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INTRODUCTION

Seasonality of environmental variables have a strong
effect on phytoplankton species composition and biomass
especially in high latitude regions where lakes are ice cov-
ered during winter months. In high latitude lakes plankton
succession starts at the time of ice break up either from cells
or individuals that survived the winter or from primary col-
onization (Lampert and Sommer, 1997). The most common
algal species in spring bloom at high latitude lakes usually
belong to Diatomaphyceae, Chrysophyceae/Synuro-
phyceae or Dinophyceae classes, which are tolerant of
cooler water temperatures (Wetzel, 2001). During summer
months, the epilimnion and the cooler and often more nu-
trient rich waters of the hypolimnion are separated by a
thermocline in e.g. deep and humic lakes and the occur-
rences of algae usually decreases after the spring maximum
(Wetzel, 2001). During autumnal overturn phytoplankton

biomass increases as nutrients ‘trapped’ in the hypolimnion
are brought to the epilimnion resulting in an autumnal
bloom (Rautio et al., 2000). Small numbers of phytoplank-
ton cells survive during winter season in the water column,
attached to the bottom of the ice, or as resting cells in the
bottom sediment (Salmi and Salonen, 2016). 

Chrysophytes are mainly freshwater unicellular organ-
isms occurring as solitary cells or colonial forms. Chrys-
ophytes usually prefer cold, oligotrophic waters
(Sandgren et al., 1995), but they can be found in a variety
of environments (Siver, 1995). In oligotrophic dimictic
lakes chrysophytes can compose 25-75% of the total phy-
toplankton biomass while in mesotrophic and eutrophic
dimictic lakes the amount is considerably lower varying
between 5 and 25% (Sandgren, 1988). All chrysophytes
produce siliceous resting stages, stomatocysts or simply
cysts, as part of their life-cycle to ensure the survival of
the chrysophyte population under unfavourable condi-
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ABSTRACT
Phytoplankton species composition is strongly affected by seasons, which should be taken into account in palaeolimnological

studies. Although chrysophyte cysts and diatoms are widely used as palaeobioindicators in palaeolimnological studies, only recently
have attempts been made to use their modern deposition from sediment trap data to provide more detailed, seasonal-based envi-
ronmental reconstructions. In this study sediment traps were used to record seasonality of chrysophyte cysts and diatoms during
two climatically different years 2009 and 2010 in an annually laminated Lake Nautajärvi, Finland, and this seasonal data was then
compared with the fossil record derived from the surface sediment of the lake. The overall changes in cyst and diatom assemblages
between years and seasons are subtle. For both groups, no clear connection to any particular season could be detected in the sediment
surface. Despite the climatological differences between the study years, the inter-annual accumulation rates of both algal groups
were surprisingly similar, whereas the intra-annual accumulation rates differed substantially. This and the high amount of taxa oc-
curring during all seasons in the trap samples implies that primary producers are more dependent on prevailing seasonal limnological
conditions than on rapid, shortly lived episodes. Redundancy analysis (RDA) revealed that chrysophyte cyst assemblages from the
spring sediment trap are mainly controlled by the spring discharge intensity, a surrogate variable of spring weather conditions,
whereas precipitation and air temperature have the strongest impact on the summer assemblages. However, only discharge explains
statistically significantly the variance in the cyst data. Precipitation and air temperature have the strongest impact on the diatom
summer samples, whereas the spring sediment trap sample of the snowy and harsh winter of 2010 was strongly correlated with the
spring discharge. However, none of the measured environmental variables explains the variance in the diatom data statistically sig-
nificantly. The similarity between the algae found in the sediment traps and surface sediment sample suggests that within small
and shallow lakes without any extreme environmental settings the surface sediment sample represents well the lake’s overall algal
composition and can thus be used in palaeolimnological studies.
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tions. Cyst morphology is considered to be species-spe-
cific (Sandgren, 1983). Quantitative studies using chrys-
ophyte cysts from sediment traps and surface sediments
have shown that these organisms respond to changes in
e.g., pH (Rybak et al., 1991; Facher and Schmidt, 1996),
salinity (Pla and Anderson, 2005) and temperature (Ka-
menik and Schmidt, 2005; Pla-Rabes and Catalan, 2011;
Hernandez-Almeida et al., 2015; de Jong et al., 2016). 

Diatoms (Bacillariophyta) are siliceous microscopic
algae, which are abundant world-wide where sufficient
amounts of light and moisture are available for photosyn-
thesis. Their distribution is controlled by a number of
physico-chemical variables (temperature, pH, salinity, nu-
trients) and due to their short life cycle they respond
quickly to changes in their environment (Dixit et al.,
1992). Moreover, diatoms are abundant and generally
well preserved in sediments, they can be identified even
to sub-species level, and usually have rather narrow eco-
logical tolerances and optima (Dixit et al., 1992). 

Chrysophytes and diatoms are often the most domi-
nant algal groups in cool, high latitude oligotrophic lakes
and ponds in the northern hemisphere (Moore, 1978; Elo-

ranta, 1986; Forsström et al., 2009). During the last cen-
tury chrysophyte cysts and diatoms have been linked to a
variety of environmental variables (see above; Duff et al.,
1995; Juggins, 2013), but only recently modern sediment
trap data of phytoplankton remains have been combined
with a sediment core record of the same lake in order to
provide more detailed, seasonal climate reconstructions
(Lotter and Bigler, 2000; Köster and Pienitz, 2006; Haus-
mann and Pienitz, 2007; Pla and Catalan, 2011; Maier et
al., 2013; de Jong et al., 2016). These studies have high-
lighted the need for more detailed information on species
(especially chrysophytes) seasonality and taphonomy in
palaeolimnological research. Sediment traps allow accu-
rate calibration between seasonal and annual environmen-
tal variables and biological proxies, while surface
sediments are usually representing several years of accu-
mulated material thus missing the seasonal resolution.

The aim of this study is i) to investigate the seasonal
variability of chrysophyte cysts and diatoms deposited in
sediment traps in an annually laminated boreal lake Nau-
tajärvi, Finland; ii) to compare the impact of two weath-
erwise and hydrologically different types of years on the
chrysophyte and diatom assemblages; and iii) to compare
assemblage composition of the seasonally trapped mate-
rial with the assemblages of surface sediment samples. 

METHODS

Study site

Lake Nautajärvi is a small (17 ha) oval-shaped lake
with a maximum depth of 20 m, located in central south-
ern Finland (61°48ʹ N, 24°41ʹ E) at 104 m asl (Fig. 1).
Lake Nautajärvi is dimictic, dystrophic (Secchi depth <
2m) and slightly acidic with a pH of 5.8-6.0 (January
1989, January 1997; OIVA, 2015). The lake is
mesotrophic with total nitrogen (N) varying between <440
(epilimnion) and 800 (hypolimnion) µg L–1 and total phos-
phorus (P) varying between 16-30 (epilimnion), and 48-
84 µg L–1 (hypolimnion) (January 1989, January 1997;
OIVA, 2015). Three inflows are located in the northern
part of the lake and one outflow in the southern part. The
lake’s catchment area consists of boreal forest, mainly
pine (Pinus sylvestris) and spruce (Picea abies), and agri-
cultural land. The bedrock consists of deeply eroded
coarse-grained granites partly overlain by till or a mixture
of till and silt (Kujansuu et al., 1981). The sediment in the
deepest part of Lake Nautajärvi contains clastic-biogenic
type varves (Ojala, 2001; Ojala et al., 2013). Climate
around the area is continental, July usually being the
warmest month (mean temperature 15 to 18°C) and Jan-
uary or February the coldest (-5 to -12°C) (Finnish Mete-
orological Institute, 2012). The lake is ice covered usually
from mid-December to early May (OIVA, 2015). As no

Fig. 1. Lake Nautajärvi and its location. The sediment trap and
the surface sample are indicated by a star.
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monitored ice-break up and freezing days are available
for Nautajärvi we obtained values for comparison from
the closest lake that is monitored regularly by the Finnish
Environment Institute. The ice-free period in Lake Kukkia
(surface area of 43 km2; situates ca. 50 km south of Nau-
tajärvi) lasted in 2009 from 30 April to 14 November and
in 2010 from 27 April to 22 November (OIVA, 2015).
Thus, no meaningful differences in ice-free period oc-
curred between these years. Spring mixing occurs usually
during May, summer stratification between May and Oc-
tober and autumnal mixing in October. Thus, the time pe-
riods of the seasonal sediment traps (Tab. 1) correspond
well with the major seasonal changes in the lake. Weather
during years 2009 and 2010, when the sediment traps
were in operation, differed considerably; winter of 2009
was relatively mild while 2010 was a year of strong sea-
sonal contrast with a harsh winter and heavy snowfall fol-
lowed by a hot and dry summer (Finnish Meteorological
Institute, 2012; Ojala et al., 2013). 

Environmental variables

Three environmental variables (air temperature, pre-
cipitation and discharge; Tab. 1) were used in the study
by Ojala et al. (2013) in order to assess their impact on
annually laminated varve formation in Lake Nautajärvi.
The same variables were expected to have a strong impact
on species composition determined for the trapping peri-
ods of the two consecutive years. Mean seasonal air tem-
perature and mean seasonal precipitation values are based
on daily averages and were derived from Hyytiälä
Forestry Field Station, located ca. 20 km NW/W from
Lake Nautajärvi. The mean seasonal discharge informa-
tion is based on measurements from Lake Äväntäjärvi,
which is located 6 km south of Lake Nautajärvi and be-
longs to the same drainage system (OIVA, 2015). The
mean seasonal temperature, precipitation and discharge
values are calculated from daily averages of the sediment
trapping periods.

Sediment traps

Near-bottom sediment traps were installed in the deep-
est, flat-bottomed basin in the middle of the lake in Janu-
ary 2009 (Fig. 1). The near-bottom sedimentary traps had
either 2 tubes or 4 tubes with the inner diameter and
length of all cylindrical sampling tubes of 104 and 700
mm, respectively. Traps were emptied four times a year
during the two years-long monitoring period (Tab. 1) to
record the seasonal changes in accumulation and species
composition of biological assemblages. However, as the
seasonal periods for the sediment traps were not identical
during the two years, some overlap between the seasons
might have taken place. For a more detailed description
of the sediment traps and their set-up see Ojala et al.
(2013). The single deposition basin is proved to effec-
tively trap most of the sedimented allochthonous and au-
tochthonous matter (Ojala and Alenius, 2005).

Surface sediment

The surface sediment sample, comprising the topmost
1 cm, was derived from the deepest part of the lake (Fig. 1)
in spring 2010 using a piston gravity corer (Putkinen and
Saarelainen, 1998). The surface sample was placed in a
Minigrip plastic bag and stored in the dark at 4°C until
analysis.

Chrysophycean cyst and diatom analysis

Chrysophyte cyst and diatom samples from sediment
traps and surface sediment were prepared using the stan-
dard treatment for diatoms (Battarbee, 1986; Weckström
et al., 1997). For chrysophyte cyst analysis the aliquot
suspensions were dried on stubs for scanning electron mi-
croscope (SEM) work. A minimum of 200 chrysophyte
cysts were counted and identified from SEM (Hitachi S-
4800) images. Some problematic cysts were grouped for
analysing purposes. The cyst identification followed Duff
et al. (1995), Facher and Schmidt (1996), Wilkinson et al.

Tab. 1. Dates for the sediment trap periods and seasonal environmental data (average of daily means for the trap periods).

                                   Trap monitoring period                             Discharge                                     Precipitation                                   Temperature
                                                                                                          (m–3 s–1)                                             (mm)                                                (°C)

Spring 2009                         9.3-28.5.2009                                           0.68                                                 68.4                                                  3.64
Summer 2009                      28.5-8.9.2009                                           0.30                                                213.6                                                14.20
Autumn 2009                      8.9-14.1.2010                                           0.33                                                165.3                                                -1.26
Winter 2009                       14.11-25.3.2010                                         0.23                                                 93.2                                                  -9.5
Spring 2010                        25.3-24.5.2010                                          1.91                                                121.7                                                 6.25
Summer 2010                     24.5-15.9.2010                                          0.39                                                272.8                                                 15.2
Autumn 2010                    15.9-17.11.2010                                         0.42                                                  127                                                   3.8
Winter 2010                       17.11-3.4.2011                                          0.25                                                  161                                                   -9.0
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(2001), Pla (2001), Kamenik et al. (2005), and Baumann
et al. (2010). Unidentified cysts, mainly the ones where
the pore was not visible, were classified using probabilis-
tic counting, i.e. the cysts were classified as a specific
morphotype based on the percentage distribution of dif-
ferent morphotypes in a sample. For diatom analysis, the
samples were mounted on microscope slides using
Naphrax®. A minimum of 300 diatoms were counted and
identified along random transects at 1000x magnification.
Diatom identification was based mainly on Krammer and
Lange-Bertalot (1986, 1988, 1991a, 1991b).

DVB (divinylbenzene) microscopic markers were also
counted to determine chrysophyte cyst and diatom accu-
mulation rates from the sediment trap samples (Battarbee
and Kneen, 1982). 

Numerical analysis

Changes in chrysophyte cyst and diatom species rich-

ness between different seasons and between two different
years were analysed by comparing the number of taxa using
rarefaction analysis (Figs. 2a and 3a; Birks and Line, 1992)
with the program PAST 2.17b (Hammer et al., 2001). Rar-
efaction analysis produces realistic estimates of species
richness without any bias associated with the variability of
individual sample count size. Species abundance diagrams
(Figs. 2a and 3a) were created using the program C2 (ver.
1.7.2.; Juggins, 2007). In order to simplify the abundance
diagrams only most common taxa that had a relative abun-
dance >3% in any sample where included in Figs. 2a and
3a. Detrended correspondence analysis (DCA; Hill and
Gauch, 1980), with detrending by segments and non-linear
rescaling of axes, was used in order to explore the principal
patterns of compositional variation along the first few DCA
axes. As the DCA implied a linear relationship (2.1 SD for
both groups) between the response and explanatory vari-
ables, principal components analysis (PCA) was used to
summarize the major patterns of variation within the

Fig. 2. a) Inter-annual seasonal differences of chrysophyte cyst morphotypes with a relative abundance >3% in any sample; the rar-
efact-corrected number of taxa and accumulation rates are added after each stratigraphical diagram. b) Inter-annual seasonal differences
of chrysophyte cyst morphotypes based on accumulation rate (chrysophyte cysts/cm–2y–1) data.
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species data of both the sediment trap data and surface sed-
iment assemblages (Fig. 4 a,b; ter Braak and Šmilauer,
2007-2012). In order to explore the relationship between
the biota and the measured seasonal environmental vari-
ables, redundancy analysis (RDA) and partial RDA was
used. The surface sediment sample was added passively to
the RDA plot, hence not affecting the species-environmen-
tal relationship (Fig. 4 c,d). Since no accumulation rate data

was available for the surface sediment sample, species rel-
ative abundance data was used in PCA and RDA. All
species were transformed to percentage abundances and
square-root transformed prior to the statistical analyses,
which were performed using CANOCO 5.01 (ter Braak and
Šmilauer, 2007-2012). All taxa were included in the PCA
and RDA, however, only the most common taxa (the same
as in Figs. 2a and 3a) were plotted in Fig. 4.

Fig. 3. a) Inter-annual seasonal differences of diatoms with a relative abundance >3% in any sample; the rarefact-corrected number of
taxa and accumulation rates are added after each stratigraphical diagram. b) Inter-annual seasonal differences of diatoms based on ac-
cumulation rate (diatoms/cm–2y–1) data.
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RESULTS

Environmental conditions

The mean seasonal air temperatures and mean sea-
sonal precipitation values between the trapping periods

and also between the two years varied considerably
(Finnish Meteorological Institute, 2012). The year 2009
had minor seasonal contrasts. In addition, it had a warm
winter and low amount of snow. The year 2010, in con-
trast, had strong seasonality characterised by a colder and
snowy winter and warmer summer (Ojala et al., 2013).

Fig. 4. Principal component analysis (PCA) of relative abundances of seasonal cyst samples and surface sediment sample (a) and
seasonal diatom samples and surface sediment sample (b). The relationship between measured seasonal environmental variables (based
on daily averages of the period of time the sediment traps were employed) and relative abundances of chrysophyte cysts (c) and diatom
taxa (d) are plotted as a redundancy analysis (RDA) ordination biplot. The surface sediment sample was included as a supplementary
variable in the RDA.
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The discharge values from Lake Äväntäjärvi reveal
also clear differences between the monitored seasons and
different years. The spring runoff peak was low in 2009
due to the low snow cover and short snow cover period
and the generally warmer and wetter winter in 2008/2009,
with frequent thawing and flooding cycles. During 2010,
however, a distinct peak in discharge occurred after the
melting of snow, whereas it was low during summer. Dis-
charge increased again in autumn due to rain events (Ojala
et al., 2013). 

Chrysophyte cysts

A total of 103 cyst types (morphotypes or collective
categories) were identified in sediment trap samples dur-
ing the two years, 30 of which had a minimum occur-
rence >3% in at least one sample (Fig. 2a). Cyst
accumulation rates were highest in spring and summer
samples and considerably lower in autumn and winter
samples (Fig. 2a). Winter trap samples were excluded
from the analyses due to extremely low amount of cysts.
The amount of different morphotypes in samples varied
slightly between seasons and the two years. The lowest
diversity of cyst types in sediment traps was found in
summer trap samples, 39 morphotypes in 2009 and 38
in 2010 while the highest (47 morphotypes) was found
in autumn 2009 (Fig. 2a). 

Some subtle differences were observed in cyst assem-
blages during the same season but different years (Fig. 2).
Most likely previously unknown cyst morphotypes
CYST3, CYST3B and CYST4 (Supplementary Fig. 1)
were mainly found in the spring 2010 sample (Fig. 2a).
Six cyst types (S310, CYST3, CYST3B, CYST4, PEARL
178, Facher&Schmidt #23) had their highest accumula-
tion rate during spring (Fig. 2b; Supplementary Tab. 1).
PEARL 34, PEARL 94 and also PEARL 178 were most
common in both spring and summer samples. Most of the
cyst types (22 out of 30, e.g. PEARL 161 and PEARL 30)
had their highest accumulation rates during summer and
three cyst types (PEARL 89, ScabrS, CYST 2) in autumn
(Fig. 2b, Supplementary Tab. 2). Among the most com-
mon cyst types were three cyst types occurring in all sam-

ples (Fig. 2). These are collective categories (PEARL
50&52, PEARL 1, PEARL 9), which are most likely pro-
duced by several different species of chrysophytes (Duff
et al., 1995). 

According to RDA, spring sediment trap samples for
both years show a strong positive correlation with dis-
charge intensity. Summer samples show a positive corre-
lation with precipitation and temperature while autumn
samples during both years show a negative correlation
with temperature (Fig. 4c). According to partial RDA,
only discharge explains statistically significantly the vari-
ance in the cyst data (Tab. 2).

Diatoms

A total of 105 diatom taxa were identified in sediment
trap samples, 19 of which with a minimum occurrence
>3% in at least one sample (Fig. 3a). Diatom accumula-
tion rate was highest in summer samples and lower in au-
tumn and winter samples (Fig. 3a). Accumulation rates
between years 2009 and 2010 were relatively similar. The
number of diatom species varied between the years, but
were highest either in spring (69 in spring 2010) or during
summer and lowest during autumn (31 in autumn 2010;
Fig. 3a).

Inter-annual diatom samples of the same seasons
were in general relatively similar (Fig. 3). The majority
of the most common species were identified in both
years and clearer changes could only be seen in a few
species like Tabellaria flocculosa (Roth) Kützing, Aula-
coseira tenella (Nygaard) Simonsen, and Aulacoseira
subarctica (O. Müller) Haworth (Fig. 3). Only Frustulia
rhomboides v. viridula (Brébisson) Cleve had its highest
accumulation rate during spring. Almost all of the most
common diatoms shown in Fig. 3 (15 out of 19) had their
highest accumulation rate during summer, and three [A.
tenella, A. subarctica, Cyclotella stelligera (Cleve &
Grun. in Cleve)] during autumn (Fig. 3b, Supplementary
Tab. 2). None of the diatom taxa had a maximum accu-
mulation rate during winter (Supplementary Tab. 1).

According to RDA, summer trap samples of both
years are positively correlated and the winter trap sam-

Tab. 2. Results of constrained (variance explained) and partial (unique contribution) redundancy analysis (RDA) and Monte Carlo per-
mutation tests (999 permutations) for assessing the environment-species relationships. Variance explained refers to the explanatory
power of the variable. Unique contribution refers to the explanatory power of the variable after partialling out the effect of the other
measured variables. 

                                   Variance explained (%)                               P value                             Unique contribution (%)                             P value
                                                    C/D                                                   C/D                                                 C/D                                                  C/D

Discharge                               31.8/18.4                                          0.006/0.26                                        21.5/16.7                                          0.49/0.33
Temperature                            16.9/18.8                                           0.65/0.15                                         16.0/13.0                                          0.56/0.50
Precipitation                           23.4/13.1                                           0.26/0.55                                          15.7/8.8                                           0.58/0.75
C, cysts; D, diatoms.
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ples of both years are negatively correlated with precip-
itation and air temperature (Fig. 4d). Both autumn sam-
ples and the spring sample of 2009 show less correlation
to any measured environmental variable. The spring trap
sample of 2010, however, is strongly correlated with dis-
charge (Fig. 4d). According to partial RDA none of the
environmental variables explain the variance in the di-
atom data statistically significantly (Tab. 2).

Comparison between surface sediment- and
trap samples

All together 54 cyst morphotypes were found in the
sediment surface, which makes it more diverse than the as-
semblages found in sediment traps (varying between 39 and
47). The most commonly occurring cysts in trap samples
are also present in the surface sediment sample (Fig. 2a).
The surface sediment sample included six cyst morpho-
types with an occurrence over 3% in both sediment traps
and surface sediment. These six morphotypes comprised
48% of all the identified cysts in the sediment sample. Ac-
cording to PCA, the surface sediment sample is most sim-
ilar with the summer 2010 trap sample (Fig. 4a), but is in
general not well correlated with the other seasonal trap
samples. Based on RDA, none of the environmental vari-
ables seem to explain the overall variation in the cyst data
as the surface sediment sample is located very close to the
origo (Fig. 4c).

The surface sediment sample of diatoms consisted of
30 taxa comprising the majority of the most common di-
atom taxa found in the sediment trap samples (Fig. 3a).
The surface sediment sample included only four taxa with
an occurrence over 3%, all of which were found in the
trap samples (Fig. 3a). However, 13 out of 17 of the most
common diatoms found in the trap samples had a lower
occurrence than 3% in the surface sediment sample. Ac-
cording to PCA, the diatom assemblage of the surface
sediment sample differs from the diatom assemblages of
the trap samples (Fig. 4b). Based on RDA, precipitation
and temperature have a higher explanatory power on the
overall variation in the surface sediment diatom compo-
sition than discharge (Fig. 4d).

DISCUSSION 

In Nautajärvi diatoms are more abundant than chrys-
ophyte cysts. Both chrysophyte cysts and diatoms show a
seasonal succession indicated by the different spring,
summer, autumn, and winter assemblages. There are cyst
types in Lake Nautajärvi, which mainly prefer a certain
season, but also taxa that occur throughout the growing
season. The same pattern can also be seen in diatom as-
semblages, although less clearly (Figs. 2 and 3; Supple-
mentary Tabs. 1 and 2).

Algal accumulation rates and number of species

The accumulation rate of chrysophyte cysts is rather
similar during spring and summer, whereas the accumu-
lation rate of diatoms is highest during summer (Figs. 2a
and 3a). The summer peak of diatoms is somewhat sur-
prising, as diatoms are often thought to bloom in spring
and/or in autumn (Lotter and Bigler, 2000; Rautio et al.,
2000). One explanation for this discrepancy might be that
the sediment traps were emptied on the 28th of May in
2009 and on the 24th of May in 2010, only a few weeks
after the ice melt. Thus, the bulk of the diatom ‘summer’
peak might be the late portion of the actual spring bloom
underestimating the accumulation rates of the spring
bloom and overestimating the accumulation rates of sum-
mer. The latter explanation is supported by accumulation
data from Ojala et al. (2013), who suggested that an in-
crease in spring run-off and sediment deposition often re-
sults in surplus sedimentation during early summer. Both
cyst and diatom accumulation rates decrease strongly to-
wards autumn (Figs. 2a and 3a). However, the autumnal
accumulation rates during 2009 are biased as the trap was
removed as late as in January 2010 increasing the number
of trap days during winter when algal production is gen-
erally low (Figs. 2a and 3a; Supplementary Tabs. 1 and
2). The inter-annual accumulation rates of both algal
groups are very similar despite the climatological and hy-
drological differences, whereas the intra-annual accumu-
lation rates differ substantially. This suggests that aquatic
organisms are more dependent on prevailing seasonal lim-
nological conditions (e.g., spring and autumnal overturn,
summer stagnation) than on rapid, shortly lived episodes
such as the spring discharge peak, which occurred in
2010. The number of chrysophyte cysts morphotypes var-
ied only slightly between seasons, whereas more change
could be observed in the diatom taxa (Figs. 2a and 3a).
The peak number of diatom taxa in spring 2010 could be
explained by the increased in-wash from the catchment
and from the three inflows due to the strong spring dis-
charge after the snowmelt, although no clear signs of lotic
diatoms can be seen (Fig. 3). Chrysophyte morphotypes
instead seem to be of more autochthonous origin and less
sensitive to external inputs (Fig. 2). 

Seasonal changes between years

The clearly different weather and hydrological condi-
tions during the monitored two years do not seem to have
had a profound effect on the cyst and diatom assemblages
between the seasons in lake Nautajärvi (Figs. 2 and 3), al-
though some subtle differences occur. Morphotypes
CYST3, CYST3B, CYST4 and PEARL 178 seem to have
benefited from the higher discharge into the lake in spring
2010 while the environmental conditions of 2009 favoured
the more common types PEARL 1, PEARL 94, PEARL
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50&52, Facher & Schmidt #23 (Facher & Schmidt, 1996)
and PEARL 34 (Fig. 2). Melting snow caused the spring
discharge to be much greater in 2010, which can also be
seen in the position of the two spring samples in the RDA
graph (Fig. 4c). Cyst assemblages in Lake Nautajärvi de-
posited during summer months were more affected by the
amount of precipitation and air temperature.

Although subtle, the differences seen in the diatom as-
semblages between the seasons of two weatherwise dif-
ferent years occurred during spring, summer and in
autumn (Figs. 3, 4b). This is not surprising as 2010 had
cooler winter temperatures, significantly more snow es-
pecially during spring, a considerably higher spring run-
off peak and an autumnal discharge peak due to increased
precipitation compared to 2009 (Ojala et al., 2013). These
conditions have affected the occurrences of especially A.
tenella and A. subarctica, which are known to thrive in
well-circulating environments and cooler temperatures
(Köster and Pienitz, 2006; Horn et al., 2011). Despite the
highest number of species of all seasons, spring 2010 had
lower accumulation rates than spring 2009 (Fig. 3a). This,
however, might be an artefact caused by the emptying of
the traps during the ongoing spring bloom. Thus, it is pos-
sible that especially in 2010, where the spring turnover
lasted longer, most of the summer occurrences of these
two taxa are actually the ‘tail’ of the spring bloom.

The subtle differences between the spring, summer
and autumn samples is also highlighted by PCA (Fig. 4b).
However, in RDA only the importance of discharge in ex-
plaining the differences between the spring samples is
well demonstrated (Tab. 2, Fig. 4d), whereas no clear dif-
ference between the other seasons can be seen.

Overall, the fact that the inter-annual accumulation
rates of both algal groups were surprisingly similar and
that prominent differences were noticed in seasonal sedi-
ment flux and varve components between these two mon-
itoring years by Ojala et al. (2013) clearly enhances the
need for a multi-proxy approach in sediment studies in
order to better understand the past climate and environ-
mental change. The multi-proxy approach comprises
often well the seasonal differences in biota, which can
then eventually be used for high resolution palaeoenvi-
ronmental studies.

Seasonal differences within a year

Environmental conditions during spring have been
shown to be significant for chrysophyte cysts. Pla-Rabes
and Catalan (2011) found a significantly larger number of
characteristic cyst taxa affected by spring temperatures
than cysts related to summer temperatures. In addition, a
number of studies have shown chrysophyte stomatocyst
concentrations to be highest after ice break up (Agbeti and
Smol, 1995; Kamenik and Schmidt, 2005). However,
studies by Eloranta (1986) on chrysophyte ecology and

seasonality in Finnish lakes suggests that the number of
chrysophyte taxa and biomass is the highest from July to
September. In Nautajärvi most cysts are sedimented dur-
ing summer (Fig. 2b). Of the identified cysts, Facher &
Schmidt #23, CYST3, CYST3B, CYST4, S310, PEARL
178 were found in highest numbers in the spring samples
(Supplementary 2). The cyst type S310 in Lake Nautajärvi
resembles Facher and Schmidt’s #92 (1996) and Pla’s
S310 (2001) described from sediment material of lakes in
the Pyrenees. This cyst prefers slightly acidic waters and
long ice-cover (Facher and Schmidt, 1996; Pla, 2001). Pla
and Catalan (2011) found S310 to be a typical cyst during
spring. PEARL 178 occurs throughout the year but the
numbers clearly peak during spring (Supplementary 2).
This cyst type has been found worldwide (Duff et al.,
1995; Pla, 2001). Currently, there is no data about the bi-
ological affinity or ecology of either PEARL 178 or S310. 

PEARL 34, PEARL 94 and PEARL 178 occur in
higher numbers both in spring and summer (Fig. 2b; Sup-
plementary Tab. 1). PEARL 34 has been found commonly
in acidic oligotrophic lakes, its biological affinity is yet
unknown (Duff and Smol, 1991; Pla and Anderson, 2005;
Pla, 2011). It has been classified as a summer cyst in Pla-
Rabes and Catalan (2011). Pla-Rabes and Catalan (2011)
also classified PEARL 94 as a typical summer cyst and
occurring in oligotrophic lakes in the Pyrenees (Pla, 2001)
and Greenland (Pla and Anderson, 2005). In this study
PEARL 239 had its highest accumulation rate in summer
2009, whereas previously it has been associated with the
autumn mixing period (Pla-Rabes and Catalan, 2011).

The spring samples are strongly associated with the in-
tensity of spring discharge (Fig. 4c). However, as there are
no clear signs of the cyst types increase during spring (Fig.
2a) which could be caused by an input from the drainage
area, one possible explanation for the spring types to occur
in spring might be the acidic pulse associated with the melt
of the slightly acidic snow. This is supported by the ecol-
ogy of the most common spring types favouring olig-
otrophic to slightly acidic water (see above).

The greatest number of indicator cyst types linked to
a certain season was found in summer samples. PEARL
5 has been found in cold oligotrophic lakes in Canada,
United States, Pyrenees and Greenland (Duff and Smol,
1991; Duff and Smol, 1994; Pla and Anderson, 2005; Pla-
Rabes and Catalan, 2011). Pla-Rabes and Catalan (2011)
have classified this cyst as typical for autumn. PEARL 30
is most likely tolerant of a wide range of temperatures
(Wilkinson et al., 2001). PEARL 57 has been found in
several oligotrophic locations and is most likely produced
by an acidophilic species (Rybak et al., 1991, cyst 180).
Pla-Rabes and Catalan (2011) found this cyst type in
spring traps which supports our assumption that our sum-
mer traps have also collected the end of the spring bloom.
PEARL 15 and 42 are collective categories where several
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species may produce similar cysts. PEARL 42 was the
most abundant and dominant cyst during summer in Lake
Redon (Pla-Rabes and Catalan, 2011) which supports our
data of this cyst type occurring during summer time (Sup-
plementary Tab. 1).

PEARL 161 was found in summer and autumn sam-
ples during both years but the numbers were clearly
higher in summer samples (Supplementary Tab. 1).
PEARL 161 is produced by the mixotrophic chrysofla-
gellate Dinobryon divergens O.E Imhof. D. divergens is
among the most typical phytoplankton taxa in olig-
otrophic and clear acidic boreal lakes in Finland (Lepistö
and Rosenström, 1998). It has been described as pH-in-
different or alkaliphilic and seems to tolerate acid con-
ditions very well (Lepistö and Rosenström, 1998). S161
resembles PEARL 161 except that it has an obconical
collar instead of a cylindrical one and it has been de-
scribed as an acidophilic species and therefore may be
produced by another species (Pla, 2001). Cyst PEARL
113 was found in summer and autumn samples of both
years. Pla-Rabes and Catalan (2011) have classified this
as an autumn cyst. It is probably produced by an olig-
otrophic cool-water taxon (Rybak, 1986 as cysta stellata)
with the cyst producing species still unknown. Most
likely a portion of the ‘summer’ cysts are actually an
artefact caused by the timing in emptying the sediment
trap. 

PEARL 89 had its highest accumulation rate in the au-
tumn 2010 sample (Supplementary Tab. 1). Also, Pla-
Rabes and Catalan (2011) found this to be an autumn cyst.
This cyst type has previously also been found at least in
Canada and United States in acidic, oligotrophic lakes
(Duff and Smol, 1991). Also a small (<5.9 µm) cyst type
ornamented with spines (SpineS) has its highest accumu-
lation rates in summer and autumn (Supplementary Tab.
2). This type is a collective category of spinose cyst types
with some cysts showing signs of being immature and
therefore possibly lacking some of the identification cri-
teria. Some of the cysts included in this category might
well simply be immature PEARL 83, which had its high-
est accumulation rate in the summer 2009 trap sample.
PEARL 83 has been described as pH-indifferent (Rybak
et al., 1991). PEARL 236 is likely produced by Mal-
lomonas acaroides v. muskokana K.H.Nicholls (Siver,
1991). According to Siver (1991, 1995) it blooms in late
spring and early summer and has a relatively high tem-
perature optimum of 17.5°C. In Lake Nautajärvi this cyst
type was most common during autumn 2010. Stomatocyst
1 (Smol, 1984), produced by Mallomonas pseudocoro-
nata Prescott, which forms cysts in the autumn (Smol,
1984) and PEARL 236 can be difficult to distinguish. In
this case the cysts identified as PEARL 236 often pos-
sessed spines with corona-like apices which is typical for
this cyst type. 

The autumn trap samples show a trend towards lower
temperatures (Fig. 4c). The autumn 2009 trap was emp-
tied as late as in January 2010, thus the mean temperatures
for that time period were much lower than the following
year. This discrepancy can be seen as the different location
of the two autumn samples in the RDA (Fig. 4c). Accu-
mulation rates in Lake Nautajärvi were extremely low
during winters 2009 and 2010 (Ojala et al., 2013). Other
sediment trap studies on chrysophyte cysts seasonality
show a similar pattern of cysts being practically non-ex-
istent in the water column during winter months (Facher
and Schmidt, 1996; Pla-Rabes and Catalan, 2011; Ojala
et al., 2013). The few cysts deposited during winter (Sup-
plementary 2) appear to be a collection of cysts not refer-
ring to any particular season or having a unique
composition. Winter diatom assemblages in Lake Nauta-
järvi most likely consist mainly of reworked material from
the lake-bottom or are the ‘tail’ of the autumn trap samples
as the autumnal season of 2009 lasted until January 2010
(Ojala et al., 2013).

Cyst types that can be found in all sediment trap sam-
ples are most likely produced by more than one species
with similar morphologies but different ecological toler-
ances (Duff et al., 1995). One of the most common cyst
types in Lake Nautajärvi is PEARL 50&52 (Fig. 2).
PEARL 50&52 has been found in cold, oligotrophic lakes
(Facher and Schmidt, 1996; Duff et al., 1995; Pla, 2001)
and has been found to bloom during both spring and au-
tumn overturn (Pla and Catalan, 2011). PEARL 1 and
PEARL 9 (Fig. 2) are also most likely produced by several
different species. Therefore, the information gained from
their occurrence in the samples is quite limited. They ap-
pear to be widely distributed and tolerant of a wide range
of environmental variables (Duff et al., 1995; Pla, 2001).

Only one diatom species (F. rhomboides v. viridula)
had a clear spring maximum (Fig. 3b; Supplementary Tab.
2). This taxon is considered to favour slightly acidic to
circumneutral waters (Krammer and Lange-Bertalot,
1986; Wolfe and Kling, 2001) i.e., similar water than in
Lake Nautajärvi, especially after spring snow melt. 

Although the majority of the most common diatom
taxa were identified to have their maximum accumulation
rate in summer, five taxa, (Aulacoseira ambigua
(Grunow) Simonsen, Aulacoseira alpigena (Grunow) Si-
monsen, T. flocculosa, Staurosirella pinnata (Ehrenberg)
Williams & Round, and Staurosira construens v. venter
(Ehrenberg) P.B Hamilton) occur at higher numbers
mainly during summer (Fig. 3; Supplementary Tab. 2). A.
ambigua is a common planktic species occurring often in
high abundances in oligotrophic to mesotrophic waters
mainly during spring blooms, but also in lower amounts
during autumn blooms (Poister et al., 2012). The highest
accumulation rates of diatoms during summer can again
be explained by the prolonged spring bloom compared to
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the time of the summer trap sampling. This is also sup-
ported by the fact that A. ambigua has been shown to have
a high silica demand (Kilham, 1990) and the highest silica
concentration in Lake Nautajärvi occurs during the spring
discharge period (Ojala et al., 2013). A. alpigena and T.
flocculosa are commonly found in oligotrophic to
mesotrophic, and slightly acidic environments (van Dam
et al., 1994; Köster and Pienitz, 2006), such as Lake Nau-
tajärvi. S. pinnata and S. construens v. venter seem to
favour environments with slightly elevated pH (Schmidt
et al., 2004), but as especially S. construens v. venter re-
sembles taxa with different ecological preferences (Rum-
rich et al., 2000), its specific ecological niche is still not
known.

Three planktic diatom taxa, A. tenella, A. subarctica,
and C. stelligera had their highest accumulation rates dur-
ing autumn. A. tenella and A. subarctica are among the
most common taxa in Nautajärvi occurring in high abun-
dances in all seasonal trap samples (Fig. 3). These two
taxa are commonly found in oligotrophic and slightly
acidic waters (van Dam et al., 1994; Köster and Pienitz,
2006), whereas C. stelligera seem to favour deeper lakes
with prolonged ice-free periods and stronger thermal strat-
ification (Rühland et al., 2003). 

Diatom accumulation rates in Lake Nautajärvi are
extremely low during winter (Fig. 3; Supplementary Fig.
1; Ojala et al., 2013). This is not surprising as environ-
mental conditions under the ice cover do not favour their
growth. Thus, the occurrence of especially planktic di-
atoms in the sediment traps during winter may be the re-
sult of small-scale resuspension. Although none of the
diatom taxa had their maximum accumulation rate dur-
ing winter, the relative abundance, however, of
Rossithidium linearis m (W. Smith) Round & Bukhti-
yarova, Psammothidium subatomoides (Hustedt)
Bukhtiyarova, Brachysira vitrea (Grunow) Ross &
Williams, and F. rhomboides v. viridula was highest dur-
ing winter (Fig. 3a). These taxa are considered to favour
slightly acidic to circumneutral waters (Krammer and
Lange-Bertalot, 1986; Wolfe and Kling, 2001). The high
amount of taxa occurring during all seasons in the trap
samples (Fig. 3) suggests that diatoms are more depend-
ent on prevailing seasonal conditions than on rapid,
short-lived episodes. 

There is a clear difference between the results of the
two used approaches, namely species relative abundance
and species accumulation rate (Figs. 2 and 3). As the for-
mer provides only the relative abundance of taxa in rela-
tion to each other the latter quantifies the occurrence of
taxa, thus providing more reliable information of real
changes occurring in the biological community. It is thus
recommendable, that in studies where the occurrences of
different taxa are compared accumulation rates should be
used, if available.

Representativeness of sediment trap data
in the surface sediment sample

The surface sediment sample of chrysophyte cysts and
diatoms comprised rather well especially the most com-
mon species found in seasonal sediment traps (Figs. 2 and
3), and the most distinctive differences could only be seen
among taxa with low occurrences. 

The surface sediment sample of chrysophyte cysts was
most diverse of all counted samples comprising 54 mor-
photypes (Fig. 2a) of which 13 morphotypes were not
found in the trap samples. However, these 13 morphotypes
were present only in small numbers and therefore circa
87% of all the cysts counted in the sediment surface sam-
ple were also present in the seasonal trap samples. This re-
sult is in line with a previous study conducted in Lake
Redon in the Pyrenees (Pla-Rabes and Catalan, 2011)
where cysts not occurring in the sediment traps showed
relative abundances of only <1% in the sediment core.
These results contradict the findings by e.g. Siver and
Hamer (1992) who studied the seasonal periodicity of
Chrysophyceae and Synurophyceae from a small New
English Pond. In their study the surface sediment sample
comprised less than 50% of the total observed taxa indi-
cating that the surface sediment sample does not reflect
the true species richness. Such divergence, regardless of
the processes causing them, has to be taken into account
when conducting palaeolimnological analysis to infer fluc-
tuations of past climate and environmental change. Ac-
cording to PCA, the surface sediment assemblage for
chrysophyte cysts in lake Nautajärvi is most similar with
the summer 2010 sediment trap assemblage, which in ad-
dition to summer taxa also most likely represents part of
the late spring taxa. In general, no clear similarities can be
seen (Fig. 4a). The difference in the similarity of inter-an-
nual seasons and the surface sediment sample between
Figs. 2a and 4a can be explained by the fact that in Fig. 2a
only taxa with the occurrence of >3% in any sample were
included, whereas in Fig. 4a all taxa were included, al-
though only the same taxa than in Fig. 2 are highlighted.
Despite some differences in species diversity between the
sediment trap and surface sediment assemblages in Lake
Nautajärvi, the surface sediment sample represents well
the whole-lake taxa richness and suggests that in such a
small and rather shallow boreal lake with a simple single-
basin sedimentation environment, the surface sediment
represents well overall species richness of prevailing algae. 

The surface sediment sample comprised 30 diatom
taxa of which four taxa were not found in the trap sam-
ples. In contrary, the trap samples comprised in total 105
taxa of which 77 taxa were not found in the sediment sam-
ple. However, the 30 taxa found in the surface sediment
sample account on average for 67% of all the diatom taxa
counted in the trap samples suggesting that the sediment
sample represent well the whole-lake taxa richness, al-
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though PCA reveals differences between the trap and sed-
iment sample (Fig. 4b). The differences in the ordination
analysis could be explained by the diversity of periphytic
taxa occurring in small abundances in the trap samples
but not as frequently in the sediment sample (Fig. 3a).
This is somewhat surprising since the depth (20 m), dys-
trophy and anoxic hypolimnion of Lake Nautajärvi (Ojala
and Alenius, 2005) should favour the occurrence of plank-
ton over periphyton by providing more suitable habitats
for them. Planktic diatoms, however, comprise only ca.
half of the diatom population. This suggests that the steep
slopes of the lake enhance the transport of sediments and
the three inflows and seasonal discharge support vertical
mixing transporting periphytic diatoms within the lake.
Similar results were also shown by Köster and Pienitz
(2006) who explained the discrepancy between the pro-
portion of epipelic diatoms in the trap samples and surface
sediment sample by sediment focusing and vertical trans-
port increasing the valve deposition in the traps. The lo-
cation of the surface sediment sample in the PCA suggests
that it is mainly a surrogate of all seasons and does not
represent a particular season of the year (Fig. 4b). None
of the environmental variables used in this study explain
the diatom composition in the sediment trap assemblages
statistically significantly (Tab. 2). As the surface sediment
sample was added to the RDA as a supplementary vari-
able it did not affect the analysis but is, however, plotted
in the ordination diagram based on its species composition
(Fig. 4d). The position of the surface sediment sample in
the RDA (Fig. 4d) suggests that precipitation and temper-
ature have the highest impact on the structure of its
species composition. Although it has been shown that di-
atom distribution in freshwaters is mainly controlled by
nutrients and pH (Bennion, 1994; Weckström et al.,
2003), these environmental variables are strongly im-
pacted by precipitation and temperature due to external
and internal physico-chemical processes. Moreover, al-
though Anderson (2000) has highlighted some issues
when relating diatoms directly to air temperature, it has
also been shown to be a strong environmental variable
controlling diatom distribution (Weckström et al., 1997;
Weckström et al., 2006).

No signs of any taphonomical processes could be
found. Regarding its morphology (size, depth), our study
lake is representative of a small and shallow circumpolar
lake often used in palaeolimnological studies. According
to Downing et al. (2006), small and shallow lakes consti-
tute over 90% of the world’s lakes of which 187888 lakes
over 0.05 ha are situated in Finland (Raatikainen and Ku-
usisto, 1990). Thus, within small and shallow lakes with-
out any extreme environmental setting (Ryves et al.,
2003) no taphonomical difficulties should be met. More-
over, in such lakes a single surface sediment sample col-
lected from the representative sedimentation basin

comprises generally well the algal population of the lake
and can thus be used with appropriate caution in palae-
olimnological studies.

CONCLUSIONS

Despite the different prevailing weather and hydrolog-
ical conditions between the study years 2009 and 2010,
the inter-annual accumulation rates of chrysophyte cysts
and diatoms were relatively similar, whereas the intra-an-
nual accumulation rates differed substantially. The sea-
sonality of the sediment trap samples was highlighted by
RDA as spring samples were positively correlated with
spring discharge, summer samples with precipitation and
air temperature, whereas autumnal and winter samples
were negatively correlated with precipitation and air tem-
perature.  The high amount of taxa occurring during all
seasons in the trap samples and the similarity between the
inter-annual assemblages implies that primary producers
are more dependent on prevailing seasonal limnological
conditions than on rapid, shortly lived episodes. 

Although some dissimilarities between the sediment
trap assemblages and the surface sediment assemblages
can be seen, most of the chrysophyte cysts and diatoms
thriving in Lake Nautajärvi are well preserved and pre-
sented in the surface sediment sample. This suggests that
the surface sediment sample of small and shallow lakes
without any extreme environmental settings comprises
generally well the lake´s overall algal composition and
can thus be utilised with appropriate caution in palaeolim-
nological studies. 
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