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Abstract One of the challenges for predicting global
change effects on aquatic ecosystems is the vague
understanding of the mechanisms of multiple control-
ling factors affecting phytoplankton dynamics at
different time scales. Here we distinguish between
hydrometeorological forcing of phytoplankton
dynamics at time scales from days to decades based
on a 54-year monthly phytoplankton time series from a
large shallow Lake Vartsjarv (58°16'N, 26°02'E) in
Estonia, combined with daily data on forcing factors—
thermal-, wind-, light- and water-level regimes. By
using variance partitioning with linear mixed effect
modelling (LME), we found a continuum from the
large dominant K-selected filamentous cyanobacteria
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with strongest decadal scale variation (8-30%) to
r-selected phytoflagellates with large stochastic vari-
ability (80-96%). External forcing revealed strong
seasonal variation (up to 80%), while specifically
water level and wind speed had a robust decadal
variation (8% and 20%, respectively). The effect of
external variables was proportionally manifested in
the time scales of phytoplankton variation. Temper-
ature, with a clear seasonal variation, had no impact on
the dominant cold tolerant filamentous cyanobacteria
in Lake Vortsjarv. We found the LME as a reliable
method for resolving the temporal cross-scale prob-
lem. It yielded quantitative results that matched our
intuitive understanding of the dynamics of different
variables.

Keywords Phytoplankton dynamics - Large shallow
lake - Long-term data - Variance partitioning - Time
scale - Lake Vortsjirv

Introduction

Phytoplankton is contributing about half of the global
organic matter production (Field, 1998) and forms the
basis of most aquatic food webs. Despite advances in
phytoplankton ecology on the effects of both abiotic
(e.g. Cuypers et al., 2011; Posch et al., 2012; Durham
et al., 2013) and biotic factors (e.g. Eiler et al., 2012;
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Hansson et al., 2012; Edwards et al., 2013; Amin et al.,
2015; Shatwell et al., 2016), the mechanisms control-
ling phytoplankton community composition and
dynamics remain poorly understood. A source of
uncertainty in phytoplankton models is the poorly
resolved multiscalarity issue arising from the weak
coupling between atmosphere/aquatic physics and
biological responses across time and space scales
(Francis et al., 1998). A number of studies have been
dedicated to temporal dynamics of phytoplankton at
time scales from diurnal to geological, but there is
little understanding of cross-scale patterns (Li et al.,
2010; Thomas et al., 2018). Thomas et al. (2018)
comparing the predictability of phytoplankton devel-
opment based on high frequency (4 h) to decadal scale
biological, physical and chemical monitoring data
from a Swiss lake found the cell densities to be highly
predictable over hours to months, whereas the pre-
dictability dropped at longer time scales.

Phytoplankton species represent different life
strategies and being variously adapted to changes in
the environment perceive disturbances differently.
Short-term responses of phytoplankton to stochastic
disturbances are likely to constitute a large part of the
total variability in phytoplankton (recently reviewed
in Stockwell et al., 2020). A wind event, for example,
may disrupt a cyanobacteria surface bloom (Wu et al.,
2013), but gives advantage to diatoms that need higher
turbulence (Fraisse et al., 2015) or green algae by
creating a nutrient pulse through deeper mixing
(Carrick et al., 1993). On a time scale of a few days,
wind events can modify phytoplankton dynamics
favouring the largest size classes and inhibiting the
smallest size classes, while an increase in stratification
has the opposite effects (Pannard et al., 2007). Further,
after short-term wind forcing, the phytoplankton
community may take a different track and not return
to its original structure because of modifications of the
resource availability or stratification intensity (Pan-
nard et al., 2008).

Seasonal course of light and temperature and the
resulting changes in resource availability mediated by
the food chain causes lake-type-specific succession of
phytoplankton community repeating in a rather pre-
dictable way from year to year (Sommer et al., 2012).
Year-to-year changes in phytoplankton are tightly
connected to seasonal changes, notably with anoma-
lies in seasonality and phenology. For instance,
different initial conditions of seasonal cycles in
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temperate lakes—the timing of ice breakup, the height
of spring peak in water levels, timing, duration, and
extent of spring overturn—Iead the system to pursue
various trajectories in their seasonal succession. The
effect of initial conditions is often extended to later
parts of the season through match and mismatch
processes in the food web (Winder & Schindler, 2004;
Thackeray et al., 2013a).

On top of anthropogenic eutrophication and nutri-
ent loading, decadal to centennial-scale changes in
lake ecosystems are most often linked to climatic
forcing (Adrian et al., 2009) and changes in catchment
land use, whereas the effects of these factors are often
difficult to disentangle (Moss et al., 2011). Interannual
to decadal phytoplankton fluctuations strongly corre-
late with atmospheric circulation patterns such as the
North Atlantic Oscillation (NAO) and El Nifio-
Southern Oscillation (ENSO) that are often superim-
posed on long-term warming trends (Gerten & Adrian,
2002). Aside from the gradual changes in phytoplank-
ton composition and abundance, environmental forc-
ing may cause lake systems to exceed their resilience
and exhibit regime shifts, i.e. transitions between
alternative and substantially different stable states
(Scheffer & van Nes, 2007).

In this study, we analyse phytoplankton temporal
response scales (decadal, annual, seasonal, and daily)
to external forcing. Here we focus on hydrometeoro-
logical variables, with total nitrogen (TN) and total
phosphorus (TP) concentrations included to provide
consistency with previous studies (NOges et al.,
2003, 2010; Pall et al.,, 2011). We use a variance
partitioning scheme and a correlative analysis to study
the relative importance at which different time scales
of the external forcing variables act on various
phytoplankton groupings.

As hydrometeorological forcing factors, we
included water level (WL), surface water temperature
(SWT), photosynthetically active radiation in the
mixed layer (PARmix) and wind speed (U). Due to
large fluctuations, WL is the pivotal environmental
factor in Vortsjarv, reflecting the general water
richness, catchment loadings of nutrients and organic
matter (Noges & Jarvet, 1995; Noges & Noges, 1998;
Noges et al., 2003). In Vortsjarv water level affects
phytoplankton through variable strength of sediment
resuspension, the release of nutrients, water turbidity
and underwater light climate. Summer water temper-
ature in Vortsjiarv increased on average 0.28°C per
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decade over the 50 years from 1961 to 2011 (Noges &
Noges, 2014) with likely implications on phytoplank-
ton physiology (Wagner et al., 2016) and food chain
relationships (Vasconcelos et al., 2019).

External nutrient loading to the lake was highest
during the 1970s and 1980s, reflecting poor agricul-
tural practices (Pall et al., 2011). The nutrient loading
and in-lake concentrations have decreased since
1980s, yet the phytoplankton-inferred water quality
has not improved (Noges et al., 2010). Phytoplankton
in Vortsjérv is strongly light limited and an increase in
phytoplankton biomass has been promoted by
improved underwater light climate due to reduced
amount of suspended sediments followed by a signif-
icant wind stilling since 1997 (Janatian et al., 2019).
For this reason, we included in the analysis PAR in the
mixed layer and wind speed.

We hypothesise that the effect of hydrometeoro-
logical forcing variables on phytoplankton at different
time scales follows proportionally the variance parti-
tioning of these explanatory variables. Variance
partitioning could provide a useful method for disen-
tangling several of the multi-timescale problems. For
example, unravelling the cross-scale temporal
response of phytoplankton to meteorological and
hydrological forcing corroborates successful bioma-
nipulation and water management (Benndorf et al.,
2002).

We expect to see water-level effects mostly at a
seasonal or multi-annual scale, temperature effects at a
seasonal scale and wind effects at a shorter time scale.
Phytoplankton responses to wind events reveal imme-
diate effects of growth limiting factors such as
nutrients or light. In contrast, at longer time scales,
the relationships may be mediated by other factors like
food-web relations and contain time lags. Ultimately,
at the decadal scale, wind forcing may overhaul the
phytoplankton community structure, as shown by
Janatian et al. (2019). Hence, the time scale of
appearing an effect bears important information on
the kind of the relationship.

Materials and methods

Site description

Lake Vortsjirv is a large (area 270 km?), shallow
(mean depth 2.8 m, maximum 6 m) eutrophic lake

located in the central part of Estonia (58°16'N,
26°02'E). The availability of long-term monitoring
data on hydrology (since 1923), water temperature
(since 1947), hydrochemistry and biota (since the
1960s) has made the lake a valuable test area to study
global change effects on shallow lakes (Noges &
Nbges, 2012). The water level is unregulated and its
absolute range (3.1 m) exceeds the mean depth of the
lake. During ice-free period (234 days), the lake is
polymictic stratifying only occasionally in calm days.
The median nutrient concentrations (TN 1.45 mg 1,
TP 45 pug 1! for the period 1994-2018; Fig. 1) fall
into the eutrophic range. Throughout the ice-free
period, the Secchi depth does not exceed 1 m (Cre-
mona et al., 2014).

The phytoplankton of Lake Vortsjérv is dominated
by shade and low temperature tolerant slow growing
cyanobacteria from the order Oscillatoriales, which
share the traits of K-selected phytoplankton species
(MacArthur & Wilson, 1967; Reynolds, 1996). The
main dominant until late 1970s, Planktolyngbya
limnetica (Lemm.) J. Komarkova-Legnerova, was
replaced by Limnothrix redekei (Goor) Meffert and
L. planktonica (Wotosz.) Meffert, which now form 60
to 90% of the total phytoplankton biomass. Despite a
decline in nutrient loading and concentration in the
lake since the 1980s (Fig. 1), the increase of these
species has led to elevated total phytoplankton
biomass and chlorophyll a concentration (Fig. 2).
The proliferation of Limnothrix spp. was related to
improved light conditions caused by sharp regional
atmospheric stilling and reduced sediment resuspen-
sion since 1997 (Janatian et al., 2019). Diatoms form
the second abundant group in Vortsjirv, in which most
of the biomass is built up by large filamentous
Aulacoseira spp. sharing traits with K-selected
species, accompanied by planktonic Fragilaria and
benthic or periphytic species from genera Surirella,
Gyrosigma, Navicula and Nitschia. Chlorophytes are
dominated by small fast growing chlorococcalean or
colonial forms such as Scenedesmus, Desmodesmus,
Tetraédron, with traits resembling r-selected species.
Finally, chrysophyte and cryptophyte nanoflagellates
form omnipresent but low abundance background
throughout the year.
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Fig. 1 Total nitrogen (TN) and phosphorus (TP) concentration (g L") and loading (T year™') time series in Lake Vortsjirv

Phytoplankton time series

Phytoplankton abundance and composition were
analysed in 503 monthly samples collected from four
pelagic stations during the ice-free periods (May—
October) between 1964 and 2017. Data from the four
spatial stations were pooled due to low spatial
heterogeneity of phytoplankton in the lake (Noges &
Tuvikene, 2012). Water samples were taken with a
Ruttner sampler either from the surface layer (until
1990) or integrated over the water column (since
1991). A comparison of the surface and bottom
samples taken in the earlier period did not show any
statistically significant differences in total biomass or
biomasses of algal classes (Noges et al., 2010). Hence,
we considered the data from surface and integral
samples homogeneous and pooled them for the
analysis, as the polymictic shallow lake is well mixed.
Until 1994 phytoplankton samples were fixed with 2%
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neutralised formalin and counted in Goryajev’s count-
ing chamber. Thereafter Lugol’s iodine fixative and
the inverted microscope technique was used (Lund
et al., 1958). The effect of the fixative could be one
reason for the observed high stochastic variability
among flagellates but had likely no effect on other
phytoplankton groups (Hillfors et al., 1979). Intercal-
ibration revealed no significant differences between
the counting methods. Biovolume estimates followed
the CEN (2004) standard and were converted to wet
weight biomass using unit density. For analysis we
aggregated the phytoplankton data into total biomass
(total B), two orders of cyanobacteria (Oscillatoriales,
Nostocales), total cyanobacteria, chloro- crypto- and
chrysophytes, and split the diatoms into planktonic
and benthic/periphytic forms according to the habitat
preferences in Timm (1973).

The 54-year phytoplankton time series has been
worked out by just two microscopists, Reet Laugaste
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until the end of 1977, and her trainee Peeter Noges
since then. The transition was thoroughly intercali-
brated as it coincided with a regime shift due to a mean
water level increase by more than a metre, accompa-
nying with a change in dominant phytoplankton
species (Noges et al., 2010).

Hydrometeorological forcing

Daily data on wind speed at 10 m height (U) and
incident photosynthetically active radiation (PARg)
were measured at the closest to the lake meteorolog-
ical station (Toravere, 20 km), surface water temper-
ature (SWT), and lake water levels (WL) were
received from the Estonian Institute of Hydrology
and Meteorology. Mean PAR within the mixed layer
(PAR,,;ix) was calculated based on PAR, Secchi depth
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values, the superimposed chlorophyll line shows annual means,
both calculated for the ice-free period from May to October. The
background colours show the three decadal time periods

(SD) and water level. We used the equation for mixed
layer irradiance by Riley (1957):

Inix = Io«[1 —exp(—Kyg x 2)]/Ka X z (1)

taking PAR,;x for I, PAR( for I, expressing the
diffuse attenuation coefficient (Ky) through its rela-
tionship with Secchi depth (SD) in Vortsjidrv (Reinart
& Noges, 2004):

Kq=1.95SD %™ (R* = 0.89; P<0.001) (2)

and the depth of the mixed layer (z) by the average
depth of the lake (z,,) calculated from the water level
(Noges & Jarvet, 1995):

Zaw = 0.741 x WL — 22.26

(R* = 0.90; P<0.01). 3)
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SD was measured at each phytoplankton sampling
occasion by Secchi disc.

Total nutrients were analysed at the accredited
laboratory Tartu Environmental Research Centre Ltd
according to the methods described by Grasshoff et al.
(1999) and following EVS-EN ISO/IEC 17025:2000
standard.

Hierarchical temporal structure of the time series

In a temperate water body, seasonality inflicts large
variation on phytoplankton community structure and
hydrometeorological forcing. In addition to tempera-
ture and PAR, Lake Vortsjérv has a natural seasonally
fluctuating water level, which by affecting sediment
resuspension and light conditions has a major impact
on phytoplankton abundance and composition (Noges
& Jarvet, 1995). Interannual variability imposes an
additional source of variation (Noges & Tuvikene,
2012). Finally, the decadal scale shifts in hydromete-
orological variables, like a sudden increase in water
level at 1978/1979 (Noges et al., 2010) and wind
stilling in 1996/97 split the 54-year time series into
three periods, 1964—1978, 1979-1996, and 1996-2017
(Fig. 3), with differing by phytoplankton community
structure (Janatian et al., 2019).

Variance partitioning of phytoplankton
and hydrometeorological variables

To analyse which time scales were most influential in
explaining variation within the phytoplankton groups
and environmental forcing, we used a nested random
effects statistical model (Imer function of the Ime4
library in R) to reflect the hierarchical structure of the
time series (Zuur, 2009). We adjusted the statistical
design used by Thackeray et al. (2013b) in which
interannual variation was nested within the decadal
scale, and seasonal scale (month) within annual (year).
The error term included “residual” variability at finer
time scale, variation caused by factors not accounted
for, and measurement errors. As we were not inter-
ested in the mean value of the variables at any
particular time scale, we used the mixed effect model
to estimate the separate variance components.

The variance components were estimated as the
average variance of the particular time scale averaged
over the other time scales. It was impractical to
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consider interactions between the time scales or
among biotic groups. These variance estimates
provide the best available approximation on the
relative effect sizes of the different time scales on
the total variation in phytoplankton community struc-
ture and hydrometeorological variables. We created
the following formal model structure and applied it
separately for each aggregated phytoplankton and
hydrometeorological variable:

Meym = ﬂ(] + Vaym + Vym + Vim + €aym

where myy,, is the value of the fixed effect within
month m, year y, and decadal period d, and f3, is the
overall mean. Thus, mgy, is the sum of independent
nested random effect variance components for sea-
sonal (v,,), interannual (v,,,,), and decadal (v 4,,,) scales.
eqym 1s associated with the unexplained variance
components and measurement errors. This model with
intercept as the fixed effect and time scales as nested
random effects was implemented with the Imer
function of the /me4 library in R:

mod = Imer(variable_of _interest ~ 1

+ (1|decadal/year /month), data = data_frame),

where variable_of _interest is the respective continu-
ous scale hydrometeorological or aggregated phyto-
plankton variable, decadal, year, and month are
categorical variables defining the hierarchical time
structure of the data in data_frame.

Associations between hydrometeorological
variables and phytoplankton

In a separate analysis we compared correlations
between phytoplankton variables and the four
hydrometeorological variables (U, WL, SWT and
PARmix) and the total nutrients (TN, TP) to reveal the
influential time scales. We compared the correlations
with the original non-transformed, and three variants
of detrended hydrometeorological variables: (i) after
removing the seasonal component, (ii) the long-term
and interannual variation, and (iii) both, the seasonal
and long-term variation. Detrending was done with
generalised additive models (gam function of the mgcv
library in R) by regressing the hydrometeorological
variables against the smooth terms of (i) the ordinal
date (day of year), (ii) year, (iii) ordinal data and year.
The residuals of the three models were considered as
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Fig. 3 Time series of water temperature (°C), wind speed
(m s~ ), and water level (m) over the whole investigation
period. The daily time series were deseasonalised with 365 day

the detrended hydrometeorological variables. Corre-
lating the respective detrended variables with phyto-
plankton emphasises the (i) long-term and interannual
scale effect, (ii) seasonal scale effect, and (iii) episodic
short scale effect of the hydrometeorological forcing
on phytoplankton (O’Farrell et al., 2011; Ho et al.,
2019; Janatian et al., 2019; Stockwell et al., 2020).

Finally, as wind data were available at a daily
resolution, we were able to test the daily effect of wind
forcing. We did this by correlating the biomasses of
chlorophytes and diatoms, showing significant corre-
lation with the stochastic component of wind, with
instant wind, i.e. the wind on the same day, and lagged
wind, i.e. wind at 1-4 days before phytoplankton
sampling.

1991 1996 2001 2006 2011 2016 2021
Year

moving average (grey line); the black line shows a 7-year
moving average. The background colours show the three
decadal time periods

Results

Variance partitioning in variables among different
time scales

Variance partitioning demonstrated the significance of
all four time scales, but substantial differences
between phytoplankton groups (Fig. 4a, Table S1I).
Expectedly for a temperate lake, the seasonal effect
was prominent, particularly among the dominating
cyanobacteria and thus also the total biomass
(32-45%). In contrast, the subdominants like the
diatoms and chlorophytes, and the background groups
like the phytoflagellates, had an increasing proportion
of stochastic variation (Fig. 4a). Further, the decadal
periods had a strong effect on Oscillatoriales (29% of
total variance). As the latter included the dominant
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cyanobacteria species in Vortsjarv, Limnothrix plank-
tonica and L. redekei, the high decadal variance was
carried over to cyanobacteria and the total biomass.
The interannual differences explained 17-21% of the
variance in the total biomass and in the cyanobacteria
order Nostocales. The minor groups of phytoflagel-
lates, chrysophytes and cryptophytes showed no
variability attributable to decadal periods, crypto-
phytes also to interannual scale.

The variance partitioning among time scales in
explanatory variables showed that water level and
wind had a considerable proportion of variance (8%
and 20%, respectively) attributable to the decadal
periods (Fig. 4b). This was expected, since the shifts
in the phytoplankton community structure, which
defined the decadal periods, were triggered by sudden
long-term changes in water level and wind (Janatian
et al.,, 2019). Total nutrients also have a sizable
decadal component, a reflecting the long-term down-
ward trend in concentrations. Interannual differences
were important sources of variance in water level
(37%) and Secchi depth (14%) and total nutrients
(12-14%). Except for wind, all environmental vari-
ables had a large seasonal variability component
(> 45%). The residual episodic time scale explained
71% of the total variance in wind, 30—40% in light
nutrient availability, but only 2.6% in water level.
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Hydrometeorological forcing on phytoplankton

Non-transformed wind was weakly positively corre-
lated with chlorophytes, planktonic diatoms, and total
diatoms, while correlations with Oscillatoriales, total
cyanobacteria and total biomass were not significant.
These relationships were confounded by the long-term
variation component in wind. The correlations
strengthened after removing the long-term and inter-
annual variation in wind speed (Fig. 5). Concomi-
tantly, removing the seasonal component from wind
had almost no effect on the correlations, suggesting
that these phytoplankton groups are indifferently
affected by the wind speed at a seasonal scale, but
not on a decadal time scale. Further, the significant
positive correlations after removing both, seasonal and
long-term components of wind highlighted the impor-
tance of short-term episodic time scale.

The flagellates (cryptophytes and chrysophytes)
were negatively affected by wind (Fig. 5). Removing
seasonal component from the wind slightly strength-
ened the relationship, suggesting that seasonal varia-
tion in wind was a confounding component. In
contrast, removing the multi-annual variation in wind
turned the negative correlations non-significant, indi-
cating the importance of long-term variation in wind
speed in predicting flagellate abundance (Fig. 5).

Increasing water level reduces the average light
availability for phytoplankton in the polymictic
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TN TP U WL PARmMix SWT
NT DS DT DS+DT NT DS DT DS+DT NT DS DT DS+DT NT DS DT DS+DT NT DS DT DS+DT NT DS DT DS+DT
0.6
Oscillatoriales 0.04 0.06 | 0.03 -0.08 -0.01
0.48
Cyanobacteria | 0.03 0.09 0.09 0.02 -0.05 -0.02
0.36
Total biomass | 0.04 0.09 041 0.15 -0.05.-0.09
0.24
Nostocales 0.09 n 0.06 0.01 -0.01 -0.02
0.12
Chlorophytes  |-0.04 -0.03 -0.05 -
0
Pl.diatoms |0.04 0.02 0.08
-0.12
Diatoms | 0.06 0.04
-0.24
Benth. diatoms 0.09 m 0.09 0.03| -0.07 0.05 -0.05 -0.05 -0.05
-0.36
Chrysophytes  |-0.04 -0.08 0.01 - 0.04 -0.04 0.05
-0.48
Cryptophytes  |-0.01 -0.04 0.05 0.06 -0.04 0.04
-0.6

Fig. 5 Correlations of phytoplankton variables with non-
transformed and detrended environmental variables. NT non-
transformed; DS detrended with respect to season; DT with

brown-water Lake Vortsjarv (Noges & Jarvet, 1995),
and this negative effect got a correlative support in this
study (Fig. 5). Water level acts mostly on total
biomass and the cyanobacterial groups on a seasonal
time scale, indicated by the weaker correlation with
deseasonalised water level. The negative association
between water level and chlorophytes is supported by
both, seasonal and interannual time scales, while for
diatoms seasonality has a confounding effect and
negative relationship becomes more apparent after
deseasonalizing water level (Fig. 5). The significant
negative episodic short-term effect of water level on
phytoplankton groups is not easy to interpret, because
water level has relatively low episodic variation
component (Fig. 4b). Short-term changes in water
level are due to seiche waves caused by winds in
north—-south directions, which could affect phyto-
plankton, but our data resolution is not suited to test
this further. Notably, cryptophytes and chrysophytes
are only weakly affected by water level.

PAR in mixed layer was negatively correlated with
most of the phytoplankton variables. Analogously
with water level, the seasonal component of mixed
layer PAR on phytoplankton was dominating over the
interannual component. Yet both time scales con-
tributed to the overall negative effect of non-trans-
formed mixed layer PAR.

Chlorophytes and diatoms were the only groups
which correlated significantly and negatively with
water temperature. Detrending water temperature had

respect to year, DD + DT with respect to season and year.
Background colour marks significant (P < 0.05) correlations.
Non-significant (ns) correlations have a white background

no major effect on the correlations, suggesting that the
negative relationship was mainly due to the stochastic
component of water temperature dynamics. Lack of
positive correlation between water temperature and
the cyanobacterial groups is due to the insensitivity of
the dominant oscillatorian Limnothrix spp. to low
temperature. These species can sustain abundant
populations even under low light conditions under
the ice cover (pers. obs).

TP concentrations reveal a consistent positive
relationship with phytoplankton groups at all time
scales, except for benthic/periphytic species and
chrysophytes, which are known to obtain nutritional
resources from the host plant and mixotropy, respec-
tively. Notably, these relationships are remarkably
weak with TN, corraborating P as the potentially
limiting nutrient in Lake Vortsjérv.

The lagged correlation of wind with phytoplankton
revealed that diatoms had the strongest positive
relationship with instant wind, while chlorophytes
correlated best with the wind of the previous day
(Fig. 6).

Discussion
Analysing a 54-year monthly time series, we unrav-
elled the effects of hydrometeorological forcing of

lake phytoplankton community variation at different
time scales.
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Fig. 6 Relationships of chlorophyte and diatom biomass with
wind speed (U) over the period of 0-4 days before phytoplank-
ton sampling

We used two approaches: (1) variance partitioning
of phytoplankton and environmental variables with
mixed effect linear models with hierarchically nested
time scales and (2) comparative correlative analysis by
statistically removing the seasonal and long-term
interannual variation components from the explana-
tory hydrometeorological variables. We hypothesised
that effects of the driving variables on phytoplankton
are manifested proportionally at the same time scales
as the variance is partitioned within these explanatory
variables.

Hydrometeorological variables act at different
time scales

The environmental variables revealed fundamentally
different time scales of variance. For most of the
variables 60-80% of variability was at the seasonal
time scale. This was expected as the high latitude and
boreal temperate climate imposes strong seasonality.
As an exception, seasonal time scale had low
variability for wind, which was dominated by short-
term stochastic changes. In contrast, water level had
almost no short-term stochastic variation component,
which was expected as the water level in the lake
changes marginally daily or weekly, i.e. within the
shortest time scale analysed—the month. Yet both
variables, wind and water level, and only those had a
considerable share of variance that was attributable to
decadal periods. Previously we showed that the two
breaking points in phytoplankton community structure
(1978-1979 and 1996-1997) matched the ones found
at multi-annual scale in water level and wind (Janatian
et al., 2019). For water level and Secchi depth also the

@ Springer

interannual changes were important, indicating that
the time series contains successive multiyear periods
of higher or lower water level and Secchi depth.

Divergent response of phytoplankton groups

The stochastic variation component in phytoplankton
was generally larger than in the driving variables. Part
of this difference could be attributed to the intrinsi-
cally higher measurement uncertainty of phytoplank-
ton. The phytoplankton variables could be divided into
3 groups based on the balance between their seasonal
and stochastic variability components: (i) the
cyanobacteria and the total biomass with the smallest
stochastic and largest seasonal component, (ii) chloro-
phytes and diatoms with medium stochastic variabil-
ity, and (iii) the two groups of phytoflagellates,
chrysophytes and cryptophytes, with > 80% of
stochastic variability.

In Vortsjérv, the dominating filamentous cyanobac-
teria are the slow growing, cold and shade tolerant K-
selected Limnothrix spp., which increase steadily over
the growing season. Local grazers tend to avoid
Limnothrix filaments (Tonno et al., 2016), which
relaxes the top-down control and effectively decou-
ples them from the grazing food chain. These traits
contribute to the well-established seasonal pattern and
small stochastic variability. In contrast, the predom-
inant chlorophytes and diatoms in Vortsjdrv are fast
growing  “opportunistic  species”  (r-strategists,
MacArthur & Wilson, 1967; Reynolds, 1996), readily
utilising pulses of nutrients to rapidly increase their
biomass. They are the preferred food for small-bodied
crustacean zooplankton in Vortsjarv from May to
September (Agasild et al., 2007; Tonno et al., 2016).
Tighter top-down control contributes to the stochastic
component in their variability. The two groups of
phytoflagellates constitute the preferred food for a
variety of zooplankton, including rotifers (Bogdan &
Gilbert, 1982), cladocerans (Thys et al., 2003), ciliates
(Miiller & Schlegel, 1999), and copepod nauplii
(Hansen & Santer, 1995) implying that their variation
is largely controlled by strong background grazing
pressure. Arauzo and Alvarez Cobelas (1994) studied
phytoplankton groups in an eutrophic reservoir at
daily to yearly time scales and explained the divergent
biomass dynamics along the r-K continuum with
resource partitioning, because each strategic group
dominated the phytoplankton community at different
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times in the year. Here we show that the strategic
phytoplankton groups respond to environmental pres-
sures at widely different time scales. The r-strategists
tend to have large stochastic (daily) variability, while
K-strategists are predominantly influenced by long-
term, seasonal to decadal scale variation.

The three phytoplankton groups that delineated
with the variance partitioning were also distinguished
by their relationships with the environmental drivers.
The correlations of the dominating Oscillatoriales,
cyanobacteria, and total biomass were strongest with
the stochastic component of wind and the seasonal
components of water level and mixed layer PAR.
Accordingly, variation in water level and mixed layer
PAR was dominated by the seasonal components,
while wind was dominated by stochastic component
(Fig. 4b). Unexpectedly we found no significant
correlation of the cyanobacterial groups with water
temperature, indicating that the cold tolerant Ocilla-
toriales differ fundamentally from the notorious scum
forming and temperature sensitive cyanobacteria in
many eutrophic lakes of the world (Wu et al., 2013).
Chlorophytes and diatoms (except benthic diatoms)
were most responsive showing significant correlations
with all of the studied hydrometeorological factors.
Compared to other phytoplankton groups, the
phytoflagellates had a reversed relationship with wind
and mixed layer PAR. Most phytoplankton groups had
consistently significant positive correlation with TP at
all time scales, which is in good agreement with the
measurable variation of total nutrients at all time
scales. Although TN and TP reveal very similar
variance partitioning (Fig. 4b), the variation in phy-
toplankton groups and TN were apparently uncoupled,
re-iterating the prevailing P limitaiton in the lake.

At the daily scale, diatoms showed an immediate
positive response to wind, which can be explained by
the turbulent mixing supporting the flotation and
resuspension of the cells from the bottom or littoral
zone (Huisman et al., 2004). We consider this as a
purely mechanical signal, with little, if any physio-
logical response. The biomass of chlorophytes showed
a consistent positive response to the wind of the day
before the sampling, which cannot be explained by the
simple mechanical mixing alone. We speculate that
their increase was caused by rapid growth stimulated
by improved nutrient availability released from the
sediments by resuspension (Holmroos et al., 2009).

Our correlative approach does not reflect direct
causal relationships and have to be interpreted with
care. E.g. most of the correlations with mixed layer
PAR are negative and do not explain causal mecha-
nisms in the light-limited environment. Rather it
reflects the good light conditions in early spring when
there is still little phytoplankton and water trans-
parency is high, followed by increased shading of the
growing phytoplankton populations, leading to
adverse light conditions and low mixed layer PAR
later during the year. Analogously, the negative
correlation with water temperature reflects the long
autumn with cool water but high of phytoplankton
density. The positive correlation with total phosphorus
was expected because the phytoplankton biomass is
part of the total nutrient pool. More conspicuous is the
consistently weak relationship with TN, pointing to P
as the potentially limiting nutrient, also supported by
the scarcity of nitrogen fixing cyanobacteria in Lake
Vortsjarv.

Critical assessment of the statistical methods

The two statistical approaches yielded partly coherent
results: both methods indicated the importance of the
stochastic component in wind and of the seasonal
component in water level and mixed layer PAR. Using
the variance partitioning between the time scales
appeared as a reliable and useful technique for
unravelling the multi-scale time problem, as it yielded
easily interpretable quantitative results that matched
well with our intuitive understanding of the dynamic
behaviour of the different variables. The correlation
analysis, although apparently robust, is more dis-
putable as screening for a large number of individual
pairwise combinations potentially lead to inflation of
the type I error associated with multiple comparisons.
We thus present the significant positive or negative
associations as plausible hypotheses for future
research, rather than as validated cases. Further,
spurious correlations and contradictions may emerge
if the environmental forcing on phytoplankton poorly
corroborates with the proportionality of the variance
partitioned within these variables.

For example, variance partitioning showed that
only a small part of variability in water level was
attributable to stochastic changes, which is fully
comprehensible since it is a strongly autocorrelated
variable (Lan, 2014). However, the correlations of
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phytoplankton with stochastic component of water
level remained significant, which is not easy to
interpret. Similarly, variance partitioning showed that
81% of variability in water temperature was in the
seasonal component, indicative of a temperate lake,
and the rest 19% was stochastic. Yet the correlative
approach suggested that the stochastic component of
water temperature was mostly responsible for the
significant negative correlations with phytoplankton.
Our analysis showed that detrending the environmen-
tal variables could either strengthen or weaken the
correlations with phytoplankton. Because the bulk of
variability for different environmental variables can
be in different temporal components, detrending
should be used with care not to throw out the baby
with the bathwater. Screening the variables with
variance partitioning allows making better informed
decisions.

Conclusions

Using long-term hydrometeorological and phyto-
plankton data from a large shallow lake, we (1)
applied variance partitioning in single time series
between time scales from decadal to sub-seasonal and
(2) studied the impact of statistically removing the
seasonal and interannual effects from explanatory
variables on their correlations with phytoplankton
groups. We hypothesised that effects of driving
variables on phytoplankton are manifested propor-
tionally with the time scales as the variance is
partitioned within the explanatory variables.
Variance partitioning revealed the fundamentally
different nature of the environmental variables,
whereas both analyses distinguished three groups in
the phytoplankton variables differing by their position
in the food chain and along the continuum of the r-
K selection: (1) the dominating slow growing fila-
mentous cyanobacteria (K-strategists) determining the
dynamics of total cyanobacteria and the total bio-
mass—variables characterised by the lowest stochas-
tic and largest seasonal and decadal component
followed by (2) chlorophytes and diatoms with
medium stochastic variability and (3) the two groups
of phytoflagellates—chrysophytes and crypto-
phytes—with > 80% of stochastic variability. The
latter two groups belonging to r-strategists are
subjected to strong grazing pressure in VOrtsjarv.

@ Springer

We found the variance partitioning as a reliable and
useful method for studying the multi time scale
problem in plankton ecology. It yielded easily inter-
pretable quantitative results that matched with our
general understanding of the dynamical behaviour of
the different variables. The correlation analysis,
however, led to some contradictions that did not fully
corroborate with proportionality of variance parti-
tioned in the environmental variables and the time
scales of the variables acting on phytoplankton groups.
We cautiously blame the spurious character of some
correlations, but are confident in the validity and
robustness of the variance partitioning results.

We expect this study to introduce variance parti-
tioning as a simple and useful method to get an insight
into potential interactions of multiple governing
variables controlling plankton dynamics at different
time scales and to help reduce the uncertainty in
phytoplankton models. Recognising and addressing
correct response time scales is fundamental for
knowledge-based water management. Understanding
the variable character of the driving factors and
different response time scales of phytoplankton groups
provide for setting feasible targets and avoid spurious
expectations. Faithfully implementing short-term
measures where the causalities act on decadal scales
is a common source of frustration in society.
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