Hydrobiologia (2024) 851:823-847
https://doi.org/10.1007/s10750-023-05365-6

MICROALGAL FUNCTIONAL TRAITS

q

Check for
updates

Long-term adjustment of phytoplankton structure
to environmental traits at timescales during lifetime

development and over generations

Martin T. Dokulil® - Katrin Teubner

Received: 25 January 2023 / Revised: 21 August 2023 / Accepted: 22 August 2023 / Published online: 19 September 2023

© The Author(s) 2023

Abstract Long-term ecological research of deep
Lake Mondsee covers over more than six decades
of phytoplankton observation. According to our
study, phytoplankton groups of various phenologi-
cal traits are suitable to address the impact of two
major environmental stressors: nutrient surplus by
eutrophication from 1968 to 1998 and warming by
climate change. Here, we focus on phytoplankton
biovolume, phytoplankton assemblage structure,
net changes rates, and phytoplankton biodiversity.
Biweekly net change-dependent persistence of phy-
toplankton assemblages followed a dome-shaped
relationship of observations. A short-term persis-
tence of taxonomic traits along weeks is predomi-
nant and contributes to the structural stabilization of
phytoplankton assemblages. This short-term persis-
tence is interpreted by the benefit of lifetime adjust-
ment of phytoplankton organisms. The long-term

Guest editors: Viktoria B-Béres, Luigi Naselli-Flores,
Judit Padisédk & Gabor Borics / Trait-Based Approaches in
Micro-Algal Ecology

M. T. Dokulil (B)

Research Department for Limnology, University

of Innsbruck, Mondseestrasse 9, 5310 Mondsee, Austria
e-mail: martin.dokulil @univie.ac.at

M. T. Dokulil - K. Teubner

Department Functional and Evolutionary Ecology,
University of Vienna, Djerassiplatz 1, 1030 Vienna,
Austria

e-mail: katrin.teubner @univie.ac.at

development phytoplankton structure is discussed as
an alignment of organisms over generations. Single
key taxa, as Planktothrix rubescens (De Candolle ex
Gomont) Anagnostidis &Komarek 1988, which are
omnipotent players in phytoplankton assemblages and
occur during different environmental scenarios in the
long-term, are most suitable for long-term ecological
research. Our findings interpret that phytoplankton
taxa are excellent organisms to track the impact of
environmental constraints due to their short genera-
tion time (1), their lifetime adjustment (2), and the re-
occurrence in the long-term over generations (3).

Keywords Time series - Acclimation - Taxonomic
traits - Shifts - Persistence - Diversity - LTER -
Planktothrix rubescens

Introduction

Phytoplankton organisms can adjust to environmental
changes over time windows from seconds to days by
regulation and acclimation (Raven & Geider, 2003)
during their short life cycle but can built up large pop-
ulation densities lasting for weeks and months. The
generation time of algae in the lab and field depends
strongly on their physiological background and
growth conditions with reported timespans from one
day (shortest is few hours) to about one month (Feuil-
lade & Krupka, 1986; Padisak et al. 1988; Halstvedt
et al., 2007). Short-term responses during species
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lifetime are then mirrored by changes in phytoplank-
ton dominance structure over weeks to months, mir-
rored in a seasonal pattern. Adaptation to different
environmental conditions, such as eutrophication
or global warming, over years is a dynamic process
which may lead to a phenotypic change of thousands
of generations after exposure to novel situations. Spe-
cies shifts at longer timespans are thus accomplished
by adjustments of their functional traits. Such modi-
fications over generation time may be achieved by
species persistence due to their phenotypic plasticity,
inter-annual replacement of species due to directional
selection, or long-term adaptation to environmen-
tal trends by genetic alterations (Zotina et al., 2003;
Falkowski et al., 2004; Greisberger & Teubner 2007;
Anneville et al., 2018).

Long-term investigations in phytoplankton there-
fore turn out to be essential to quantify temporal
changes in assemblage structure and biomass, assess-
ing phytoplankton trends through their response
to the type and intensity of environmental traits
over decades (Kamenir et al., 2006; Salmaso, 2010;
Pomati et al., 2015; Morabito et al., 2018). Pertur-
bations in long-term development of phytoplankton
assemblages are often associated with multiannual or
decadal environmental alterations because of eutroph-
ication, oligotrophication mediated by restoration, cli-
mate warming and several additional impacts (Hajnal
& Padisék, 2008; Ostrovsky et al., 2013; Teubner
et al., 2018; Znachor et al., 2020).

Over an extended period, the response of phy-
toplankton to environmental modifications was
studied in several large and deep peri-alpine lakes.
Changes in cell size, species diversity, and composi-
tion appeared in Lago Maggiore when concentrations
of total phosphorus declined below 15 ug 17! (Rug-
giu et al.,, 1998). Findings from Lake Geneva sug-
gest that phytoplankton biomass is largely influenced
by zooplankton during recovery from eutrophication
(Anneville et al., 2019). The effect of regime shifts
on the stability of phytoplankton populations during
nutrient enrichment and decline in Lake Constance
was linked to a loss in ability of algal groups to com-
pensate changes (Jochimsen et al., 2012).

Information on Austrian lakes north of the Alps
during the oligo-mesotrophic period in the first half of
the twentieth century is fragmented (Brehm & Zeder-
bauer, 1906; Ruttner, 1937). In the 1950s, untreated
effluents from settlements and cyanobacterial blooms
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caused by P. rubescens presented a challenge (Liepolt,
1957) and expanded to many lakes in Austria includ-
ing Mondsee. Dokulil & Skolaut (1991) and Dokulil
(1993) analyzed the succession and response of phy-
toplankton to these changes in Mondsee. The lim-
nological development and monitoring of Mondsee
was outlined by Luger et al. (2021). An earlier over-
view compared Lake Mondsee with the head-water
Lake Irrsee, sharing the same catchment as Mondsee
(Achleitner et al., 2007). The progress of eutrophica-
tion and restoration since the 1950s indicating broad
improvements in water quality was summarized for
several peri-alpine lakes in Austria by Dokulil (2017,
2020). The course of (re)-oligotrophication as a result
of reductions in nutrient loading to lakes was evalu-
ated for 35 case studies by Jeppesen et al. (2005),
which also included Mondsee. This study could show
that phytoplankton biomass declined in response to
reduced total phosphorus (TP) concentrations accom-
panied by shifts in assemblage structure across many
lakes.

In our study, here we focus on the successive phy-
toplankton development for more than half a century
in Mondsee. For decades of intensive sampling, we
assess the short-term structural changes at biweekly
intervals, in addition to those along long-term
changes over decades. These two timescales are inter-
preted to cover the adjustment of organism’s during
lifetime (1) and over generations (2). We postulate
that phytoplankton groups of similar taxonomic traits
are suitable entities to track structural shifts of phyto-
plankton assemblages at both timescales. We address
phytoplankton biovolume, phytoplankton assem-
blage structure, net changes rates, and phytoplankton
biodiversity.

Materials and methods
Site description

The peri-alpine lake Mondsee (481 m asl, maxi-
mum depth 68 m, area 13.8 km?) lies in Austria’s
northern lake district, the Salzkammergut, east of
the city of Salzburg (Longitude 13°22"29", Latitude
47 4924"). The lake belongs to the river Ager catch-
ment. Head water lakes are Fuschlsee, Irrsee which
both drain into Mondsee. The outflow then connects
to Attersee and finally to the Ager River. Coordinates,
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morphometric data, and further information for the
lakes can be obtained from BAW (2010). Average
physical and chemical variables are summarized for
a depth profile averaged for the years 2018 to 2020
(Table 1).

The long-term climatic trend at the meteorological
station Mondsee is characterized by annual means for
two decades of the observation period 1970 to 2020.
Average near-surface air temperature increased from
8.9+ 1.2 °C for the years 1970-1979 to 10.2+0.9 °C
(years 2010-2019). Average total solar radiation
(TIR) rose from 37+2 to 40+2 J m~2 while mean
sunshine duration increased from 1,555+139 to
1,831+ 121 h for the two decades, respectively (Kur-
mayer et al., 2022). Duration of ice-cover varied from
74 days in 1982 to no ice recently. In the twenty-first
century, the lake was only ice-covered in the years
2002, 2006, and 2012. On average, the lake was ice-
covered for 14 days in the period from 1982 to 2022.

Sampling and data sources

Phytoplankton has been regularly monitored since
1978. Quantitative data prior to 1978 were digitized
from graphs in Findenegg (1959a, 1959b, 1965,
1969). Additional data for chlorophyll-a and phyto-
plankton biomass, particularly P. rubescens, were
extracted from Jantsch (1977) and Miiller-Jantsch
(1979). Quantitative phytoplankton samples were
compiled for the period 1977 to 2020 from several
authors (Table 2).

Sampling intervals ranged from weekly
(1982-1984) to monthly (1985-1987) were biweekly
between 1987 and 2004 and monthly thereafter. Sam-
pling depth changes somewhat over the years, but
between autumn 1981 and 2020 integrated samples
were taken from the upper 20 m on all occasions with
an integrating sampler (Ziillig Co.; Schroder, 1969).
Samples for phytoplankton enumeration were pre-
served with 200 ul Lugol solution according to Uter-
mohl (1958) in brown 100-ml glass bottles added and
stored in the dark at 4 °C till analysis.

Cell numbers were estimated with an inverted
microscope using the sedimentation technique devel-
oped by Utermohl (1958). From 1995 till 2004, a com-
puterized counting program was used for enumeration
and biovolume (BV) analysis (Hamilton, 1990). Cell
dimensions were measured with an image analysis sys-
tem (Lucia, V 3.1, Prague) and cell volumes calculated

using simple geometric approximations (Rott, 1981).
Species abundance was then converted to biovolume,
identical to biomass when multiplied by cell density
(Schagerl et al., 2022).

The dataset for analyzing phytoplankton structure
refers to the BV fractions of functional taxonomic enti-
ties representing the whole phytoplankton composition.
These are for the cyanobacteria: Chroococcales, Oscil-
latoriales (mainly P. rubescens) and Nostocales; for
Bacillariophyceae: solitary centric diatoms, filamentous
centric diatoms (Aulacoseira) and pennate diatoms, for
Chlorophyceae: Volvovales and Chlorococcales, further
charophytes: Desmidiales, Cryptophyceae, Chrysophy-
ceae and dinophytes (dinoflagellates). Taxonomic refer-
ences are reported in AlgaeBase [http://www.algaebase.
org; searched on 18 Jan 2023].

Missing BV data for the year 2006 were converted
from chlorophyll-a to total biovolume (?=0.62)
assuming a chlorophyll content of 0.5%. Algal classes
for the year 2006 were approximated from mean algal
class percentages before and after 2006.

Diversity changes in the phytoplankton community
were assessed by the Shannon Index (H') using biovol-
umes according to:

H' = -X(p; * Inp,) (H

where p; is the proportion of species i-biovolume to
the total biovolume of all species.

A simple technique for the detection of differ-
ent periods is cumulative sums (CUSUM) where the
minimum and maximum points on the curve mark the
beginning and end of a period. Here, we used rescaled
adjusted partial sums (RAPS), part of the CUSUM
family similar to Z-scores, which can visualize trends,
shifts and periodicities in data records (Garbrecht &
Fernandez, 1994). The cumulative sum calculation sub-
tracts the mean of the series from the data divided by
the variance, and successive cumulation of the residuals
(Ibanez et al., 1993). Successive negative residuals pro-
duce a decreasing slope, whereas successive positive
residuals create an increasing slope (the value of the
slope is proportional to the mean deviation). Values not
very different from the mean show no slope.

Net change rates of chl-a were calculated from
biweekly time intervals for 1982-2002 as follows:

kenia = (Inchla,, — Inchla, ) /Az
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Table 2 Years and respective references

Year References

1976-1978 Jantsch (1977), Miiller-Jantsch (1979) and

Oberrosler (1979)

1978/81 Schwarz (1979a, b, 1981)

1982-2004 Dokaulil, Teubner (Original data)

2005 DWS Hydro-Ecology (2006) -GZUV 00

2006 Kurmayer et al. (2022)

2007-2009 DWS Hydro-Ecology, Wien—GZUV 00

2010-2012 KIS (Kirntner Instit.}lt fiir. Seenforschun g,
Klagenfurt)—GZUV OO

2013-2015 Arge Limnologie, Innsbruck—GZUV 00

2016-2020 Ing. Biiro Jersabek, Arnsdorf—GZUV 00

GzUv Gewisser-Zustandstiberwachung (Inland Water Moni-
toring), OO Oberdsterreich (Upper Austria), https://www.land-
oberoesterreich.gv.at/211482.htm

where chl-a,, and chl-a,; are the chl-a concentrations
at time =12 and t1, respectively, and At is the time-
span in number of days (Teubner et al., 2003, 2006).
Likewise, the persistence of phytoplankton compo-
sition at biweekly time intervals was calculated as
Bray—Curtis similarity index (0—100) using the soft-
ware package PRIMER 5 (further description of data
treatment see Teubner et al., 2018). For analyzing the
short-term compositional shifts of phytoplankton,
aimed to fit to time-window of lifetime adjustment
of phytoplankton organisms, the phytoplankton com-
position by Bray—Curtis similarity refers to sampling
pairs of successive observations every second week.
Assessing long-term compositional shifts in phyto-
plankton by Bray—Curtis similarity, the assemblage
of 1982 was used as reference (start of our measuring
campaign) and compared to the ongoing evolution of
phytoplankton in time steps of 2 weeks during two
decades. This assessment aims at assemblage shifts
over generations of phytoplankton organisms. In both
cases, Bray—Curtis similarity was calculated from
BVs of taxonomic phytoplankton entities which are
mentioned in the methods above.

Surface water temperatures (SWT) from 0.5 m
depth were used as a proxy for climate change. The
mean, maximum, and minimum depth of the euphotic
zone (Z,), either measured or calculated from Sec-
chi-disk readings (SD), indicated variations in the
underwater light field. A conversion factor of 3 was
estimated by systematically combining UW-light
measurements with Secchi depth. Total phosphorus

(TP) concentrations were used as proxy for the
trophic situation. TP for the years 1962 to 1977 has
been approximated from paleolimnological diatom
and cyanobacterial data (Dokulil & Teubner, 2005).
Missing phytoplankton BV data for the years 1967
and 1973 to 1976 were approximated from a signifi-
cant regression of measured TP concentrations ver-
sus plankton biovolume (BV=0.318+0.0647TP,
?=0.49, n=54, F=50.52, P<0.001). The thermal
summer stratification refers to the time-span of ther-
mal resistance to mixing (RTRM) indices > 8.5 (early
summer onset with RTRM > 8.5 varies between Julian
Day 112 and 149, autumn off-set with RTRM > 8.5
from day 289 to 316 for 1982 to 2002). Measure-
ments of soluble reactive silica (SRSi) and N-NO;
refer to the sampling period from 1982 to 2002.
Before 1985, temperature (°C) was determined at
site with a mercury thermometer mounted within the
sampler. In the laboratory, conductivity was measured
with an electrode at reference temperature of 20 °C
and oxygen concentrations were quantified by Win-
kler titration (ISO 7888, 1985; Winkler, 1888). From
1985 onward, temperature, pH, conductivity, and oxy-
gen were measured using a Yellow Springs multipa-
rameter Sonde 6920. Determination of phosphorus
and nitrogen compounds used spectrometric methods
(ISO 6878, 2004; ISO 11905-1, 1997).

Principal component (PCA) and canonical corre-
spondence analysis (CCA) were performed in ‘Past’
Software, V4.11 (Hammer et al., 2001, https://www.
nhm.uio.no/english/research/resources/past/). Varia-
bles were standardized prior to analysis (mean/stdev).
In total, 73,448 data points were analyzed for biovol-
ume and diversity. Normal distribution was done with
the Kolmogorov—Smirnov test using ‘SigmaPlot’ V15
(Systat ©).

Results
Early phytoplankton observations

Data about early phytoplankton records were com-
piled in Table 3 concerning few species of dinoflagel-
lates, chrysophytes, diatoms, and cyanobacteria. Phy-
toplankton species from lakes in the Mondsee area
were first listed in a study on 18 lakes in Austria by
Imhof (1885). Mondsee proved richest with four spe-
cies of Dinobryon, one Peridinium and one Ceratium
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Table 3 Early references

. Taxon Year of reference
about phytoplankton taxa in recorded
Lake Mondsee occurrence
Dinophyceae 1884 Imhof (1885)
Ceratium
Peridinium
Chrysophyceae 1884 Imhof (1885)
Dinobryon
Pennate diatoms (Bacillariophyceae) 1900 Brunnthaler (1901)
Asterionella gracillima (A. formosa) 1950s Brehm and Zederbauer (1906)

Fragilaria crotonensis

Tabellaria flocculosa var. asterionelloides

Centric diatoms (Bacillariophyceae)

Klee and Schmidt (1987)
Dokulil and Kofler (1995)

Stephanodiscus alpinus and Cyclotella bodanica  after 1930
Aulacoseira subarctica and St. neoastrea

Oscillatoriales (cyanobacteria)
Oscillaria rubescens (P. rubescens) 1959

Nostocales (cyanobacteria)
Aphanothece piscinalis

before 1930 Klee and Schmidt (1987)

1901 Brehm and Zederbauer (1906)
Steemann Nielsen (1959)
Findenegg (1959b)

1930 Liepolt (1931, 1935)

designated as ‘Protozoa,” within‘pelagic fauna’ at that
time. Brehm & Zederbauer (1906) described Oscil-
laria rubescens (later named Oscillatoria, at pre-
sent Planktothrix) at 0, 2 and 5 m in a sample from
December 1901 as rare. The species was not detected
in samples from the same depths in March 1902. The
authors compered their finding to observations in
other lakes and stated ‘Oscillaria rubescens is very
abundant in winter [in Zellersee] and displaces all
other forms, but is completely absent in summer, so
it shows the same behavior as in Lago di Caldonazzo
and Mondsee.” Depth profiles down to 40 m in June
1901 from Attersee, a nearby but comparable lake,
indicated the diatom species Asterionella gracillima
(Hanztsch) Heiberg 1863 and Fragilaria crotonensis
Kitton 1869 as very abundant (Brunnthaler, 1901)
like findings in Mondsee (Brehm & Zederbauer,
1906). No records about phytoplankton can be found
for more than the next five decades. The status of the
lake can be deduced, however, from Haempel (1929)
who typified the lake as ‘turbid, meso-oligotroph at
the initial state of eutrophication’ (Secchi depth about
4 m). Liepolt (1931, 1935) attempted a first mono-
graph of Mondsee without the plankton component
but with a description of algal zonation in the litto-
ral. Patches of Aphanothece piscinalis Rabenhorst
1865 (currently Aphanothece stagnina (Sprengel)
A. Braun 1863) near the inflow at the western end,
were regarded as due to ‘the advanced eutrophication
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in this section of the lake’. The extensive quantitative
plankton study in autumn 1932 and summer 1933
(Ruttner, 1937) unfortunately excluded Mondsee,
but reported O. rubescens as an abundant, deep liv-
ing species at about 20 m from Wolfgangsee close to
Mondsee, verified again by Findenegg (1959a). Since
this cyanobacterium was not present in Mondsee at
that time, the author concluded ‘Mondsee seems to
be a different lake type’. The presence of P. rubescens
before 1968 can be circumstantial substantiated from
14C profiles with deep production maxima, likely
from this taxon (Steemann Nielsen, 1959; Findenegg,
1959b).

Diatom stratigraphy from a sediment core (Klee
& Schmidt, 1987) provided evidence for a transi-
tional state in the 1930s. Centric diatoms shifted from
Stephanodiscus alpinus Hustedt 1942 and Cyclotella
bodanica, Eulenstein ex Grunow 1878 to Aulaco-
seira subarctica (0. Miiller) E.Y. Haworth 1990 and
S. neoastrea Hékansson & Hickel 1986. The rising
level of trophy was substantiated by an abrupt appear-
ance of Fragilaria crotonensis (flared type) and
Tabellaria flocculosa var. asterionelloides (Grunow)
Knudson 1952 during the 1950s (Klee & Schmidt,
1987; Dokulil & Kofler, 1995).
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Period before and during eutrophication—1957 to
1978

Quantitative assessment of phytoplankton from
Mondsee resumed in 1957 (Findenegg, 1959a,
1959b) and has been carried out almost continu-
ously until present. Among the four large lakes
of the region studied by Findenegg, Mondsee had
the highest mean biomass in the top 12 m (250
to 1000 mg m~) in 1957 to 1959 depending on
season. Diatoms dominated winter, spring, and
autumn while summer samples were characterized
by Peridinium and Ceratium species. Findenegg
(1969) reported algal biomasses in the water col-
umn between 3.5 and 16 g m~2 for the years 1958
to 1961 (Fig. 1). Values decreased somewhat in
1962/63 most likely because of the impact by the
road construction on the northern hillside produc-
ing large in-lake turbidity (Einsele, 1963). Analysis

of turbidity layers dated by radionuclides (Irlweck,
1985; Swierczynski et al., 2009), diatoms, and pal-
aeo-pigments from sediment cores provides addi-
tional evidence (Schmidt 1985, 1991; Schultze,
1985).

Biomass recovered in the following years, but dia-
toms remained rare. Species composition in spring
1968 was not different from years before. In May, bio-
volume drastically increased and structure switched
to larger forms such as Ceratium and Tabellaria.
Blooms of Anabaena and Ceratium finally led to the
outbreak of P. rubescens in fall 1968 throughout the
water column and hence switched into eutrophic state
(Danecker, 1969; Findenegg, 1969).

In the years following the Oscillatoria-invasion
(Findenegg, 1973), total phytoplankton as well
as P. rubescens biomass increased (Fig. 1) and
bloomed in summer 1971 at the lake surface as
Bruschek (1971) and Schultz (1971) annotated. The
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Fig. 1 Phytoplankton biovolume (BV) in Mondsee 1957 to
2020: Gray area—all individual data as mm?® 17!, Symbols on
green line—annual average BV as mm® 17!, Values of pink
symbols are reconstructed BV. The thin red line indicates
changes in annual average total phosphorus (TP) as ug 17\
Time periods: I—pre-eutrophication1957 to 1967 (gray), II—
eutrophication 1968 to 1979 (redish), IlI—oligotrophication

ool el el | {1

1980 to 1993 (greenish), [V—variable 1994 to 2020 (white).
The insert shows the regression of TP versus BV. All data are
integrated values O to 20 m. Red arrows mark hot summer
years, brown arrows indicate years with Dinobryon blooms,
and arrows in cyan mark those with Microcystis blooms. More
information in the text
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reconstructed biomass for 1973 to 1976 decreased
in the first two years and then increased again. The
highest total biomass was reached in 1978 (Schwarz,
1979a, b) corresponding with a peak in O. rube-
scens (Fig. 2). The eutrophication period thereafter
ended largely when the wastewater treatment plant
built in 1973 went into full operation including
P-flocculation.

Oligotrophication period—1979 to 1993

From an annual average maximum of 3.6 mm?® 17! in
1979, total phytoplankton BV decreased zigzagging
during the following years down to 1.5 mm?® 17! in
1993 (Fig. 1). During these years P. rubescens rap-
idly declined from an annual average of 2.1 to 0.08
mm? 17! in 1985 and remained thereafter around that
value until 1993 (Fig. 2). The decline of P. rubescens
at that time was mainly associated with an increase
of diatoms (Fig. 3). The increase and fluctuation of
phytoplankton largely reflected the changes in TP
which determined 42% of the variability in total BV
(insert in Fig. 1) and 77% (*=0.77, P<0.001) of

P. rubescens BV (insert in Fig. 2). Similarly, annual
changes in chlorophyll-a significantly depended
on TP (?=0.76, P<0.001). During the recovery
period, occasional algal blooms developed at dates
were marked with arrows (Fig. 1). Outbursts of Dino-
bryon spp., dominated by Dinobryon sociale Ehren-
berg 1834 in June 1984 and a larger one in August
1988 alternated with blooms of Microcystis flos-quae
(Wittrock) Kirchner 1898 in September1985 and
October 1986 (Figs. 1, 6).

The decrease in biovolume and the structural
changes depicted in Figs. 1 and 2 were the result
of adjustments in environmental parameters. The
longest data records over five decades are shown
for SWT, TP, and euphotic depth in Fig. 4, which
cover well the point in time in year 1980 for
opposed development of environmental condi-
tions. The TP concentrations rapidly declined from
17 ug 171 1979 to 5 pg 17! 1982 while SWT started
to increase around 1980 at a rate of 0.6 °C per dec-
ade (Fig. 4A), concurrent with an air temperature
rise (0.5 °C per decade). Absolute annual maxi-
mum air temperature was greater than 30 °C in all
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Fig. 2 Biovolume of Planktothrix rubescens in Mondsee 1969
to 2020. Cyan area—all individual sampling dates as mm?> 17",
Symbols on blue line are annual average BV as mm?> 17! (blue
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scale at right side). Red line is TP as in Fig. 1 (red scale to the
right). Insert shows the regression of TP versus P. rubescens
BV. Variance and regression parameters added
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Fig. 3 Phytoplankton development for more than four dec-
ades, from 1978 to 2020. A The six major taxonomic phyto-
plankton groups as percentages of the total phytoplankton bio-
volume. B and C Re-adjusted cumulative partial sums (RAPS):
B for total BV, Cyano Cyanobacteria, Bacill Bacillariophyceae

years and exceeded 35 °C in the years 2003, 2009,
2013 (36.4 °C), 2015 and 2019. Total summer pre-
cipitation (June—August) was much below 400 mm
in 2003, 2015 and 2019 (308 mm) and tends to
decrease with increasing maximum temperature.
In accordance with the phytoplankton decrease, Z

eu

increased from 10 m in 1979 to 20 m depth in 1985

(diatoms) and C for Crypto Cryptophyceae, Chryso Chryso-
phyceae, Dino Dinophyceae (Dinoflagellates), Green all green
algae s.l., including Euglenophyceae and Desmidiales. Long
dashed lines mark zero level, short, colored dashed lines mark
the major shifts. For more explanation refer to the text

and became more variable as indicated by the range
in Fig. 4b. TP then remained around a mean of
10+ 1.2 pg 17! until 2004, slightly decreased again
2005 reaching 7+0.8 ug 17! thereafter. The differ-
ence of 3 pg in the means was statistically signifi-
cant (t-test, P <0.001).
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Fig. 4 Time series records of environmental constrains
over five decades. A Lake surface water temperature (°C)
from 1957 to 2020 with two regression lines before and after
1980. Variance and regression parameters for post-1980 data
are inserted. In addition, TP is added to mark main period of
eutrophication as red line from Figs. 1 and 2. B Euphotic depth
in meters at 1% ambient light level (Z,,) measured or converted
from Secchi depth in meter. Blue line indicates the annual
averages, the blueish area the range between maximum to min-
imum of depth Z,, for each year

Climate warming period at low TP 1993 to 2020

The period after 1993 was characterized by highly
variable phytoplankton biovolumes with annual
averages ranging from 0.33 to 1.42 mm? 17! (aver-
age 0.77 mm?® 17!) peaking in the years 1996, 2003,
2008 and 2020 (Fig. 1). Nine years from the inter-
val 2000 to 2020 were associated with hot summers
marked with red arrows in Figs. 1 and 8, partly affect-
ing the amount and structure of the assemblages.
The years 1996 and 2003, a year with the hottest
summer on record were associated with the pres-
ence of P. rubescens. Annual averages reached 1.16
and 3.16 mm?> 17!, respectively. The taxon tended to
increase in volume after 2012 (Fig. 2). The variability
in both total and cyanobacterial biovolume occurred
at a mean concentration of 7.3+0.6 ug 1! TP (min
6.5, max 8.9 in 2003). At the same time, SWT has
increased from an annual mean of 10.9 °C in 1993 to
13.5 °C in 2019 while average Z_, declined from 20
to 13.3 m (Fig. 4a, b).
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Long-term change in assemblage structure

The composition of the phytoplankton assemblage
was dominated by diatoms and cyanobacteria over
four decades from 1978 to 2020 (Fig. 3a) Cyano-
bacterial biovolume consisted of virtually only two
species, P.rubescens and Microcystis flos-aquae.
Contribution of P. rubescens decline from 1978
onwards with occasional maxima at depth, replaced
by sporadic blooms from Microcystis in fall
1985, 1986, and particularly 1988 and 1990 when
blooms extended from August till October (Fig. 3a,
cyano%). Alternation of the two subgroups, centrics
and penates, dominated the internal structure of
diatom populations. Larger diatoms such as Tabel-
laria and Aulacoseira dominated the years 1978 to
1998 but declined from 98% in 1986 to 35% 1998
when solitary centric diatoms began to gain more
and more importance reaching 88% 2007, dropped
thereafter again reaching 92% 2020. Occasional
outbreaks of Dinobryon species, main component
D. sociale, occurred among the chrysophytes 1984
to 1990 and again between 2003 and 2009 (Fig. 3a).

Relative shifts in assemblage structure

The simple detection methods for different peri-
ods are cumulative sums, here visualized as RAPS.
The domination of cyanobacteria and diatoms dur-
ing the long observation interval was indicated by
the largely similar trends in their RAPS with total
BV in Fig. 3b. All algal groups abruptly shifted
slightly upwards in 1982 but main trend changes
occurred at the end of 1986 and October 1990 for
diatoms and cyanobacteria, respectively, mirror-
ing the general decline in total BV (Fig. 3b). The
course of the RAPS curve of the diatoms identifies
three periods. When values changed from positive
to negative in 1993, oligotrophication ended. The
variable period thereafter can be separated into two
sub-periods from 1994 to the end of 2010 and 2011
to 2020 when values varied around the mean. Aver-
age diatom BV of 0.36 +0.24 mm? I~! during oligo-
trophication increased to 0.39+0.21 mm? 17! in the
first interval and to 0.41+0.21 mm? 17! in the last
decade. Although these data were not significantly
different, they reflect an increase in contribution
to total BV from 27% via 47% to 56%. The trend
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in RAPS of the chrysophytes shifted in October
1990 from increasing to declining. The shift cor-
responded with total BV and cyanobacteria because
of stabilized TP concentrations and declined Plank-
tothrix biovolumes (Fig. 3c). Cryptophytes, dino-
phytes, and green algae were present throughout the
four decades but became more important from 2003
onwards when all three classes had biovolumes
above average (Fig. 3c).

Fig. 5 Seasonal pattern
of biweekly observation 50

time-span of thermal
summer stratification

Seasonal pattern of phytoplankton

The average seasonal pattern of the environmental
traits, such as, nutrient concentration, Secchi depth,
SWT, as well as the biovolume of phytoplankton enti-
ties are shown for the period 1982-2002 in Fig. 5a.
Thermal summer stratification lasts from the mid
May to the end of October. Seasonally elevated val-
ues for nutrient concentrations and Secchi depth
are observed from late winter to spring and from
autumn to the end of the year. Lowest values occur
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during summer. Concentrations, of TP are highest in
spring, have a second lower peak in late summer to
early autumn and increase toward winter. The sea-
sonal dynamic of phytoplankton varies according to
taxonomic groups. Solitary and filamentous centric
diatoms develop a pronounced spring peak where
filamentous forms reach biovolumes more than twice
that of the centrics (Fig. 5b). Chroococcal cyano-
bacteria develop pronounced biovolumes during late
summer stratification, i.e., in early autumn, when
annual SWT maximum has been passed until autumn
overturn. The oscillatorian cyanobacteria, essentially
P. rubescens, display two maxima, one in summer
before annual peak of SWT during thermal summer
stratification and a second one during autumn over-
turn (Fig. 5c). The cryptophytes and pennate diatoms
have a bimodal development with peaks in spring
and fall. Minima are reached during thermal summer
stratification, in June and September, respectively
(Fig. 5).

Short-term structural persistence vs. net change of
phytoplankton

To differentiate the compositional shifts among bio-
volume fractions, Bray—Curtis similarity of biweekly
pairs of phytoplankton composition was plot-
ted against the biweekly net change rates of Chl-a
(Fig. 6a). The data points follow a unimodal dome-
shaped distribution. Extreme low or extreme high
net change rates are associated with low values of
Bray—Curtis similarity and thus represent strong
shifts of phytoplankton fractions within two succes-
sive weeks during short-term break down or rapid
build-up of phytoplankton yield. The unimodal dome-
shaped distribution was approximated by a nonlinear
fit (r=0.39, F=46,85, P<0.0001, Fig. 6a). A net
change rate of Chl-a around zero indicates no change
in standing crop of phytoplankton between two suc-
cessive sampling dates. The highest Bray—Curtis sim-
ilarity of phytoplankton composition of a biweekly
sampling pair is achieved with 96% resemblance. The
necessary but not sufficient condition for keeping such
high resemblance between successive phytoplankton
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Fig. 6 Net change-dependent structural persistence of phy-
toplankton assemblages covering the lifetime response of
phytoplankton organisms. A Dome-shaped curve of the rela-
tionship between net change rate of Chl-a (d-1) and persis-
tence of phytoplankton composition expressed as Bray—Curtis
similarity (%), both calculated for sampling pairs of successive
intervals. The gray line in A indicates a nonlinear regression
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Net change of Chla

(see results), the blue dashed line outlines the dome-shaped
distribution curve of all points. Data from A are separately
displayed in histograms in B and C. B Bray—Curtis Similar-
ity data follow an asymmetric distribution pattern of negative
skewness, C Data of net change rates passed the test for nor-
mal distribution. For A-C, all at biweekly intervals, n =528
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development over two weeks, is a net change rate of
Chl-a of zero or almost zero. This means that such
extreme high resemblance among successive phy-
toplankton is only found when no change in stand-
ing crop occurs along biweekly sampling. In turn,
however, a net change rate close to zero, marks not
necessarily a period of no compositional change.
A net change rate of chl-a close to zero, e.g., rang-
ing from—0.02 to 0.02 d~!, is associated with simi-
larity values between 40 and 96% (Fig. 6a). Plotting
frequency distribution histogram for Bray—Curtis
similarity values, negative skewness (Ry=—1.013)
becomes obviously (Fig. 6b), which indicates a preva-
lence of persistence against flexibility of phytoplank-
ton structure when comparing successive biweekly
development. Most frequently are Bray—Curtis simi-
larity values ranging between 80 and 85% similarity
for phytoplankton structure of successive sampling
pairs. In contrast to Bray—Curtis similarity, the data of
net change rates of Chl-a follow a normal distribution
(Kolmogorov—Smirnov distance=0.035, P=0.122,
Fig. 6¢).

Long-term persistence of phytoplankton structure
beyond the generation time

The 21-year time series for compositional change of
phytoplankton expressed by Bray—Curtis similarity is
shown in Fig. 7. Diatoms form a dominant fraction in
the phytoplankton assemblages, contributing on aver-
age with 31% to total biovolume (maximum about
80%, see also Fig. 3a). Selecting the most diatom

rich years for half of the 527 samples, their average
contribution is 48% to total phytoplankton BV. The
compositional changes of phytoplankton fluctuated
considerably within seasonal cycles and interannually
over the two decades. The annual median values of
Bray—Curtis similarity, followed by polynomial trend,
coincide with the long-term annual trend of SRSi.

Diversity and disturbance

Diversity of phytoplankton assemblages based on
the Shannon index H' was highly variable between
observations varying between 0.37 in 1983 and 3.24
in 2014 (Fig. 8) indicating lifetime acclimation of
assemblages. Diversities less than 1 were associated
with blooms or mass developments of a single taxon
(Fig. 8b). Besides the blooms of D. sociale and M.
flos-aquae in the 1980s, mass occurrences of Aulaco-
seira islandica (O. Miiller) Simonsen 1979 dominated
April 1983 and March 1998. Microcystis dominated
again in July 1990 and December 1992. In January
2003 P. rubescens prevailed (Figs. 2, 4, 8) while Feb-
ruary 2020 saw a massive presence of A. subarctica
plus Stephanodiscus neoastrea (Fig. 8b).

Annual average H’ has increased from 1.94 in
1982 to 2.79 in 2001 at a rate of 0.4 per decade.
After a drop to a minimum of 1.68 in 2003, diver-
sity reached a maximum of 3.24 in 2005. The mini-
mum in 2003 was due to a reduction in taxa number
from 50 to 32 (Fig. 8a) possibly because of the hot-
test summer on record in Austria. Similarly, the decay
in diversity from 2.74 in 2012 to 1.71 in 2020 was
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Fig. 8 Phytoplankton diversity calculated from biovolumes.
A Evenness (left scale) and number of taxa (right scale) as
annual averages. B Shannon diversity index (H') as black line
for monthly averages and as red line with symbols for annual
averages (left scale). H values for individual species-specific

essentially triggered by a sequence of 8 hot summers
in 9 years, of which four ranked 2 to 5 in temperature
records. Number of taxa declined, from 2012 to 2014,
from 68 to 43, was 51 in 2015, and reached a maxi-
mum of 72 species in 2016 declining afterward to 57
in 2019. Evenness declined from 0.6 in 2014 to 0.4 in

2020, indicating shifts in population structure.

(HISTALP)

data points in blue (right scale). Arrows: Brown—Dinobryon
bloom, Cyan—~Microcystis bloom; Red—hot summers with
explanation on the right side (from HISTALP). See text for
more explanations

Environmental constraints

Using the three environmental variables SWT, Z, , and
TP described in Fig. 4 as proxies for climatic, light and
nutrient conditions relevant for phytoplankton develop-
ment, the total biovolume (BV) of phytoplankton can
be predicted from a multiple linear regression using
SWT, Z, and TP as independent variables:

Table 4 Correlation matrix of annual averages for 1962-2020 (n=59)

wsig/r» SWT Zeu TP BV PlaRub Cyano Chryso Crypto Dino Chloro Conj Cent Bacill Penn Bacill Tot Bacill
SWT 0.411 -0.366 -0.147 -0.246 -0.133 0.298 0.590 0.286 0.314  0.521 0.301 0.098 0.150
Zeu 0.001 -0.458 -0.241 -0.408 -0.130 0.484 0.583 0.404 0.320 0.303 0.142 -0.045 -0.018
TP 0.004 <0.001 0.727 0.823 0.666 -0.294 -0.418 -0.081 -0.052 -0.173 -0.187 0.316 0.211
BV 0.268 0.066 <0.001 0.777 0.862 0.071 -0.121 0.128 0.066 0.014 0.049 0.572 0.504
PlaRub 0.061 0.001 <0.001 <0.001 0.804 -0.241 -0.273 0.139 0.020 -0.023 -0.048 0.683 0.564
Cyano 0.314 0.328 <0.001 <0.001 <0.001 0.083 -0.121  0.150 0.078 -0.053 -0.113 0.685 0.526
Chryso 0.022 <0.001 0.024 0593 0.065 0.531 0.394 0.171  0.171  0.069 0.155 0.057 0.101
Crypto <0.001 <0.001 <0.0017 0.363 0.036 0.360 0.002 0.597 0.525 0.532 0.590 0.223 0.405
Dino 0.028 0.001 0541 0334 0.293 0.256 0.195 <0.001 0.670 0.464 0.366 0.520 0.577
Chloro 0.015 0.014 0.694 0.622 0.879 0556 0.194 <0.001 <0.001 0.509 0.290 0.306 0.370
Conj <0.001 0.027 0.216 0.921 0870 0.709 0.622 <0.001 <0.001 <0.001 0.578 0.252 0.429
Cent Bacill | 0.028 0.310 0.180 0.728 0.734  0.421 0.267 <0.001 0.007 0.035 <0.001 0.174 0.529
Penn Bacill| 0.484 0.748 0.021 <0.001 <0.0017 <0.001 0.686 0.108 <0.0017 0.026 0.069 0.212 0.924
Tot Bacill 0.258 0.892 0.109 <0.0017 <0.001 <0.001 0.446 0.001 <0.001 0.004  0.001 <0.001 <0.001

Pearson’s r and significance (P <0.05) for total biovolume (BV), surface water temperature (SWT), euphotic depth (Z,,), total phos-
phorus (TP), Planktothrix rubescens (Plarub) and algal entities (abbreviations as in Fig. 3). Significant r-values (red) and their
respective p-values in bold

@ Springer



Hydrobiologia (2024) 851:823-847

837

BV = 0.880 + (0.0721 * SWT) + (0.0187 x Z_,,)
+(0.0732 = TP)

r=0.55F =22443,P < 0.001,N =59

The correlation matrix contains details of specific
relationships and their significance (Table 4). TP
related significantly to total biovolume, cyanobac-
teria—specifically P. rubescens—and total diatoms
plus the pennate subgroup. The centric diatoms and
all other classes depended more on SWT. In addi-
tion, chrysophytes, cryptophytes, and dinophytes cor-
related positively with Z_, but negatively to TP and
P. rubescens. Chrysophytes and cryptophytes corre-
lated also negatively to TP.

Applying SWT, Z_, and TP as relevant constrains
of phytoplankton development in multivariate sta-
tistics, PCA clearly separated algal biovolumes into
periods related to trophic level (Fig. 9). The pre-
eutrophication years 1962 to 1965 appear detached
and un-influenced. The years 1966 to 1981 related
to the eutrophic period were largely affected by TP.
All other years covering the oligotrophication and the
variable period were associated with Z,, and SWT.
Hot summers affected annual average biovolumes as
indicated in Fig. 9.

The PCA biplot of second versus first principal
component captured most of the variance (PC1 61%,
PC2 21%) of environmental variables SWT, Z., and
TP. The opposed vectors TP and Z,, indicate their
inverse relationship, while SWT is independent from
both (Fig. 9). According to the biplot display, the
years 1962—-1965 cannot be linked to any state along
the inverse TP: Z, relationship. The data points are
displayed at the opposite of the SWT vector. It indi-
cates that the early lake period in this study, is linked
to low SWT (“cold water period”) but not to any
trophic alteration. Data for the 1969 to 1981 period
close to the TP vector and distant from the Z,,-vec-
tor indicate the main characteristics during that time,
i.e., enhanced TP concentrations and shallow Z_,. The
cluster of the sampling years from 1982 comprise to
situations, namely the declining period (oligotrophi-
cation) until about 1993 and the phase thereafter of
low TP, high Z_, and rising temperatures.

Phytoplankton families linked to environmental
variables indicated relation of TP to total cyanobac-
terial and P. rubescens BV. Pennate diatoms were
less influenced by TP. Chrysophytes, dinophytes, and
chlorophytes centered around Z_, while biovolumes
of cryptophytes, conjugates, and centric diatoms clus-
tered with SWT (Fig. 10).

Fig. 9 Principal component
analysis (PCA). Biplot of
annual average biovolumes
(BV) for the years 1962 to
2020 versus total phospho-
rus (TP) concentrations,
surface water temperature
(SWT) and mean euphotic
depth (Z,,). Symbols:

1966 - 1981 20T

Gray circles—data prior ?_'.

to eutrophication, red 5
triangles—data during c
eutrophication period, g_ '
green diamonds—variable £-30
post-eutrophication period 8

with hot summer years
marked by pink triangles.
Statistics: Variance for
PC1 is 60.7% and for PC2
21.3%. Loadings for PC:
SWT=0.56, for Zeu=0.59
and for TP=0.58; for

PC2: SWT=0.81, for
Zeu= —0.25 and for
TP=0.53

1962 - 1965

30

-15 + 1986

20 L
Component 1
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Fig. (110 Canoriicél ‘(’gfé‘z) Axis Eigenvalue % constr. inertia % total inertia  p
spondence analysis
of algal entities with TP, 1 0.1994 91.58 23.85 0.001
SWT and Z,, as driving 2 0.0183 8.417 2.192 0.055
variables. Abbreviations as
in Figs. 3 and 10 with the
following additions: Pla
rub = Planktothrix rube-
scens, centr Bac =centric 2.0 -+
diatoms, penn Bac =pen- )
nate diatoms, Conju = Cha- ch s:
rophytes. Statistics: i 1.5 +
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Dino other Cyano
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Discussion

Long-term approaches have merits in ecology in
general and in phytoplankton particularly because
of their short generation time. A generation time of
about 100 years in higher plants such as trees reduces
to days up to weeks in plankton assemblages (Padisak
et al. 1988; Halstvedt et al., 2007). As phytoplankton
is a diverse cluster of polyphyletic entities (Falkowski
et al., 2004), their members of distinctive physiologi-
cal traits can act as sensitive sentinels for short and
long-term structural changes, acclimation processes
as well as trends and shifts in environmental traits. In
this context, the presence or absence of plankton key
species in early observations can have consequences
for the present situation in a lake. Recent advances
in methodology would now open the possibility to
reconstruct the history of taxa of harmful blooms
(Savichtcheva et al., 2011, 2015) such as Planktothrix
in this study or other filamentous cyanobacteria such

@ Springer

as Cylindrospermopsis (Fuentes et al., 2008) in an
urban oxbow lake (Teubner et al., 2018).

Planktothrix rubescens - in situ observations over
100 years.

The unexpected appearance and rise of P. rube-
scens in late 1968 was a common phenomenon of
eutrophication in the mid-20"century. Similar sig-
nals in several lakes in Austria, Europe, and world-
wide attracted attention and triggered a broad debate
on causes, consequences, and possible correctives
(Liepolt, 1956; Vollenweider, 1968; Schindler, 1977).

According to earlier studies about P. rubescens
in two alpine lakes, Mondsee and Ammersee, it was
shown that this cyanobacterium lives well adjusted
to ambient low light conditions at the lowest edge
of the euphotic zone and can benefit from enhanced
phosphorus exposure due to eutrophication and
global warming (Teubner, 2006; Teubner & Greis-
berger, 2007; Dokulil & Teubner, 2012). The main
picture of long-term development of P. rubescens
over more than five decades, however, as clearly
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shown in this study from 1969 to 2022, follows the
history of eutrophication in Mondsee, and shifted
to global warming in recent decades. It thus con-
firms findings of former studies by others that envi-
ronmental stressors shifted from nutrient enrich-
ment to global warming (Achleitner et al., 2007;
Luger et al., 2021), although the eutrophication
had a vaster dimension of biomass development
than global warming. A reason for the particular
strong development of phytoplankton yield during
TP enrichment must be seen in the linear response
of phytoplankton biomass increase at low trophic
level, most relevant for Mondsee of oligotrophic to
mesotrophic lake reference background. The yield
response to further enhancement of nutrient supply
slows down at high trophic levels, such as hyper-
trophic lakes (e.g., Forsberg & Ryding, 1980), due
to saturating nutrient level usually not relevant for
pristine alpine lakes. In turn, initiated by restora-
tion measures, TP concentrations and Planktothrix
biovolumes declined during oligotrophication as
observed in many lakes (Jeppesen et al., 2005),
even if the decrease in biovolume of phytoplankton
started with a delay for years when compared with
the decrease in TP in Mondsee (Dokulil & Teubner,
2005). With sustained low TP in Mondsee, biovol-
umes of P. rubescens remained low in the 1990s and
early 2000s, sometimes even below detection limit.

An argument for a less strong yield response by
P. rubescens to climate change against eutrophica-
tion, can be seen in the counterbalance or side effects
of global warming. According to an earlier study,
P. rubescens benefits only partly from global warm-
ing which shifted lake phenology (Dokulil & Teu-
bner, 2012). While P. rubescens benefits from an
earlier onset of thermal stratification due to global
warming, the prolongation of thermal stratification
and a delay of autumn overturn seem to be rather
exhausting for growth. Thus, the global warm-
ing response by increased yield of P. rubescens is
rather modest in lake Mondsee. Nevertheless, ris-
ing water temperatures rather than small changes
in TP at sustained low concentration level caused
a return of moderate biovolume development (<1
mm?® 17!) in the years 2002-2005 and from 2011
onwards. Furthermore, flooding events in 2002 and
2013 yielded in short-term TP-peaks and associated
growth of P. rubescens (Luger et al., 2021; Kur-
mayer et al., 2022). In this view, recurring exposure

to TP which stimulates again the growth of P. rube-
scens, is forced by extreme events linked to climate
change. It thus shows the tight coupling of direct (TP
surplus by eutrophication) and indirect (TP surplus
by climate change effects) nutrient addition which
finally addresses a stimulated growth of P. rubescens
(Bergkemper & Weisse, 2018). Similar phenomena
occurred in several European lakes (Teubner et al.,
2003; Anneville et al., 2004, 2015; Salmaso, 2010;
Posch et al., 2012; Pomati et al., 2015).

In Mondsee, the wax and wane of P. rubescens,
has to be discussed in few of further concurrent phy-
toplankton species. While under nutrient-rich con-
ditions, alternate shifts occurred between P. rube-
scens and other cyanobacteria and diatoms, during
the recovery phase alternate blooms of cyanobacte-
rial Chroococcales and Chrysophyceae are worth
to notify. The Microcystis bloom in autumn 1986
was likely a result of the nutrient input by a land-
slide documented in the lake sediment (Swierczyn-
ski et al., 2009). A bloom of Dinobryon sociale in
August 1988 rendered the water brownish. This out-
burst was a result of hatching from resting stages as
traps placed above the sediment indicated (Dokulil
& Skolaut, 1991). Iron made available through chela-
tion by organic substances released from diatoms was
presumably the activator. Feeding of this mixotrophic
genus affected the structure and number of plank-
tonic bacteria (Sommaruga & Psenner, 1989). The
irregular appearance and the occasional blooms are
characteristics of Dinobryon (Reynolds et al., 1993;
Padisdk, 1995).

Long-term shifts and increasing impact of climate
change

Because of a regime shift in the mid-1980s, climate
warming affected phytoplankton assemblages in lakes
worldwide (Woolway et al., 2017; Kraemer et al.,
2021). Livingstone & Dokulil (2001) and Dokulil
et al. (2010) summarized impacts of global warm-
ing on lake water temperature for Mondsee and other
lakes in Europe. Upward trends in maximum SWT
(Dokulil et al., 2021) became progressively more pro-
nounced affecting biovolume in Mondsee. Extended
periods of warmer water temperatures in summer
strongly affect phytoplankton assemblages. The
absolute maximum temperature as well as the dura-
tion and exceedance of critical temperatures became

@ Springer



840

Hydrobiologia (2024) 851:823-847

increasingly important for the metabolism of the
plankton organisms. Such intervals expended over the
last few decades and surface temperatures admixed
deeper into the epilimnion affecting species growth
rates (Dokulil et al., 2021).

Periods of extremely hot summer weather are a
recurrent phenomenon discussed by Kysely et al.
(2000). Based on the heat waves 1995 and 2003,
Meehl and Tebaldi (2004) forecasted more intense
and frequent heat waves for the twenty-first century.
Off the 10 hottest summers, eight occurred since
2000 in Austria (https://www.zamg.ac.at/cms/de/
klima/news/2021-unter-den-waermsten-jahren-der-
messgeschichte).

A few of these hot summers have been documented
in lake observations. The European heat wave of 2003
produced the highest ever recorded surface tempera-
ture and strong thermal stability (Jankowski et al.,
2006; Dokaulil et al., 2010) causing high BV of Plank-
tothrix and low biodiversity in Mondsee. Blooms or
no blooms of cyanobacteria during a heat wave seem
to depend on the species involved suggesting differen-
tial benefits (Huber et al., 2012).

The response of phytoplankton in Mondsee to the
July heat wave 2015 was studied by Bergkemper and
Weisse (2017). The increase in water temperature
fostered chrysophytes and particularly cyanobacteria
which increased in biovolume relative to previous
years. The peak of P. rubescens shifted from 11 to
16 m depth corresponding to the preferences of this
specific cyanobacterium (Dokulil & Teubner, 2012).
The main driver for vertical distribution is light qual-
ity and quantity (Greisberger & Teubner, 2007; Ober-
haus et al., 2007). In addition to the heat wave, two
heavy rain events in March 2015 and February 2016
were analyzed (Bergkemper & Weisse, 2018). At
both events, cryptophytes declined, followed by rapid
recovery. The spring peak of the centric diatoms and
all other families, however, were unaffected by the
precipitation.

Shifts in phytoplankton biomass and diversity
under climate warming are still controversial. The
fluctuations in phytoplankton diversity, abundance,
and community structure observed in Mondsee cor-
respond largely to those reported by Benedetti et al.
(2019). Long-term trends in diversity were evident
in Danish lakes under re-oligotrophication (Ozkan
et al., 2016). Phytoplankton diversity increased in
periods of strongly decreasing biomass. In contrast
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to the observations in the present study, Ozkan et al.
(2016) could not verify a substantial climatic con-
trol. A report on future climate influences on phyto-
plankton diversity indicated increasingly alteration
and unstable response leading to reduced resilience
(Henson et al., 2021). Additionally, winter conditions
with or without ice-cover influence plankton diversity
(Lenard & Wojciechowska, 2013) as substantiated by
the lack of winter ice-cover in recent years in Mond-
see and other Austrian alpine lakes (Ficker et al.,
2017; Niedrist et al., 2018).

Persistence of functional taxonomic traits of
phytoplankton and seasonal pattern

Structural persistence within short time inter-
vals relies on phytoplankton growth, dormancy, or
losses among taxonomic groups. Growth relates to
the potential of phytoplankton cell division, which
largely depends on resource availability of nutrients
and light, but also on other conditions like allelo-
pathic substances which may hamper cell develop-
ment (e.g., Sliwiniska-Wilczewska et al., 2021). While
growth conditions in the research laboratory are often
set at one cell division per day (balanced exponential
growth maintaining cultures prior to experiments,
growth rate of about 0.69; e.g., Ragni et al., 2008;
Boatman et al., 2018), such development is the excep-
tion rather than the rule for phytoplankton develop-
ment 365 days a year, except for short periods of
exponential growth, e.g., in spring. This way, the life
span of phytoplankton organisms can be extended for
weeks (Feuillade & Krupka, 1986; Halstvedt et al.,
2007), which aside of growth conditions also depends
on taxonomic traits. In this view, structural persis-
tence of phytoplankton assessed stepwise at biweekly
to monthly intervals is close to the timescale of the
lifespan of phytoplankton organisms of various phy-
logenetic traits.

Using Chl-a as rough proxy of phytoplankton
yield, net change rates of Chl-a different from zero
stand for an increase or decrease of phytoplank-
ton yield, i.e., the periods of predominant growth
or losses of phytoplankton. In turn, zero net change
rates of Chl-a indicate periods of dormancy or perfect
balance between increases and losses. The structural
change, expressed by Bray—Curtis similarity, along
net change in this study, revealed a dome-shaped
curve for Mondsee. Such a dome-shaped relationship
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of net change-dependent structural persistence is
also shown for phytoplankton of alpine Ammersee
(Teubner et al., 2003, 2006) and ciliate assemblages
of alpine Traunsee (Sonntag et al., 2006). Dome-
shaped functional curves in ecology are reported
by others, e.g., commonly for population growth
dependence from population density (e.g., Bacher
et al., 1997; Hutchings & Kuparinen, 2014) or spe-
cies response curves along environmental gradients
(e.g., Rydgren et al., 2003; Bal et al., 2011). In case
of the net change-dependent structural persistence
of phytoplankton in Mondsee, extreme yield growth
or yield loss is associated with extreme structural
shifts in phytoplankton assemblages. As shown in an
earlier food web study by Qu et al. (2021), the pro-
tozoan species development was in particular tightly
connected with phytoplankton in Mondsee, and thus
might force structural shifts in phytoplankton assem-
blages by feeding pressure. Furthermore, in Lake
Mondsee the clear water phase is described by lake
phenology (Dokulil et al., 1990; Dokulil & Teubner,
2012) as typical for other lakes. The clear water phase
is not necessarily only associated with a clear species
shift of phytoplankton community, but also seen, e.g.,
by shifts within protozoan assemblages in Mondsee.
The rough picture of seasonal development for phy-
toplankton and also for small-sized grazers exempli-
fied for Mondsee, however, are not four, but only two
seasonal distinct assemblages (Teubner, 2000; Forster
et al.,, 2021). Seasonality in temperate lakes is thus
reduced to two main seasons only, namely the cold
season, lasting from winter to spring, and the warm
season, from summer to autumn. It implies that a pro-
nounced species overturn occurs only twice a year,
from spring to summer and from autumn to winter
(Teubner et al., 2000). In turn, a persistence of phy-
toplankton structure is only achieved if net change
rates are close to zero; but a net change rate of zero
does not necessarily mean that no structural change
is possible. It could be shown that in particular met-
alimnetic phytoplankton assemblages, dominated by
P. rubescens in alpine Ammersee, are more resistant
against structural changes than the epilimnetic phyto-
plankton (Teubner et al., 2003, 2006). Another aspect
concerning short-term development of phytoplankton
traits becomes obvious when looking at the frequency
distribution for values of both, the net changes and the
structural similarity of phytoplankton assemblages.
While values of net change rates satisfy a normal

distribution, the Bray—Curtis values are expressed by
a negative skewed distribution. The latter implies that
structural persistence in phytoplankton assemblages
is more common than structural fluctuation and
thus supports the ‘plankton paradox’ by Hutchinson
(1961). Tracking the structural persistence of phyto-
plankton assemblages, the capability of organisms to
adjust during their lifetime comes to the fore. Phyto-
plankton organisms need to cope with or react to their
environment during their lifetime to succeed. Such a
lifetime response concerns the rapid adjustment for
phosphate acquisition (i.e., Aubriot et al, 2011) or for
photosynthetic activity and acclimation utilizing light
across daytime (e.g., Masojidek et al, 2001; Ragni
et al., 2008) within a few minutes to hours. The accli-
mation to ambient light by photosynthetic efficiency
and pigment pattern has been shown for phytoplank-
ton in Mondsee and other alpine lakes (Teubner et al.,
2001; Greisberger & Teubner, 2007). Seasonal life-
time acclimation is consistent and repetitive over pro-
longed periods. It thus contributes to stability of the
phytoplankton community, which is reflected by sea-
sonal pattern of phytoplankton groups of diverse tax-
onomic traits (Anneville et al., 2018; Fu et al., 2021).
Diatoms develop in particular well, as long as there is
enough Silica available for growth during mixing in
Mondsee. With summer stratification in deep alpine
lakes, epilimnetic phytoplankton growth becomes in
particular exhausted by Si (Teubner, 2003) and dia-
tom biomass rapidly declines (Dokulil & Skolaut,
1991). Cyanobacteria can benefit from thermal strati-
fication or phases of high-water transparency living
in deep metalimnetic layers (Greisberger & Teubner,
2007; Dokulil & Teubner, 2012). Seasonal unimodal
or bimodal distribution pattern thus finally rely on the
adjustment of species to cope successfully with their
environment at least over a certain period of time.
The phytoplankton assemblage as a whole, as a bulk
of the many phytoplankton groups of different taxo-
nomic traits, follows a bimodal seasonal distribution
pattern in Mondsee as earlier shown in Dokulil and
Teubner (2012). Such bimodal phytoplankton devel-
opment is shaped by thermal stratification during the
growing season and is typically described for deep
mountain lakes, as shown by a synoptic study phyto-
plankton seasonality of lakes in Italy (Morabito et al.,
2018).
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Conclusions

Long-term ecological research for phytoplankton
focuses on tracking environmental change which
may have an impact on the lake ecology in a broader
sense. According to the phytoplankton assessment
of alpine Lake Mondsee for more than six decades
(1958 to 2020), we conclude the following concerns
for long-term ecological research of phytoplankton in
lakes:

e Phytoplankton groups of similar taxonomic traits
are suitable entities to track structural shifts of
phytoplankton assemblages in plankton research
and this way avoid the taxonomic rigidity of the
species concepts in ecology.

e Response of taxonomic traits of phytoplankton to
environmental constrains can be studied at two
main timescales relevant for primary producers:
covering the adjustment of organism’s during life-
time (1) and over generations (2).

e Biweekly to monthly observations cover well the
temporal resolution of lifetime adjustment which
is in a longer perspective reflected by the seasonal
pattern.

e The persistence of taxonomic traits along weeks is
predominant and thus an essential element for sta-
bilizing phytoplankton structure rather than struc-
tural fluctuations.

e Studying the response to environmental constrains
at timescales over generations might focus not
only on the average extent of stressors but also
cover their range of values, as biodiversity is in
particular vulnerable against extreme environmen-
tal situations.

e Single key taxa, as is exemplified here for Plank-
tothrix rubescens, which are omnipotent players in
phytoplankton assemblages and are occurring dur-
ing different environmental scenarios in the long-
term, are planktonic taxa of suitable functional
traits to follow the impact of various environmen-
tal stressors over large time-spans, along many
generations of these organisms. Their detailed
study is thus of particular importance for the con-
tribution to long-term ecological research (LTER).
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