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Abstract
As part of a global phenomenon, a 30% decrease in average wind speed since 1996 in southern Estonia

together with more frequent easterly winds resulted in 47% decrease in bottom shear stress in the large
(270 km2), shallow (mean depth 2.8 m), and eutrophic Lake Võrtsjärv. Following a peak in eutrophication pres-
sure in the 1970s–80s, the concentrations of total nutrients were declining. Nonmetric Multidimensional Scal-
ing (NMDS) ordination of a 54-year phytoplankton community composition time-series (1964–2017) revealed
three distinct periods with breaking points coinciding with changes in wind and/or water level. Contrary to
expectations, we detected no decrease in optically active substances that could be related to wind stilling,
whereas phytoplankton biomass showed an increasing trend despite reduced nutrient levels. Here we show how
opening of the “light niche,” caused by declining amount of suspended sediments, was capitalized and filled by
the light-limited phytoplankton community. We suggest that wind stilling is another global factor, complemen-
tary to climate warming that counteracts eutrophication mitigation in lakes and may provide a challenge to
assessment of the lake ecological status.

Recently a number of studies (e.g., McVicar and Roderick
2010; Vautard et al. 2010; Bichet et al. 2012) have shown that
surface winds have slacked in several regions of the world.
Decreasing over land wind speeds have been reported, for
example, from central Mediterranean and Adriatic areas
(Pirazzoli and Tomasin 2003), East Asia (Xu et al. 2006), west
coast of Canada (Tuller 2004), Australia (Roderick et al. 2007),
and northern Europe (Woolway et al. 2017). Based on data
from 822 surface weather stations, Vautard et al. (2010)
showed that between 1979 and 2008 surface wind speeds have
declined by 5–15% (on average 0.11 m s−1 per decade) over
almost all continental areas (at 73% of surface stations) in the
northern mid-latitudes. The decreasing trend over the past
30 years was rather gradual; however in Europe the aforemen-
tioned authors found major drops in wind speed in years 1996
and 2000. Changes in wind speeds may differ by seasons,
e.g., in Madison, WI, USA, Magee and Wu (2017) described

abrupt decreases in yearly, summer and fall wind speeds in
1994, spring wind speed in 1996, and winter wind speed in
1997. In a review of 148 studies reporting terrestrial wind
speed trends, McVicar et al. (2012) concluded that terrestrial
stilling was a widespread phenomenon across the globe. The
suggested causes for the stilling (see recent review by Wu et al.
2018), such as changes in atmospheric circulation patterns
(Lu et al. 2007; He and Soden 2015), gradients in sea surface
temperature (Klink 1999; He and Soden 2015), aerosol emis-
sions (Xu et al. 2006; Guo et al. 2011), and increasing surface
roughness (Vautard et al. 2010), are likely to have different
importance by region (Bichet et al. 2012). The widespread ter-
restrial stilling is, however, counterbalanced by a 50–60%
increase in duration and severity of storms over North Atlantic
and North Pacific since 1949 (Emanuel 2005).

As a global phenomenon, terrestrial atmospheric stilling has
important implications for inland waters through disruption of
the thermal stratification (Magee and Wu 2017; Woolway et al.
2017) and energy dissipation (Woolway and Simpson 2017;
Woolway et al. 2018). In shallow lakes, wind stilling results in
lower bottom shear stress that is a function of ground wind
speed, wind fetch, and water depth (Wu et al. 2016) and repre-
sents the main force causing sediment erosion. Models have
shown that the effect of wind on water temperature and stratifi-
cation may be greater than that of increasing air temperature
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(Magee andWu2017;Woolway et al. 2017). Longer lasting strati-
fication due to stilling winds can enhance iron-bound phospho-
rus release from bottom sediments of deeper lakes becoming
anoxic (Bormans et al. 2016), but can decrease the frequency of
aerobic phosphorus release pulses from shallow lake sediments
caused by sediment resuspension (Holmroos et al. 2009; Kragh
et al. 2017). As shown by Holmroos et al. (2009), resuspension-
mediated internal loading is often themainmechanism bringing
nutrients into the water column, especially in shallow lakes. A
shift from pulsed nutrient supply to slower changes in nutrients
ratios over seasonal scales can shift the balance between r- and K-
strategists among phytoplankton species and can lead to more
complete use of resources due to coexisting complementary life-
history traits (Papanikolopoulou et al. 2018). The r/K selection
(MacArthur and Wilson 1967) opposes fast reproducing and
growing “opportunistic” species that exploit less-crowded, some-
times temporary, ecological niches (r-strategists) with strong tol-
erant competitors in crowded niches living at densities close to
carrying capacity of the environment (K-strategists). Stronger
stratification in shallow polymictic lakes selects formotile species
like cyanobacteria and flagellates (Wilhelm and Adrian 2008) as
they can move vertically in the water column. Studies of Lake
Taihu (China) have shown that weaker winds caused a vertical
gradient in Microcystis biomass with high surface chlorophyll-a
concentrations and increased bloom area (Wu et al. 2015).Wang
et al. (2016) distinguished three components of wind influence
on harmful algal surface blooms: a disturbance impact on
cyanobacterial proliferation, a nutrient impact by sediment
release, and a transportation impact by wind and wave induced
surface drift. Two other important impacts of wind-induced sedi-
ment resuspension are its influence on phytoplankton commu-
nity composition through entrainment of meroplanktonic algae
from the lakebed to the water column, and on primary produc-
tion through increased light attenuation (Schallenberg andBurns
2004). Thus, irrespective of the mechanism, sediment distur-
bance results in a loss of water transparency. Hence, we expect
that wind stilling will cause the opposite—a decrease in light
attenuation and improvement ofwater transparency.

Recently, the effect of wind stilling on the thermal stratifica-
tion of a large shallow polymictic lake (Võrtsjärv) in Estonia was
investigated, finding that the abrupt decrease in surface wind
speed since mid-1990s resulted in a higher number of stratified
days (Woolway et al. 2017).We expected that this change leading
to less frequent sediment disturbance in this shallow lake would
result in better water transparency as suspended sediments are
one of the reasons of high turbidity in the lake. In contrast to
Lake Taihuwhere the scum forming species benefitted from calm
periods (Wu et al. 2015), Võrtsjärv is dominated by thin filamen-
tous Limnothrix species evenly distributed in the water column
due to their nearly neutral buoyancy and slow speed of floating
or sinking (Walsby 2005). We expected that less sediment distur-
bance would result in less nutrient release from the sediment that
would rather decrease than increase phytoplankton biomass and
in turn contribute to transparency improvement. However,

when checking this in the long-term record of water quality
data available for this lake, a contradiction became apparent:
There was no improvement in water transparency or decrease in
phytoplankton abundance since mid-1990s as could be expected
from the considerable wind stilling and decreasing trends in
nutrient concentrations. Here we provide amechanistic explana-
tion to this contradiction by analyzing the long-term time series
of phytoplankton, nutrients, and optically active substances to
uncover relationship with drivers of wind stilling in Lake
Võrtsjärv. Previous studies have shown the dominating role of
water-level changes in controlling the water quality parameters
inVõrtsjärv. Stronger sediment resuspension at lowWLs enriches
thewaterwith suspended solids resulting in lowerwater transpar-
ency but improved average light conditions in the water column
by “cutting off” less illuminated and less productive deeper layers
(Nõges and Järvet 1995; Nõges and Nõges 1999). Enhanced sedi-
ment phosphorus release and denitrification at low WLs cause a
decline in the N:P ratio and a shift in all common trophic state
indicators (total phosphorus concentration, chlorophyll-a, phy-
toplankton biomass, Secchi depth) toward a higher trophic state
(Nõges and Nõges 1998; Tuvikene et al. 2011). Given the strong
influence of water-level changes on Võrtsjärv ecosystem, this
parameter was added as a cofactor in our analysis.

Thus, this study investigates the following hypotheses:

1. Lower wind speeds cause lower bottom shear stress resulting
in less frequent episodes of aerobic phosphorus (P) release
and through it suppresses small, fast-growing phytoplankton
species (r-strategists).

2. Lower bottom shear stress results in less frequent occurrence
of meroplanktonic (benthic, periphytic) species in phyto-
plankton as there is less chance for them to be resuspended.

3. Longer thermal stratification episodes favor motile (flagel-
late) species able to migrate to optimize their light and
nutrient supply, and scum-forming cyanobacteria requiring
calm conditions for bloom formation.

4. Less frequent sediment disturbance stimulates the growth of
light-limited slow growing phytoplankton dominants (K-
strategists) and their biomass will increase as suggested by an
increasing contribution of chlorophyll-a and decreasing con-
tribution of suspended solids to total light attenuation. The
plausible mechanism for this is based on compensatory
growth of the light limited species on the account of addi-
tional light resource caused by decreasing light attenuation by
suspended sediments.

Methods
Site description

Lake Võrtsjärv is a large (area 270 km2), shallow (mean depth
2.8 m, maximum 6 m), eutrophic lake located in the central part
of Estonia (58�160N, 26�020E; Fig. 1). Following peak loadings of
nutrients in the 1980s reaching 16.4 g m−2 y−1 of total nitrogen
(TN) and 0.7 g m−2 y−1 of total phosphorus (TP), the loadings
steadily declined to approximately 5.4 g TNm−2 y−1 and 0.1 g TP
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m−2 y−1 by the 2000s. During 1994–2009, the lake was character-
izedby the followingaverage concentrations: TN1.4 � 0.6mg l−1,
TP 50 � 25 μg l−1, and chlorophyll-a 31 � 23 μg l−1 (Nõges and
Nõges 2012). Throughout the ice-free period, the Secchi depth
does not exceed 1m.

Due to the shallowness, the lake is lacking a real accumula-
tion area sensu Håkanson (1977), and even the deeper parts
are subjected to periodic resuspension during storms. A north–
south transition from sandy silt, silt, silty clay to gyttja
(organic rich mud) characterize the bottom sediments, while
two thirds of the bottom are covered with gyttja (Raukas
2004). The water level (WL) of the lake is unregulated, with a
1.4 m mean annual amplitude of WL change and a maximum
range of 3.2 m. The latter corresponds to a 1.4-fold difference
in the lake area, a 2.4-fold difference in the mean depth and a
three-fold difference in lake volume (Nõges and Nõges 1999).

The lake phytoplankton is represented by a Limnothrix-type
assemblage near-continuously dominated (60–90% of the
total biomass as seasonal average) by the slenderer species of

Oscillatoriales—Planktolyngbya limnetica (Lemm.) J. Komárková-
Legnerová, Limnothrix redekei (Goor) Meffert, and L. planktonica
(Wołosz.) Meffert. These species have among the highest adap-
tive capacities of any algae to low average insolation (Reynolds
1994). Since late 1970s when the two Limnothrix species out-
competed P. limnetica, which still occurs in moderate numbers,
nomajor change in the phytoplankton community composition
occurred, while the total biomass has slowly increased over the
years. The Limnothrix species representing slow growing K-strate-
gists are sensitive to hydraulic flushing and cannot colonize areas
with short water retention time (Idrizaj et al. 2016). Although
enhanced gas-vacuolation reaching up to 50% of cell volume has
been described in some strains of L. redekei in winter (Gkelis et al.
2005), the gas-vacuolation inVõrtsjärv remains low andno gradi-
ents in the vertical distribution of the Limnothrix species have
been observed. Among diatoms forming the second abundant
group inVõrtsjärv, the bulk of the biomass is built upby large fila-
mentous Aulacoseira spp. accompanied mostly by benthic and
periphytic species from genera Surirella, Gyrosigma, Navicula, and
Nitschia duringwindy periods.

Meteorological variables
Daily wind speed (at 10 m height) and direction data were

obtained from the nearest to the lake meteorological station
(Tõravere, 20 km), daily WL, and surface water temperatures
(SWT) for 1964–2017 through the Estonian Environment
Agency. There have been three different instruments used for
wind measurements in the Tõravere station (Jaagus and Kull
2011). Until 1976, wind speed and direction were visually
observed eight times per day using Wild’s wind vanes. Since
November 1976, automatic anemo-rhumbometers, and since
September 2003 automatic weather stations have been used.
As no jumps occur in wind data at these times, it can be
assumed that the change of instruments had no major effect
on wind records.

Lake sampling
Sampling for water chemistry and phytoplankton, including

water transparency measurements with a Secchi disk was carried
out monthly, in some years fortnightly or weekly from 1 to
4 pelagic stations, whereas the length of the time series differed
for different parameters. We had the longest time series for phy-
toplankton composition and biomass (1964–2017) followed by
Secchi depth (SD) (1966–2017). We used data on chlorophyll-a
(Chl-a), phaeopigments (Phaeo), colored dissolved organic mat-
ter (CDOM), and total suspended solids (TSS) measured since
1989, and those of TN and TP since 1994.Water was taken with a
Ruttner sampler from0.5mdepth or verticallywith 1-m step and
mixed in a bigger vessel from which an integrated sample was
taken. As the lake is mostly fully mixed and no significant differ-
ences caused by sampling method were found between surface
and integrated values of themain algal group (cyanobacteria and
diatoms) biomasses, total biomass, and number of species (n of
parallel measurements 92, p of Student’s t-test between 0.39 and

Fig. 1. Location of Lake Võrtsjärv and the sampling stations.
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0.88 for different variables), the surface and integrated samples
were pooled for the analysis. Similarly the samples from the four
pelagic stations were pooled for correlation analyses as our
previous study (Nõges and Tuvikene 2012) found no significant
differences between them.

Analytical methods and calculations
Bottom shear stress

We approximated wind directions to the four cardinal and
four intercardinal directions and calculated the corresponding
wind fetch as the average cross section of the lake surface in
these directions. Using wind speed, wind fetch, and WL of the
water sampling day and of 2 days before it as input variables,
we calculated the 3-day average bottom shear stress (Shear3D)
using the semi-empirical Sverdrup-Munck-Bretschneider
(SMB) equations described in detail by Wu et al. (2016). The
wave height and period are calculated using fetch, storm dura-
tion, and wind speed. Further, the elliptical orbital motion on
the bottom is calculated from the linear wave theory. On the
basis of the maximum velocity on the bottom and the friction
factor caused by waves, the shear stress caused by waves is cal-
culated. We calculated the shear stress for the water depth
equal to the mean depth of the lake depending of WL. Within
the range of registered changes in WL (in meters above sea
level), the mean depth of the lake (m) can be calculated
according to Nõges and Järvet (1995):

zav = 0:741*WL−22:26 R2 = 0:90; p<0:01
� � ð1Þ

To calculate the frequency of sediment resuspension events,
we applied two critical shear stress levels, 0.04 N m−2 and
0.05 N m−2, delimiting the range described for sand, silt, fine
silt, and mud sediments in large shallow lakes Erie (Sheng and
Lick 1979), Balaton (Luettich Jr et al. 1990), and Okeechobee
(Sheng et al. 1991).

Optical variables
Secchi depth (SD) was the only optical variable measured

in each sampling occasion. We converted SD into diffuse
attenuation coefficient (kd) using the empirical relationship
found for Võrtsjärv by Reinart and Nõges (2004) (see
Supporting Information Fig. S1):

kd = 1:95SD
−0:74 R2 = 0:89; p<0:001

� � ð2Þ

Based on these kd values, we calculated the euphotic zone
as the layer within which photosynthetically active radiation
is attenuated to 1% of its surface value (Kirk 1994):

zeu = ln100=kd = 4:605=kd ð3Þ

The light field experienced by phytoplankton in the mixed
water column depends besides the optical properties of water
also on the mixing depth. Considering Võrtsjärv as a fully

mixed water body (Laas et al. 2012), we used the mean depth
of the lake (Eq. 1) as the mixing depth (zmix = zav) and calcu-
lated the mixing to euphotic depth ratio to characterize the
underwater light conditions as zmix /zeu.

To assess the changes in the relative role of different
optically active substances (OAS) in total light attenuation,
we applied the principle that the total attenuation is the
sum of attenuations caused by pure water (kW) and the dif-
ferent OAS (Åberg and Rodhe 1942) each of which is a
product of its concentration and specific attenuation coeffi-
cient (C0). Considering the latter as a constant, the attenua-
tion caused by different OAS is proportional to their
concentration. As Estonia belongs to the hemiboreal climatic
region, the main OAS in lakes are phytoplankton pigments,
TSS, and CDOM.

kd = kW + kChl + kTSS + kCDOM = kdW +C0
Chl Chl−a+C0

TSS TSS

+C0
CDOM CDOM

ð4Þ

The attenuation caused by water itself can be omitted because
of its marginal importance (approximately 1% in Võrtsjärv;
Nõges 2000) compared to other OAS. We used Chl-a as the best
available rough proxy for all phytoplankton pigments whereas
the light absorption by accessory pigments was not explicitly
considered. We used the specific attenuation coefficient of
0.02 m2 mg−1 for chlorophyll (C0

Chl) measured as the blue
absorption maximum at 440 nm in Võrtsjärv in July 2008
(Paavel et al. 2016). We used the A400F value as the measure for
CDOM concentration. According to our earlier study (Nõges
2000), the light attenuation by Chl-a and CDOMwere of similar
magnitude. The concentration of TSS (in mg L−1) was measured
in the lab by weighing method (see next paragraph). TSS is a het-
erogeneous component that contains varying proportion of phy-
toplankton, organic andmineral particles suspended in thewater
column, all having different specific weight and optical proper-
ties. Because of its heterogeneous composition, TSS concentra-
tion is a poor proxy for its optical effect. Therefore, the particle
induced attenuation (kTSS) was back-calculated from the optically
measured variables (kd, kChl, and kCDOM) using the Solver func-
tion in Microsoft Excel. The nonlinear Solver algorithm
reconstructed kTSS by minimizing the difference between kChl
and kCDOM, while simultaneously constraining both to positive
values. As we were interested in the dynamics of OAS rather than
the absolute attenuation values caused by them, we considered
this approach robust for the purpose.

Chemical analyses
Chemical analyseswere done at Tartu Environmental Research

Centre Ltd. TN and TP were measured in nonfiltered water sam-
ples spectrophotometrically after oxidative and hydrolytic diges-
tion in a UV- and a thermo-reactor following the standards ISO
29441 for TN and ISO 15681-2 for TP. TSSweremeasured by filtra-
tion of water through preweighed glass fiber filters. The filter was
then dried at 105�C and the mass of the residue retained on the
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filter was determined byweighing (standard EVS-EN 872). CDOM
wasmeasured in 5-cm cuvettes as spectrophotometric absorbance
in filtered (Whatman GF-F filter) water at 400 nm (A400F; Kallio
et al. 2005).

Phytoplankton and pigment analyses
Before 1994, phytoplankton samples were fixed with 2% neu-

tralized formalin and counted in hemocytometer cells using a
light microscope. Since 1994, the samples were fixed by Lugol’s
iodine and counted under inverted microscope using the
Utermöhl (1958) method (for method details, see Nõges et al.
2010). Species were identified to the lowest possible taxonomic
level and counted until reaching at least 400 counting units per
sample. Relationships with environmental parameters were ana-
lyzed at order, species, and functional trait level. We included
three orders of cyanobacteria (Oscillatoriales, Nostocales, Chro-
ococcales), two orders of chlorophytes (Chlorococcales and Des-
midiales), joined crypto-, chryso-, dino-, and euglenophytes into
flagellates and split diatoms into planktonic and benthic/peri-
phytic species for our analyses taking the habitat preferences
fromTimm (1973).

For pigments we followed the procedure recommended by
Edler (1979). Approximately 100 mL of water was filtered
through 47 mm Whatman GF-F filters. The moist filter was
placed in a centrifuge tube (with a cap) prefilled with 5 mL of
100% acetone and put for 24 h in a fridge at 4�C for pigment
extraction. Following extraction, samples were shook and then
centrifuged for 5 min to remove filter and cell debris. Readings of
spectrophotometric absorption were taken at 630 and 647 nm
and at the peak value in the range 662–665 nm (Chl-a absorption
maximum). Reading at 750 nm was used to correct for light scat-
tering. Chl-a concentration was calculated according to Jeffrey
and Humphrey (1975). For measuring Phaeo, the extract was
then acidified with two drops of 1.2 M HCl and readings were
repeated in the range of 662–665 nm (maximum) and at
750 nm. Phaeo concentrations were calculated according to
Lorenzen (1967) equations. The ratio of Phaeo to Chl-a, a marker
of phytoplankton degradation (Walker et al. 2008), was used as a
proxy of sediment resuspension.

Statistical methods
To detect long-term changes in phytoplankton composition,

we used Nonmetric Multidimensional Scaling (NMDS). NMDS is
commonly considered as the most robust unconstrained ordina-
tion method in community ecology (Legendre and Legendre
1998). It aims at collapsing information from multiple dimen-
sions (e.g., frommultiple communities, sites, etc.) into just a few.
Using rank orders instead of distances makes the NMDS tech-
nique able to accommodate a diversity of different types of data
(Ramette 2007). First, we constructed community matrices
from quantitative biomass values with species in columns and
samples in rows. To stabilize variability, the community matrices
were square root transformed, followed by Wisconsin double
standardization (first, species divided by their maxima; second,
samples divided by sample totals). From the community matrix,
a Bray–Curtis dissimilarity matrix was calculated and subjected
to NMDS (metaMDS with two axis; “Vegan” library in R). We

Table 1. Wind forcing related parameters (� standard deviation) for ice-free periods in Lake Võrtsjärv before and after the onset of
atmospheric stilling in 1996. n – number of observations, p – statistical probability of the absence of difference between the mean values
and variances.

Wind forcing related parameter
Years 1966–1995

n = 7048
Years 1996–2016

n = 5118
%

change
p

means
p

variances

Average daily wind speed, m s−1 3.7 � 1.7 2.6 � 1.1 −30 0.0000 0.0000

Average daily wind fetch, km 13.2 � 3.2 12.2 � 2.6 −8 0.0000 0.0000

Average water depth, m 2.63 � 0.43 2.56 � 0.42 −3 0.0000 0.3944

Average daily shear stress, N m−2 0.14 � 0.09 0.08 � 0.06 −43 0.0000 0.0000

% of ice-free days with critical shear stress

exceeding 0.05 N m−2 and 0.04 N m−2
86–95% 68–87% −14 0.0000 1.0000

Fig. 2. Changes in daily average wind speed measured at Tõravere mete-
orological station from 1964 to 2016.
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fitted aggregated phytoplankton parameters and environmental
variables on NMDS ordination of phytoplankton community
composition using “envfit” function provided by “Vegan” pack-
age in R.

We used wild binary segmentation (WBS) technique to find
change-points (jumps) in themean values and variance of phyto-
plankton and hydro-meteorological data. Previous studies have
indicated the superiority of WBS to other change-point detection
methods (Baranowski and Fryzlewicz 2014; Sharma et al. 2016).
To implementWBSmethodology, we used the R packages “break-
fast” and WBS (Baranowski and Fryzlewicz 2014; Fryzlewicz
2014). As the WBS approach requires homogeneous, equally dis-
tributed data, we applied it on regular monthly (May–October)
data from Station 1, from which we had the most complete data
set (471 ice free period phytoplankton samples collected over
53 years). In case of several samples from the same month, the

data were not averaged to avoid inflation of species richness.
Instead, the sample closest to the middle of the month was
included in the analysis.

Results
Changes in wind forcing

Since the onset of atmospheric stilling in 1996, the average
wind speed decreased from 3.7 to 2.6 m s−1, i.e., by 30% com-
pared to the preceding period 1966–1995 (Table 1, Fig. 2).
Although the transition period lasted for 5 to 6 years before
the mean wind speed stabilized at the lower plateau, the
change was abrupt in the long term. There was a significant
(p < 0.0001) decrease in both the mean and standard deviation
of all wind-related parameters since 1996. As the wind change
involved also more frequent westerly winds (not shown), the
wind fetch shortened by 1 km due to the latitudinal shape of
the lake. These two factors together resulted in 43% lower bot-
tom shear stress in the period since 1996 compared to the

Fig. 3. NMDS ordination plot of the 471 phytoplankton samples col-
lected from Võrtsjärv Station 1 during ice-free periods over 54 years with
fitted (a) aggregated phytoplankton variables and (b) environmental vari-
ables (see the goodness of fit in Supporting Information Table S1). The
three periods were distinguished by the WBS analysis that is explained
further.

Fig. 4. Breaks detected in time series with WBS method: NMDS score
1 (a) and 2 (b), absolute water level according to the Baltic height system
(c), and bottom shear stress showing the effect of atmospheric
stilling (d).
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earlier period of 1966–1995 that could not be compensated by
the slightly (7 cm) lower mean depth of the lake in the later
period (Table 1).

Hydro-meteorological forcing of phytoplankton
community change

NMDS ordination of phytoplankton community composi-
tion revealed three clusters in the data (Fig. 3). The biomass of
small coccal or colonial forms of green algae and cyano-
bacteria scaled negatively with NMDS1 (Fig. 3a) while the bio-
mass of the dominants (filamentous cyanobacteria and
diatoms) scaled positively with it showing that NMDS1 repre-
sented the division of phytoplankton taxa by size and growth

rate, i.e., the r/K selection (see MacArthur and Wilson 1967).
Among environmental variables, NMDS1 was negatively corre-
lated with bottom shear stress and positively with the light
limitation indicator zmix/zeu (Fig. 3b) showing that the small-
sized r-strategists were supported by stronger sediment distur-
bance and suppressed by low light conditions. The highly
shade tolerant slowly growing filamentous cyanobacteria, on
the other end of the NMDS1 build up the bulk of phytoplank-
ton biomass in Võrtsjärv and do not require turbulent mixing
for staying in suspension. Along the r/K selection axis, this
group is characterized as K-strategists.

The NMDS axis 2 scores scaled with the motility trait of
taxa with flagellates and gas vacuolated cyanobacteria on one

Fig. 5. Long-term trends in the NMDS score 1 (a), and 2 (b), biomass of Oscillatoriales (c) and flagellated algae (d), total phytoplankton biomass (e),
and the number of taxa in quantitative samples (f) from Võrtsjärv.
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end and benthic diatoms on the other end of this distribution
(Fig. 3a). Psychrophilic benthic and periphytic diatoms occur
in plankton occasionally during strong mixing events in
spring when the WLs are high after the flood peak, while
greater biomass of cyanobacteria and flagellates is associated
with warmer and more turbid (higher kd) waters in summer
when the WLs are generally low (Fig. 3b). The ability of flagel-
lates to migrate makes them tolerant to high light attenuation;
however, at high WLs they lose their mobility-related advan-
tage. Strong polarity in NMDS2 caused by WL and SWT shows
that this axis was partly characterizing the seasonality in
this lake.

When plotted against time, WBS unveiled two jumps in both
NMDS axes scores. The first jump between 1977–1978 inNMDS1
and 1978–1979 in NMDS2 coincided with an abrupt increase in
the mean WL between 1977 and 1979 (Figs. 4a–c). The second
jump in NMDS2 between 1996 and 1997 was concurrent with

the atmospheric stilling (Fig. 5(d)). Mainly the two jumps in
NMDS2 split the 53-year time-series into three periods with dis-
tinct phytoplankton community structure forming the three
clouds in the ordination graph (Fig. 3) and hereafter referred to as
Period 1 (1964–1977), Period 2 (1978–1996), and Period
3 (1997–2017).

There has been a steady increase in total phytoplankton bio-
mass over time,mostly related to an increase in slow-growingfila-
mentous cyanobacteria (Oscillatoriales) and reflected in the
common increasing trend with NMDS1 (Fig. 5a,c,e). The sudden
drop in species richness and flagellate biomass in the end of the

Fig. 6. Percent distribution of phytoplankton biomass by classes over the
three NMDS periods distinguished in phytoplankton community structure
(a), changes in average total phytoplankton biomass and the biggest
“losers” and “winners” (b). Height of the triangles shows significant bio-
mass differences between the periods compared.

Table 2. Correlations of phytoplankton and environmental
parameters with average bottom shear stress during 3 d including
sampling day (Shear3D) and water level in the sampling day
(WL). All variable were included as May–October average values
for 53 years. Significance levels (p) given by asterisks: * <0.05, **
<0.01, *** <0.005, **** <0.001.

Variable Shear3D WL

Flagellates −0.65**** −0.06
Oscillatoriales −0.48**** 0.03

Total biomass −0.39*** −0.20
Nostocales −0.37** −0.32*
Planktonic diatoms −0.11 −0.25
N of taxa −0.09 −0.37**
Desmidiales −0.08 −0.06
Chlorococcales −0.05 −0.52****
Benthic diatoms −0.04 0.03

Chroococcales −0.01 −0.25
SWT −0.48**** −0.13
kd −0.26 −0.66****
zmix/zeu −0.22 0.21

Fig. 7. Long-term annual trend of total phosphorus (a) and total nitro-
gen (b) in Lake Võrtsjärv Station 1 over the period 1989–2017.
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1970s followed by a slow recovery were most strongly shaping
theNMDS2 dynamics (Fig. 5b,d,f).

The relative share of the major phytoplankton classes in
the total biomass remained rather stable over years with a
slight increasing trend in cyanobacteria dominance, especially
between Periods 2 and 3 (Fig. 6a). The biggest “losers” and

“winners” were revealed by comparing the average biomasses
changes at species level between Periods 1, 2, and 3. The spe-
cies showing significant increase or decrease (Student’s t-test,
p < 0.05) were ordered by the effect size of the biomass differ-
ence. Figure 6b shows the differences for the three most abun-
dant Oscillatoriales species whereas the other species showing
significant differences were summed up to other significant
“winners” and “losers” between the periods. The shift from
Period 1 to Period 2 (reflected also in the jump in both NMDS
scores) marked the change from Planktolyngbya limnetica domi-
nation in Period 1 to codomination of Limnothrix planktonica
and L. redekei in Period 2. The change between Periods 2 and
3 expressed only in NMDS2 was characterized by a further
decline of P. limnetica, decreasing share of L. redekei among
the dominants and a boost of L. planktonica biomass (Fig. 6b).

Shear stress and WL
The jump in wind induced bottom shear stress series in

1996/97 coincided with the lowest WLs ever registered in
Võrtsjärv and with the second jump in NMDS2 (Fig. 4). Corre-
lation analysis showed that atmospheric stilling supported fla-
gellates but Shear3D was significantly negatively related also
with filamentous cyanobacteria, from both Oscillatoriales and
Nostocales that build up the bulk of the total biomass in
Võrtsjärv (Table 2). As stronger winds disable thermal stratifi-
cation and equalize the temperature in the water column,
Shear3D was negatively related with SWT. The first jump in
both NMDS scores coincided with that in WL (Fig. 4). Low
WL supported Chroococcales and Nostocales and increased
taxa numbers (Table 2).

Nutrients
Over the period since 1989 covered by homogeneous data

from the State Monitoring Program, the annual mean values of
TN ranged from 1.1 to 3.2 mg L−1 and those of TP from 0.035 to
0.072 mg L−1. Statistically significant (p < 0.001) decreasing

Fig. 8. Long-term changes in diffuse attenuation coefficient (a) and the
mixing to euphotic depth ratio (b) in Võrtsjärv. Arrows indicate the onset
of stilling.

Table 3. Pearson correlations between average wind forcing for 3 d before sampling, water level and optical variables: diffuse attenua-
tion coefficient (kd), concentrations of total suspended solids (TSS) and chlorophyll-a (Chl-a), light absorption in filtered water (A400F)
shown as CDOM, and the mixing depth to euphotic depth ratio (zmix/zeu) in three WBS periods. Significance levels (p) given by aster-
isks: * <0.05, ** <0.01, *** <0.005, **** <0.001.

Period kd TSS Chl-a CDOM zmix/zeu

Wind speed 1 0.33**** — — — —

2 0.14 0.23* 0.39**** −0.42**** −0.02
3 −0.08 0.15 0.15 −0.04 0.05

Shear stress 1 0.31**** — — — —

2 0.12 0.19 0.21 −0.05 −0.08
3 −0.03 0.13 0.28**** −0.16 0.02

Water level 1 −0.54**** — — — —

2 −0.54**** −0.36*** −0.51**** 0.62**** 0.49****

3 −0.44**** −0.24*** −0.42**** 0.74**** 0.28****
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trends occurred in both total nutrients (Fig. 7) being strongest for
winter TN and autumnTP (not shown).

Changes in underwater light climate and OAS
The strongest light attenuation occurred inVõrtsjärv in Period

1 (Fig. 8a) but as it coincided with lowWL (Fig. 4c), the light con-
ditions in the water column remained generally better (lower
zmix/zeu) than in later periods (Fig. 8b). In the period of atmo-
spheric stilling, kd increased again (from average 2.1 m−1 to
2.4 m−1, p < 0.001) after being low in Period 2. The ratio zmix/zeu
increased significantly from Period 1 to Period 2 (from average
2.4 to 3.5, p < 0.001) and remained at the same mean value but
wasmore variable (SD from0.97 to 1.24, p < 0.001) in Period 3.

WL had a major effect on all OAS increasing the concentra-
tions of TSS and Chl-a at low WLs and those of CDOM at high
WLs (Table 3). Lower TSS and Chl-a at high WL had a stronger
effect on the optical properties (kd) of water than the accom-
panying increase in CDOM resulting in better transparency
(lower kd) at higher WL. All correlations of WL with OAS and
optical indicators were stronger in the windy Period 2, except
the correlation with CDOM that became stronger in the calm
Period 3. As a paradox, the worst light conditions (highest
zmix/zeu values) occurred in the water column at high WL
(r = 0.35, p < 0.001) when the kd was lower (r = −0.47,
p < 0.001). With increasing WL more CDOM enters the lake
from the catchment through river inputs. The strong positive
correlation between WL and CDOM implies that CDOM
amplified the attenuating effect of increasing WLs.

Modeling of the relative role of the different OAS in the
total light attenuation kd (Fig. 9) showed a highly significant
(p < 0.0001) increase in Chl-a contribution (kChl, from 25% to
36%) and a corresponding decrease in TSS contribution (kTSS,
from 60% to 50%) in the period of atmospheric stilling (see
the scatter plots relating kd with Chl-a and TSS in Supporting
Information Fig. S2). No trend occurred in the CDOM contri-
bution (kCDOM) to the total light attenuation.

The proportion of Phaeo in total pigments measured as
Chl-a was used as a marker of resuspended sediments, show-
ing high variability in the windy period but stabilized at levels
mostly below 0.2 in the calm Period 3 (Fig. 9).

Discussion
Our study showed two jumps occurring in the long-term

phytoplankton community composition that split the 54-year
time-series into three periods with discernible community
structure. The first jump between 1977 and 1979 was related
to a strong increase in WL causing deeper mixing. The strong
positive correlation between WL and CDOM over the period
of CDOM measurements (since 1989) suggests that the higher
water in earlier years likely also contained more CDOM fur-
ther deteriorating the light conditions. Decreased light levels
in the mixed layer caused a replacement of dominant phyto-
plankton species with more shade tolerant ones. As this
change was already discussed in Nõges et al. (2010), we will
not repeat it here.

We hypothesized that lower wind speeds cause lower bottom
shear stress resulting in less frequent episodes of aerobic P release
and through it here, the suppressing of small, fast-growing phy-
toplankton species (r-strategists). Indeed, the NMDS score
1 showed a strong gradient along the r/K-selection axis and was
negatively related to shear stress. The r-selected species of small
body size and high growth rates, represented in Võrtsjärv by
Chlorococcales, Chroococcales, andDesmidiales, were successful
in periods of unstable environments during stronger wind and
low WL. Being able to utilize short pulses of nutrients
(Papanikolopoulou et al. 2018) released from aerobic sediments
during resuspension episodes, numerous species from these
groups developed in years of low WL in early 1970s and 2000s
contributing to total species diversity. The K-strategists on the
other end of the NMDS1 got an advantage during high water
periods characterized by more stable conditions and lower aver-
age light levels in the deeper mixed water column. The typical
representatives of this group were species of cyanobacteria
belonging to Oscillatoriales and Nostocales but also the benthic
diatoms, all being shade tolerant.

The zmix/zeu ratio showed a deterioration of light conditions
in the lake since Period 2, together with increasing trends in Chl-
a and phytoplankton biomass, mostly accounted for by an
increase in Limnothrix spp. belonging to Oscillatoriales. Cyano-
bacteria respond to light limitation with an increase in the light
harvesting pigments, including accessory pigments phycocyanin
and phycoerythrin, or change in the number of photosynthetic
units (Rücker et al. 1995). Experiments with one of the dominant
Oscillatoriales species, Limnothrix redekei, showed that under
light-limited conditions, the growth rate increased linearly with
daily light dose (Gibson 1987). Similarly, field studies in lakes
where the mixed zone was deeper than the euphotic zone
showed that growth of L. redekei was controlled mainly by light
intensity (Meffert 1989). The competition between the two

Fig. 9. Modeled relative role of CDOM, TSS, and Chl-a in the total light
attenuation coefficient kd, and the proportion of phaeopigments in total
pigments measured as Chl-a. The arrow indicates the onset of stilling.
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Limnothrix species in Võrtsjärv showed L. planktonica as a “win-
ner” in the last period, while the biomass of L. redekei declined.
This could be due to the positive effect of increased water temper-
ature (Nõges and Nõges 2014) on L. planktonica that reaches
its biomass peak later in the season than L. redekei, and has likely
a higher temperature optimum. However, the success of
L. planktonica may also be based on its allelopathic inhibiting
effect on other algae, as described by Tassigny and Lefèvre (1971).

Our second and third hypothesis were based on expectations
how changes in water turbulencemight affect algal groups of dif-
ferent motility. With calming winds we expected to see less mer-
oplanktonic species mechanically entrained into the planktonic
compartment but more flagellates that would get an advantage
during thermal stratification episodes in summer. Although the
benthic diatoms were more abundant in the windier Period
2, their correlation with Shear3D remained nonsignificant and
likely some other factors were responsible. The strong negative
correlation of flagellated algae with Shear3D (Table 2) could be
one of the direct expressions of wind effects on phytoplankton
community composition. As our previous study (Woolway et al.

2017) showed, decreasing wind speeds have resulted in substan-
tial changes inVõrtsjärv stratification dynamics, while increasing
air temperature had a negligible effect. During stratification, a
strong vertical turbulence gradient is formed, keeping the epilim-
nion mixed but attenuating in the meta- and hypolimnion. A
modeling study of a stratified turbulent environment (Ross and
Sharples 2008) showed that turbulence facilitates the large scale
transport of cells within the turbulence gradient, but motility is
the crucial factor that allows the cells to choose whether to stay
in themixing zone or swimaway from it, optimizing by this their
light and nutrient supply.

Despite a continuous decline in nutrient concentrations,
the concentrations of Chl-a and TSS increased since 1996
when a considerable and rather abrupt decrease in wind
speeds and a shorter wind fetch contributed to the decrease in
bottom shear stress. The hypothetical mechanism explaining
this contradiction by stimulated growth of light-limited phy-
toplankton is given in the conceptual diagram (Fig. 10).

Our study showed a dominating effect of WL over wind and
shear stress on phytoplankton biomass and OAS concentrations

Fig. 10. Conceptual diagram relating wind and phytoplankton biomass in a shallow eutrophic lake. Weakening winds reduce turbulent mixing resulting
in less suspended sediments (1) and entrained meroplankton in the water column (2). Both processes reduce light attenuation by total suspended solids
(TSS) and pigments envelope leaving more light for photosynthesis (3). Less aerobic P release from sediment reduces P availability for phytoplankton
growth (4) that in light-limited conditions may not have a major effect. Besides suspended solids that attenuate light by absorption and scattering, total
light attenuation (3) includes also light absorption by other optically active substances (OAS)—colored dissolved organic matter (CDOM) and pigments
contained in both phytoplankton and sediments. In light-limited conditions, weakening light attenuation creates a “light niche” for photosynthesis
enhancing phytoplankton growth. Increasing phytoplankton biomass fills this niche in the TSS and pigment envelope until self-attenuation reaches limit-
ing levels for photosynthesis. This negative feedback loop controls the balance (triangle) between suspended sediments and phytoplankton biomass in
the TSS and pigment envelope. Changes in water levels have a dual effect on light attenuation: Increasing water levels reduce the TSS and pigment enve-
lope by weakening turbulent mixing (5) but deeper mixed layer amplifies the effect of all OAS. More CDOM leaching from the catchment increase water
color during water-rich periods that effect on light attenuation is further amplified by higher water levels (6). Increased nutrient loading during water rich
periods may shift the system toward stronger light limitation.
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that can be explained by the different dynamic character of these
forcing factors. However, as there was no significant difference in
the mean WL before and after the onset of wind stilling, the
1.4-fold weaker average bottom shear stress, less frequently
exceeding the critical threshold of 0.05 N m−2, should have
resulted in less suspended sediments in the water and a higher
water transparency. Decreased external nutrient load and lower P
release from sediment disturbance should have contributed to
this trend by controlling P-limited phytoplankton growth. As no
increase in water transparency was observed and the Limnothrix
biomass increased, the compensatory growth of light-limited
phytoplankton is the one plausible explanation. Therefore, the
additional “light niche” caused by less suspended sediments in
the water column would support phytoplankton growth until
its increasing biomass compensates the TSS decrease and the
self-shading returns light-limitation, closing the “light niche.”
Essentially the phytoplankton biomass increase counter-balances
the lower bottom sediment resuspension, and the net effect is
no improvement in water transparency. The increasing species
richness during the atmospheric stilling period suggests that
the light niche was capitalized by numerous species, however,
L. planktonica took themost advantage, probably due to a combi-
nation of traits common to Oscillatoriales. These include high
photosynthetic efficiency in dim light (Meffert 1989; Reynolds
1994), high P use efficiency resulting inmore turbidity and shade
created per unit of P than by other algae (Scheffer et al. 1997),
and use of specific allelochemicals to suppress competitors
(Tassigny and Lefèvre 1971). This mechanism explaining cyano-
bacteria development in stilling conditions has some common
features with the one described by Posch et al. (2012) in which
high N:P ratio and reduced water turnover in a deep lake allowed
another filamentous cyanobacterium Planktothrix rubescens to
accumulate within the depth of optimal irradiance. In a shallow
lake (Taihu) Wu et al. (2016) found that calm weather supported
the formation ofMicrocystis bloom by allowing the buoyant colo-
nies tofloat and accumulate in the surface layer. These twomech-
anisms, however, are based on redistribution of the biomass
rather than growth stimulation and differ principally from the
one described in this study.

The replacement of declining amounts of suspended sedi-
ments by phytoplankton biomass was evidenced by two ana-
lyses: (1) themodeled relative share of OAS showed an increasing
role of Chl-a against a decreasing role of TSS in total light attenua-
tion in the stilling period and (2) the ratio of Phaeo toChl-a, used
as a marker for suspended sediments, showed constantly low
values and decreased variability after 1996.

Conclusions
Our decadal scale time series revealed an abrupt 30% decrease

in wind speed and change in wind direction since 1996 shorten-
ing the wind fetch in a large shallow temperate lake Võrtsjärv
(Estonia). Combined, the 47% decrease in bottom shear stress
should have increased water transparency. This, however, was

not observed due to the compensatory growth of low-light
adapted phytoplankton that capitalized on the “light niche”
resulting from less sediment resuspension after thewind stilling.

The phytoplankton community composition revealed three
distinct time periods, split by an increase in theWL from 1977 to
1979, and wind stilling since 1996. These environmental
changes shifted the competitive advantage from r-selected coccal
and colonial green algae and cyanobacteria to K-selected phyto-
plankton groups, dominated by shade adapted thin filamentous
cyanobacteria from the genus Limnotrhrix.

Our study provides a plausible explanation to the counter-
intuitive empirical evidence of increased algal biomass against
the background of decreasing nutrient concentrations, and
continuously high water turbidity despite a drop in wind
speed. If the mechanism is general in shallow lakes, wind
stilling is another global factor complementing climate
warming to reinforce eutrophication phenomena in lakes and
postponing the achievement of the management targets set
for the improvement of ecological status.
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