 
concentration of nutrients; Table 2). Of the six abundant dinoflagellate 
cyst taxa (>20% and N2 > 2), two can be classified as dominant: Par
vodinium umbonatum, comprising ~60% to 90% of the cyst assemblage 
in lakes represented in the bottom half of the histogram, and 
F. wisconsinense, comprising ~60% to 80% of the cyst assemblage in 
lakes represented in the top half of the histogram (Fig. 2). Peridinium 
willei was found in all lakes and F. wisconsinense and P. umbonatum were 
found in surface sediments from 31 of the 32 lakes (Fig. 2, Table 4). Cysts 
attributed to Peridinium volzii, Parvodinium inconspicuum and P. limbatum 
were present in several lakes and were occasionally abundant (~20% of 
the assemblage in Lake 115 were attributed to P. volzii and cysts of 
P. inconspicuum made up over 20% of the assemblage in Lake 378, and 
P. limbatum made up ~60% of the total cyst assemblage in Lake 661). Of 
the eight common cyst morphotypes, cf. P. cinctum and cf. Apocolathium 
spp. were identified based on literature descriptions and images 
(Table 1, Supplemental Data). 

The PCA biplots show a clear separation of the lakes and the dino
flagellate cyst assemblages (Fig. 3a), with over 50% of the variance in 
the species assemblages between lakes explained by PCA axis-1 (eigen
value = 0.48) and PCA axis-2 (eigenvalue = 0.16). P. umbonatum was 
negatively associated with PCA axis-1, whereas most of the other 
dinoflagellate cysts show positive values on axis-1, and separation on 
PCA axis-2. Many of the measured environmental variables co-varied 
(Table 3), and six limnological variables were chosen to be passively 
projected on to the PCA biplot to show the relationship of cyst types and 
lakes to important environmental variables (Fig. 3b). Log Depth, Log 
DOC, Log TP, and Log TKN were highly related to PCA axis-1 and Log 
ALK and pH highly correlated to PCA axis-2 (Fig. 3b). Log Depth was 
inversely related to Log DOC, Log TKN and Log TP (Table 3, Fig. 3b). 
Alkalinity and pH were highly correlated to each other but not strongly 
correlated with depth or nutrients (Table 3, Fig. 3b). Most of the cysts 
(including P. inconspicuum and cf. A. aciculiferum) occurred in the 
shallow, nutrient-rich lakes, whereas cysts of F. wisconsinense (and less 
strongly P. willei and P. limbatum) were found in intermediate to shal
lower mesotrophic lakes and P. umbonatum was most abundant in the 
moderate-to-deep oligotrophic lakes with low alkalinity. 
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4.3. Gall Lake Holocene record 

Dinoflagellate cysts were extremely sparse (average concentration ~ 
6.5 × 102 cysts/g) in the Early Holocene sediments, consisting solely of 
two taxa: P. willei (~20%) and P. inconspicuum (>70%), resulting in very 
low Shannon Diversity Index (SDI 0.28 to 0.56). Cysts of F. wisconsinense 
co-occurred with P. inconspicuum and P. willei during the Middle Holo
cene and became relatively abundant when total cyst concentrations 
increased around 7500 cal. BP (Fig. 4). Cysts of P. limbatum and Chi
monodium lomnickii were also present in sediments of Middle Holocene 
age and never exceeded ~3% of the assemblage but contributed to 
higher Shannon Diversity Index values between ~6000 and 4000 cal. 
BP. Both the highest (SDI = 1.4) and lowest cyst diversity (SDI = 0) were 
found in the Late Holocene, with the largest number of species identified 
throughout the core (including rare cysts of. Peridinium gatunense, P. 
volzii, P. umbonatum, C. lomnickii, and P. limbatum, in addition to the 
dominant taxa (P. willei and F. wisconsinense), but three samples con
sisted of entirely of F. wisconsinense or P. willei (Fig. 4). No cysts of 
P. inconspicuum are present in sediments younger than ~4000 cal. BP. 
Cyst concentrations were generally low during the Late Holocene 
(average dinoflagellate cyst concentration = 2.5 cysts/g). 
F. wisconsinense was the dominant cyst in sparse samples, except in a few 
samples deposited around 1500 cal. BP, where P. willei dominated. The 
rest of the dinoflagellate cysts made up less than 15% of the total relative 
abundance with no clear pattern in the Late Holocene. 

4.4. Comparison of dinoflagellate cyst assemblages found in the 
calibration set to the assemblage found in the sediment core from Gall Lake 

Of the 37 cyst morphotypes identified in the 32-lake modern cali
bration set from the IISD-ELA, only seven were present in the core from 
Gall Lake, while cf. P. gatunense identified in Gall Lake core samples was 
not found in the modern-day calibration set. Very low dinoflagellate cyst 
counts were achieved in the upper and lower parts of the core, with ~30 
cysts/sample in comparison to an average of ~140 cysts/sample in the 
modern calibration set, but counts were higher in Middle Holocene 
samples of Gall Lake (mean count: ~70 dinoflagellate cysts). Each of the 
dominant taxa in the core was compared to the maximum abundance in 
the modern dataset to identify the taxa in the cores that were not well 

represented in the modern samples (Table 4). Three dinoflagellate cyst 
taxa were abundant (>20%) in the Holocene sediments (Fig. 4). All 
three cyst taxa occurred at higher relative abundances in core sediments 
from Gall Lake than in any of the modern sediments from the IISD-ELA 
lakes. P. inconspicuum was the dominant taxon (80% – 100% of cyst 
assemblage) throughout most of the Early and Middle Holocene in Gall 
Lake but was found in the surface sediments of only 14 lakes with 
average 3% relative abundance (reaching ca. 20% in Lake 115 and 129). 
Conversely, cysts of P. umbonatum, and to a lesser extent, P. limbatum 
and P. volzii, that reached ~24% - 91% in the modern cyst assemblages, 
were present in less than 25% of the core samples and were mainly 
observed in the Late Holocene sediments of Gall Lake (Table 4). 

5. Discussion 

5.1. Modern distribution of freshwater dinoflagellate cysts in relation to 
environmental variables 

Prior to this study, limited efforts had been made to systematically 
relate the distribution of cysts of freshwater dinoflagellates to limno
logical variables thus making it hard to quantify their use as paleoeco
logical proxies. Zippi et al. (1990) published qualitative observations of 
dinoflagellate cysts in surface sediments from 10 lakes in central Ontario 
and related their distribution specifically to lake-water pH, although a 
few other environmental variables were measured. Dinoflagellate cysts 
in their samples appeared to be more sensitive proxies of lake acidity 
than green algal palynomorphs on the same slides, but again, this was a 
qualitative assessment. Here we provide a more comprehensive analysis 
of the environmental relationship of dinoflagellate cysts observed in our 
32-lake calibration set from the IISD-ELA in northwest Ontario (Canada) 
as a first step to be able to assess the relationship between freshwater 
dinoflagellate cysts and environmental variables to determine their 
potential as paleoecological proxies of change. From the IISD-ELA cali
bration set, the composition of the dinoflagellate cyst assemblage can be 
broadly clustered into three groups: 1) a diverse assemblage (primarily 
Peridinium spp.) associated with relatively shallow-moderate depth 
mesotrophic lakes; 2) an assemblage dominated by F. wisconsinense 
found in shallow-to-intermediate depth mesotrophic lakes with rela
tively high pH and alkalinity; and 3) an assemblage dominated by 

Fig. 3. Principal Component Analysis (PCA) biplots showing the distribution of the abundant (>20% and N2 > 2) and common (5% – 20% and N2 > 2) freshwater 
dinoflagellate cysts in the modern sediments of 32 lakes in the International Institute for Sustainable Development-Experimental Lakes Area (IISD-ELA). A) PCA 
biplot showing the distribution of freshwater dinoflagellate cysts in relation to the position of the study lakes (circles). B) PCA biplot of the IISD-ELA study lakes, with 
select environmental variables (based on correlation matrix, Table 3) included in the analysis plotted passively. Lakes with dinoflagellate cyst counts less than 30 
were eliminated from this analysis. Abbreviations: Log Depth = Log Sample depth; Log TP = Log total phosphorus, Log DOC = Log dissolved organic carbon, Log 
TKN = Log total Kjeldahl nitrogen, Log ALK = Log Alkalinity. Asterisks indicate low raw counts (* = 50–100 counted, and pH. ** = 27–50 counted). 
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P. umbonatum in deep, oligotrophic lakes. This provides evidence that 
the cyst record of freshwater dinoflagellates in sediments from this 
boreal region is related to water depth, nutrients, and lake-water pH. 

5.1.1. Dinoflagellate cyst assemblage in shallow, meso-eutrophic lakes 
According to qualitative studies, the most diverse cyst assemblages 

are found in sediments from meso-eutrophic lakes with circumneutral 
pH (Zippi et al., 1990, 1991; McCarthy et al., 2011, 2017). In the IISD- 

ELA calibration lakes, the highest diversity of dinoflagellate cysts (75% 
of the total assemblage in the calibration set) was observed in the more 
shallow, high nutrient, low-to-circumneutral pH lakes (Fig. 3). Most 
notably, nutrients were strongly related to the dinoflagellate cyst as
semblages across all 32 IISD-ELA lakes (Fig. 3). Cysts of Peridinium spp. 
(P. limbatum, P. willei, P. volzii, and cf. P. cinctum) commonly co-occurred 
with P. inconspicuum and cysts tentatively attributed to A. aciculiferum in 
sediments from relatively nutrient-rich lakes with relatively high TP 

Fig. 4. Stratigraphies representing the a) relative abundance (%) and b) concentrations (cyst/g) of the freshwater dinoflagellate cysts assemblage found from the 
central piston core taken from Gall Lake. The stratigraphy is graphed based on a Bayesian age-depth model based on calibrated accelerator mass spectrometry (AMS) 
14C dates (Danesh et al., 2021). Major zones were divided into the subepochs Early, Middle and Late Holocene based on the Greenlandian, Northgrippian and 
Meghalayan age boundaries as proposed by the International Commission on Stratigraphy as defined by GSSPs (Walker et al., 2019). Shannon Diversity Index (SDI) is 
presented on the relative abundance figure (Fig. 4a). 
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concentrations (Table 2, Fig. 3). Several of these cysts have been shown 
to increase in abundance in eastern North American lakes in tandem 
with evidence of agricultural impact, both indigenous and colonial, 
suggesting that they are useful proxies of cultural eutrophication 
(Burden et al., 1986; McCarthy et al., 2011, 2018; Danesh et al., 2013; 
Krueger and McCarthy, 2016; Volik et al., 2016). 

In the 32-lake calibration set, cysts assigned to P. inconspicuum 

(Krueger, 2012; McCarthy and Krueger, 2013) were found in several of 
the lakes, but they are typically rare in the lakes where pH values are 
generally around or slightly lower than 7 (Table 2, Fig. 3). These 
inconspicuous, small, smooth-walled colourless cysts are common in 
sediments from alkaline lakes, such as Lake Simcoe, Ontario (Danesh 
et al., 2013; Volik et al., 2016) and they are abundant in sediments from 
Crawford Lake, in a karstic sinkhole in the Niagara Escarpment of 

Fig. 5. Summary figure comparing concentrations of total freshwater dinoflagellate cysts to concentrations of all major proxies analysed (pollen (Danesh et al., 2021) 
and diatoms (Karmakar et al., 2015a, 2015b) from the same central basin core in Gall Lake. The proxies included in this figure are diatom inferred total phosphorus 
(DI-TP) (Karmakar et al., 2015b), planktonic diatoms (based on a near shore core taken in Gall Lake (Karmakar et al., 2015a), fossil pigments (chlorophyll a (plant, 
algae) β-carotene (all plants) and okenone (purple sulphur bacteria)(Karmakar et al., 2015b), fossil pollen (Danesh et al., 2021), and reconstructed temperature and 
evapotranspiration (based on fossil pollen relative abundance (Danesh et al., 2021)). All stratigraphies are based on concertation data (unless otherwise stated). The 
stratigraphy is graphed based on a Bayesian age-depth model based on calibrated accelerator mass spectrometry (AMS) 14C dates (Danesh et al., 2021). Major zones 
were divided into Early, Middle and Late Holocene based on the boundaries proposed by the International Commission on Stratigraphy as defined by GSSPs (Walker 
et al., 2019). Abbreviations: NS = near shore, Chl_a = chlorophyll a, B_car = Beta carotene, Tave = average annual temperature, ET = evapotranspiration, and OM =
organic matter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 4 
Percent of dinoflagellate cysts in ELA surface sediments (modern) versus down core Gall Lake sediments (Holocene scale).a 

Dinoflagellate 
cyst

Mean % 
in ELA 
Lakes

% Range
in ELA 
Lakes

Observed 
in # of 32 

Lakes

Mean %
down core 
Gall Lake

% Range 
downcore 
Gall Lake

Observed in # 
of 27 samples 

down core
Gall Lake

Time range in 
Gall Lake core

F. wisconsinense 22% 0 – 78% 31 32.5% 0 – 100% 19 7700 cal. BP –

present

P. willei 15% 0.9 – 43% 32 31% 0 – 100% 24 11,700 cal. BP –

present

P. inconspicuum 3.5% 0 – 27% 19 24% 0 – 92% 12 11,700 cal. BP–

4000 cal. BP

C. lomnicki 0.5 % 0 – 3.7% 10 0.8% 0 – 14.3% 2 4500 cal. BP –

2000 cal. BP

P. limbatum 3.4% 0 – 59% 10 0.8% 0 – 8.3% 4 8,236 cal. BP –

present

P. volzii 1.5% 0 – 24% 14 0.7% 0 – 7.7% 3 4,230 cal. BP –

present

P. umbonatum 45% 0 – 92% 31 1.6% 0 – 23% 5 8,236 cal. BP –

present

a Shading identifies taxa more abundant in at least one lake in the ELA calibration set than in the Gall Lake core, bold font identifies taxa more abundant in some core 
samples than in any of the calibration lakes. 
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Ontario (Krueger and McCarthy, 2016). 

5.1.2. Dinoflagellate cyst assemblage in mesotrophic, intermediate lakes 
with higher pH 

The association of F. wisconsinense with mesotrophic, intermediate- 
to-shallow lakes with relatively high pH and alkalinity found in this 
calibration set is a well-documented relationship (Meyer, 1969; Mertens 
et al., 2012; Danesh et al., 2013; McCarthy and Krueger, 2013). High 
abundances of F. wisconsinense have been previously correlated to cir
cumneutral to high pH, with optimal pH being between 6 and 7 
(McCarthy et al., 2011) and reports of this cyst from several estuarine 
depositional settings on the Atlantic coast of North America are 
consistent with greater tolerance for alkaline and basic waters (Miller 
et al., 1982; Pospelova et al., 2005). The decline in abundance of cysts of 
F. wisconsinense in sediments deposited in many North American lakes 
since the late 19th century could reflect the increased acidity (Danesh 
et al., 2013; Volik et al., 2016; Pilkington, 2019), so they may be a useful 
proxy of lake acidification. 

5.1.3. Dinoflagellate cysts assemblage in deep, oligotrophic lakes 
Although P. umbonatum was observed in 31 of the 32 lakes in the 

IISD-ELA calibration set, a strong positive relationship between water 
depth and abundance of P. umbonatum was observed (Table 2; Fig. 3) 
with the assemblage of deeper lakes (~10 m–30 m) containing 50 to 
100% P. umbonatum. Therefore, an environmental relationship between 
water depth and P. umbonatum is inferred. However, this finding is also 
consistent with their demonstrated sensitivity to oxidation and thus, 
taphonomic factors could be important. In samples processed without 
acetolysis from Plastic Lake, the peridinioid brown cysts of 
P. umbonatum comprise over 90% of the assemblage in surface-sediment 
samples from below the seasonal thermocline (McCarthy et al., 2021) 
although they are rare in the 10-lake dataset from Ontario (Zippi et al., 
1990), and in grab samples from nearby Harp Lake. In Harp Lake, this 
was attributed to the seasonal thermocline being below 20 m in this 35 
m deep lake, so that the samples recovered with a 20 m cable had oxi
dised assemblages (Krueger et al., 2019). The common observation that 
these small, brown cysts increase sharply in abundance in Ambrosia-rich 
palynological preparations suggests that the high rates of sedimentation 
since colonial settlement of eastern North American lakes may have 
promoted their preservation (Michels, 2018; Pilkington, 2019). 

The (dominant) presence of P. umbonatum in more oligotrophic lakes 
(Fig. 3) is also consistent with its abundance in oligotrophic, low- 
alkalinity lakes observed in Europe (Tardio et al., 2006, 2009), China 
(although erroneously identified as P. inconspicuum by Chu et al., 2008 – 
see McCarthy and Krueger, 2013), and North America (Michels, 2018; 
Krueger et al., 2019; Pilkington, 2019), thus suggesting an environ
mental relationship to lower nutrient levels. In North America specif
ically, P. umbonatum is often abundant in slightly acidic, soft-water 
lakes, such as Plastic Lake in central Ontario (Krueger et al., 2019), 
and its cysts strongly dominate assemblages in modern lake sediments in 
regions like central Ontario, northern Michigan (Michels, 2018) and 
eastern Massachusetts (Pilkington, 2019). Therefore, distribution of 
cysts of P. umbonatum in the IISD-ELA calibration are consistent with 
previous studies indicating an association with slightly acidic oligotro
phic lakes (Fig. 3). 

5.2. Holocene dinoflagellate cyst assemblage compared with other well- 
established proxies recoded in Gall Lake over the Holocene 

A modern calibration-set, such as the one in this study, provides 
insights into which variables have the potential to be reconstructed 
(Telford and Birks, 2011). Assessing changes in assemblages throughout 
a sediment core and comparing them with commonly used proxies of 
change, provides additional information on their utility as paleoeco
logical indicators in aquatic environments, specifically when combining 
different proxies from the same core (Birks and Birks, 2006; Smol, 2002, 

2010). Here we explore the changes in the dinoflagellate cyst assem
blage through the Holocene, with the insights from the calibration set 
and records of three other well-established proxies - pollen (Danesh 
et al., 2021), diatoms (Karmakar et al., 2015a, 2015b), and pigments 
(Karmakar et al., 2015b). 

Throughout the early Holocene (Greenlandian, Walker et al., 2019), 
a period characterised as a cool phase with high effective moisture in 
this region of northwest Ontario (pollen; Danesh et al., 2021), the 
dinoflagellate cysts assemblage was sparse and was made up of P. willei 
and P. inconspicuum (Fig. 4). These taxa were both associated with 
shallow lakes in the calibration set, and the presence of P. inconspicuum 
(as it was rare in lakes with pH values of 7 or lower in the calibration 
set). The diatom assemblage during this period was rich in small benthic 
taxa, mostly S. pinnata (Fig. 5; Karmakar et al., 2015b) – an assemblage 
that is common in the early history of lake development and can be 
associated with unproductive, alkaline, but turbid lakes (Fritz et al., 
2004; Moos et al., 2009). The low production of dinoflagellate cysts is 
consistent with the overall low production inferred from the diatoms 
and pigments in Gall Lake at this time (Fig. 5; Karmakar et al., 2015a, 
2015b). 

There is a general increase in both abundance and diversity of the 
dinoflagellate cyst assemblage throughout the Middle Holocene 
(Northgrippian, Walker et al., 2019), an interval characterised as 
warmer and drier with low effective moisture (pollen, Fig. 5; Danesh 
et al., 2021), and resultant low water levels, and higher nutrients. The 
rise in temperature may be reflected in the increase in F. wisconsinense, 
which has been associated with warmer temperatures (Mertens et al., 
2012). Declining lake levels during the Middle Holocene is inferred in 
the decline in okenone concentration, which may have enhanced 
oxygenation of the lake by mixing when the lake became shallower, as 
inferred by the diatoms, causing the disappearance of the purple sulphur 
bacteria, which is an obligate anaerobe (Fig. 5). Interestingly, peak 
dinoflagellate cyst concentrations occurred just prior to the disappear
ance of the purple-sulphur bacteria (Fig. 5), at a time of enhanced 
production as inferred by the pigments, perhaps reflecting a combina
tion of ecological and taphonomic factors between ca. 7000 and 6400 
cal. BP. Specifically, the high relative abundance and concentration of 
P. inconspicuum and P. willei suggested enhanced production at this time. 
These cyst taxa were correlated with relatively high nutrient concen
trations in the IISD-ELA calibration set (Fig. 3) and their cysts were 
found to be resistant to oxidation through exposure to hydrogen 
peroxide in controlled laboratory settings (Krueger et al., 2019). More
over, at ~6500 cal. BP, P. umbonatum was present (in low concentra
tions) and as previously stated has demonstrated sensitivity to 
oxidation; thus, its presence suggests that conditions in the lake were 
favourable for preservation at this time. Cysts of P. limbatum are also 
present in the relatively diverse assemblages of the Middle Holocene, 
and these are also associated with relatively nutrient-rich shallow lakes 
in the IISD-ELA calibration set (Fig. 3), and the common presence of 
P. limbatum in acetolysed preparations (Norris and McAndrews, 1970; 
Zippi et al., 1990) attests to its resistance to oxidation. The overall in
crease in primary production recorded in the dinoflagellate cysts 
assemblage during the Middle Holocene is consistent with the increase 
in nutrient concentrations inferred from the diatom inferred total 
phosphorus (DI-TP) (Fig. 5; Karmakar et al., 2015a) and high concen
trations of chlorophyll a and Beta-carotene in the lake sediments (Fig. 5; 
Karmakar et al., 2015b). Thus, based on the dinoflagellate assemblage, 
shallower, more nutrient-rich conditions in Gall Lake are inferred during 
the Middle Holocene, an interpretation consistent with the other well- 
established proxies from the same core (Fig. 5). 

The beginning of the late Holocene (Meghalayan, Walker et al., 
2019) is marked by increasing water levels in response to the decline in 
temperature and evapotranspiration inferred from pollen re
constructions (Fig. 5; Danesh et al., 2021). This decline in dinoflagellate 
cysts is associated with: 1) a sharp increase in lake levels inferred from 
several proxies, notably the sharp increase in planktonic diatoms in 
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near-shore core locations (Fig. 5) and 2) a decline in primary production 
by lower concentrations of chlorophyll a and Beta-carotene and lower 
diatom-inferred TP in sediments deposited after 4300 cal. BP in Gall 
Lake (Fig. 5; Karmakar et al., 2015a, 2015b). The sharp decline in 
dinoflagellate cyst abundance at the Middle-Late Holocene partly re
flects the disappearance of the previously ubiquitous cysts of 
P. inconspicuum whose presence in the modern calibration set was 
inversely correlated with water depth but positively correlated with 
nutrients (Fig. 3). Despite the decline in abundance of dinoflagellate 
cysts, there is an increase (and subsequent peak) in species richness 
between ~3600 cal. BP and ~1800 cal. BP, with the first occurrences of 
cysts attributed to P. gatunense and overall increase in species diversity 
except for a few extremely sparse monospecific (or nearly monospecific) 
samples in late Holocene sediments (Fig. 4). This may reflect tapho
nomic alteration because cysts of P. gatunense are known to be highly 
sensitive to oxidation (Drljepan et al., 2014; McCarthy et al., 2017), so 
their presence together with oxidation-susceptible cysts of P. umbonatum 
suggests that the higher diversity in sparse assemblages may be associ
ated with enhanced preservation in lakes with deeper depths. 

5.3. Assessing the utility of freshwater dinoflagellates as paleoecological 
proxies 

The 32-lake calibration set from IISD-ELA proved useful in inter
preting the dinoflagellate cyst assemblages in the Gall Lake core, but 
some assemblages in core samples were not found in the modern dataset, 
creating a no-analog situation which is a well-established challenge in 
using modern calibrations sets to interpret long-term changes recorded 
in cores (Overpeck et al., 1992; Jackson and Williams, 2004; Williams 
and Jackson, 2007). This is particularly evident prior to the Middle 
Holocene, where the relative abundance of cysts of P. inconspicuum 
found down core is much greater than the relative abundance found in 
the calibration set (Table 4). This is consistent with the interpretation of 
a substantially different environment prior to 4300 years ago in com
parison to today, so the calibration lakes fail to represent this assem
blage. The most common example of past environmental conditions not 
captured in modern datasets is anthropogenic influence, which has 
artificially decreased arboreal cover and increased erosion and influx of 
nutrients to lakes (Larocque et al., 2001). 

It is also possible that the calibration set did not span a sufficient 
gradient of ecological conditions (for some species) to avoid no analog 
situations. However, calibration sets smaller than the recommended 40 
to 70 lakes can still provide good predictive ability if the selected sam
ples reflect the regional variability of the assemblage and environmental 
conditions (Reavie and Juggins, 2011), but small calibration dataset can 
also misrepresent the ecological conditions of poorly represented taxa 
(e.g. Cumming et al., 2015). For example, the range of nutrients in the 
chosen lakes does not appear broad enough to encompass the environ
mental optima of P. inconspicuum, which has been used as an indicator of 
cultural eutrophication from alkaline lakes (Krueger and McCarthy, 
2016; Volik et al., 2016). In contrast, despite the relatively small range 
of pH and alkalinity in our calibration set (Fig. 3), the influence of this 
limnological variable on the distribution of species of the genus Parvo
dinium was consistent with past studies (Tardio et al., 2006, 2009). 
Therefore, further research into the dinoflagellate cysts assemblage and 
their relationship to environmental variables (using a larger environ
mental gradient and larger number of calibration lake) is merited. 

6. Taxonomic remarks 

In addition to remaining uncertainty about cyst – motile stage re
lationships beyond those identified in Table 1, suprageneric systematics 
of the class Dinophyceae Pascher 1914 remain contested as molecular 
analysis reveals unexpected relationships between species. The phylo
genetic systematics of the order Peridiniales Haeckel 1894 have been 
substantially reshaped by DNA sequence data within the last decade. 

Various studies (Luo et al., 2016; McCarthy et al., 2018; Kretschmann 
et al., 2022) suggest that there are three major well-resolved clades of 
peridinialean dinophytes in freshwater environments. One of these, the 
family Peridineaceae Ehrenberg 1831 contains species still assigned to 
the type genus, Peridinium Ehrenberg 1830 – the Peridinium sensu stricto 
clade that includes the largest number of species identified in this study. 
Another recently named clade, Peridiniopsidaceae, Gottschling et al., 
2017 includes the genus Parvodinium Carty, 2008 that removed species 
of the ‘Umbonatum group’ from the genus Peridinium on a variety of 
morphological grounds, including the presence of an apical pore (Carty, 
2008). The third contains the nonmarine relatives of taxa that develop 
calcified coccoid stages of life-history (Gottschling et al., 2012), part of 
the family Thoracosphaeraceae Schiller 1930 emend. Tangen in Tangen 
et al., 1982. It includes the genera Apocalathium Craveiro et al., 2016, 
Chimonodinium Craveiro, Calado, Daugbjerg, Gert Hansen & Moestrup 
2011, and Fusiperidinium McCarthy, Gu, Mertens & Carbonell-Moore 
2018 that group quite close together in phylogenetic analysis, 
although ongoing studies are needed to confirm relationships within this 
thoracosphaeroidean grouping (Kretschmann et al., 2022). 

Class: DINOPHYCEAE Pascher 
Order: PERIDINIALES Haeckel 
Family: PERIDINIACEAE Ehrenberg 
Genus: Peridinium Ehrenberg 
Species: Peridinium cinctum (O.F. Müller) Ehrenberg 
Peridinium gatunense Nygaard 
Peridinium limbatum (Stokes) Lemmermann 
Peridinium volzii Lemmermann 
Peridinium willei Huitfeldt-Kaas 
Family: PERIDINIOPSIDACEAE Gottschling, Kretschmann & Zerdoner 
Genus: Parvodinium Carty 
Species: Parvodinium inconspicuum (Lemmermann) Carty 
Parvodinium umbonatum (Stein) Carty 
Family: THORACOSPHAERACEAE Schiller emend. Tangen in Tangen et al. 
Genus: Apocalathium Craveiro, Daugbjerg, Moestrup & Calado 
Species: Apocalathium aciculiferum (Lemmermann) Craveiro, Daugb

jerg, Moestrup & Calado 
Genus: Chimonodinium Craveiro, Calado, Daugbjerg, Gert Hansen 

& Moestrup 
Species: Chimonodium lomnickii (Wołoszynska) Craveiro, Calado, 

Daugbjerg, Gert Hansen & Moestrup 
Genus: Fusiperidinium McCarthy, Gu, Mertens & Carbonell-Moore 
Species: Fusiperidinium wisconsinense (Eddy) McCarthy, Gu, Mertens & 

Carbonell-Moore 

7. Conclusion 

To date, little effort has been made to systemically quantify the 
sensitivity of freshwater dinoflagellates to paleolimnological variables, 
and more information is needed on conditions related to their preser
vation (McCarthy et al., 2017, 2021). This 32-lake calibration study 
represents the first dataset developed to determine the relationship be
tween freshwater dinoflagellate cysts from surficial lake sediments and 
concurrently measured limnological variables. The main relationships 
between dinoflagellate cysts and the environmental variables that were 
assessed from the calibration lakes showed that the modern cyst 
assemblage composition could be broadly clustered into three groups: 1) 
a diverse assemblage (primarily Peridinium spp.) associated with rela
tively shallow-moderate, mesotrophic lakes; 2) an assemblage domi
nated by F. wisconsinense in mesotrophic lakes that were shallow-to- 
intermediate in depth and had relatively high pH and alkalinity; and 
3) an assemblage dominated by P. umbonatum in deep, oligotrophic 
lakes. Then determining their utility down-core, the changes observed in 
freshwater dinoflagellate cyst assemblages through the Holocene are 
consistent with changes observed in other well-established proxies (i.e., 
pollen, diatoms, and pigments) analysed from the same core taken from 
Gall Lake, with an increase in dinoflagellate cysts assemblage indicating 
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a shallow, more nutrient-rich system during the Middle Holocene and 
deeper, more nutrient-poor system over the last 4000 years. The 
coherence of proxies and separation into similar zones suggests that 
dinoflagellates cysts can be a useful paleolimnological proxy, particu
larly because they are present in samples processed for routine pollen 
analysis. 

As with the development of any potential paleoecological indicators, 
some questions have arisen regarding freshwater dinoflagellate cysts 
that merit further consideration. These include understanding why di
versity is low during the Middle Holocene, a pattern that may be 
attributable to many factors including different environmental condi
tions and preservation. Expanding the calibration set to a larger number 
of lakes with a wider limnological gradient for nutrients (oligotrophic to 
hypereutrophic), pH, and depth, could provide a better understanding of 
the relationship of dinoflagellate cysts to other important limnological 
variables. Further research is also necessary to better understanding 
cyst-theca relationships, and the role of differential preservation on cyst 
assemblages. Nonetheless, freshwater dinoflagellate cysts show consis
tency with changes observed by other paleo-proxies such as diatoms and 
pigments, are found in abundance in surface sediments in the modern 
calibration set and show a strong relationship with nutrients, therefore 
satisfying some of the characteristics shared by other widely used bio
logical proxies in paleolimnological studies. Their presence in slides that 
are already processed for pollen analysis is a clear advantage over 
mineralised microfossils, saving time, money, and reagents. Further
more, the cysts of dinoflagellates are generally more abundant than most 
other algal palynomorphs and therefore, we conclude that freshwater 
dinoflagellate cysts found in pollen slides, particularly in preparations 
that avoid the use of oxidants and bases (McCarthy et al., 2021) can 
provide insightful paleoecological information and that further research 
is merited, particularly in relating less common cysts to their thecate 
stages. 
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