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Abstract Many European lakes are monitored

according to the EU Water Framework Directive

(WFD), with focus on phytoplankton biomass and

species composition. However, the low-frequency

WFD monitoring may miss short-term phytoplankton

changes. This is an important issue because short-term

extreme meteorological events (heat waves and heavy

rain) are predicted to increase in frequency and

intensity with climate change. We used records from

Lake Mondsee (Austria) from 2009 to 2015 to test if a

reduction from monthly to seasonal sampling affected

the average annual phytoplankton biovolume. Fur-

thermore, we combined inverted light microscopy,

FlowCAM and flow cytometry to estimate the effect of

sampling during extreme events on average phyto-

plankton biovolume. Relative to monthly sampling,

seasonal sampling significantly overestimated phyto-

plankton biomass. A heat wave in 2015 and two

episodes of heavy rain in 2015 and 2016 caused

species-specific changes; biovolumes of chlorophytes

and the filamentous cyanobacterium Planktothrix

rubescens (De Candolle ex Gomont) Anagnostidis &

Komárek increased significantly during the heat wave.

Using live material with FlowCAM and flow cytom-

etry, we detected small and fragile cells and colonies

that were either ignored or underrepresented by

analysing fixed samples with light microscopy. We

suggest a modified sampling and analysis strategy to

capture short-term changes within the phytoplankton

community.
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Introduction

Phytoplankton plays a key role at the base of pelagic

food webs and its biomass and species composition are

directly related to the trophic state of water bodies.

Therefore, phytoplankton is one of the four biological

quality elements used for the assessment of the

ecological status of European surface waters accord-

ing to the European Union Directive 2000/60/EC (EC,

2000) better known as Water Framework Directive

(WFD). The primary aims of the WFD are the

maintenance and recovery of water quality and to
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ensure good surface and groundwater status by 2027 at

the latest (Arle et al., 2016). The WFD requires that

phytoplankton species composition, abundance and

biomass are measured to assess the ecological status of

lakes. Additionally, most EU countries use assessment

procedures that evaluate phytoplankton taxa in rela-

tion to nutrient conditions. In Austria, several metrics

are calculated, i.e. phytoplankton biovolume, Chloro-

phyll a concentrations and a modified Brettum Index;

(Brettum, 1989; Dokulil et al., 2005; Wolfram et al.,

2015), which eventually result in the ‘Ecological

Quality Ratio’ [EQR; (van de Bund & Solimini

2007)]. The EQR is constrained to values ranging

from zero (the worst possible status) to 1 (excellent)

and evaluates the current ecological status relative to a

reference condition, i.e. an undisturbed, quasi-pristine

status for the respective water body. The ‘normalised

Ecological quality ratio’ (nEQR) is the mean value of

the metric converted to a normalised EQR scale,

where the classes are equally spaced (e.g. the bound-

ary value between moderate and good status is always

0.6 and the boundary value between good and high

status is always 0.8) (http://dd.eionet.europa.eu/

dataelements/latest/resultNormalisedEQRValue).

The EUmember states are requested by theWFD to

set up monitoring programmes to provide sufficient

data for reliably assessing the status of the relevant

quality element. Themeasurement frequencies depend

on the water category (e.g. streams and rivers, lakes),

the biological quality element (e.g. phytoplankton,

macroinvertebrates, fish), and on the ecological status

of the water body under consideration. Consequently,

the selection of quality elements and the frequency of

monitoring vary greatly between the EU member

states (Hering et al., 2010; Pasztaleniec, 2016). The

WFD differentiates between surveillance monitoring,

operational monitoring and investigative monitoring.

Surveillance monitoring is performed for all biolog-

ical, hydromorphological and physical and chemical

quality elements, and investigative monitoring is

carried out if the status of the water body is lower

than good. Operational monitoring is used for assess-

ing the status of those water bodies at risk of failing to

meet their environmental objectives, and it is the most

widespread monitoring tool. For operational monitor-

ing, the minimum requirement for phytoplankton

listed in Annex V of the WFD is twice per year, but

most member states apply higher sampling frequen-

cies. For large ([ 50 ha) Austrian lakes, the

assessment of phytoplankton is based on the annual

mean of data acquired from at least four sampling

dates per year (Wolfram et al., 2013). Seasonal

sampling shall capture the spring circulation, the

beginning and peak of the summer stagnation, and the

beginning of the autumn circulation. If a water body

does not reach a high or good ecological status,

member states are asked to perform mitigation actions

listed in the WFD, Article 11(5) (e.g. investigation of

causes of the possible failure, reviewing monitoring

programmes or additional measures).

The adequate phytoplankton sampling frequency in

lakes is a much-debated issue (Dixon & Chiswell,

1996; Carstensen, 2007; Carvalho et al., 2007;

Domingues et al., 2008; Hering et al., 2010). Wolfram

et al. (2013) noted that a higher sampling frequency

than four times per year will improve the confidence in

the calculation and avoid biases of the annual means

due to outliers. Carvalho et al. (2007) recommended

monthly sampling for both chlorophyll and phyto-

plankton composition. Carstensen (2007) concluded

that the required monitoring efforts to ensure a precise

quality assessment are substantially higher than

envisaged in the WFD and, for phytoplankton and

nutrients, may be as high as 500 observations to

characterise a water body. However, a trade-off exists

between the improved precision obtained by sampling

more frequently and the economics of monitoring

(Skeffington et al., 2015).

This issue has gained renewed momentum in recent

years because, despite all preservation acts (e.g.

decreasing the nutrient input by improving wastewater

treatment and banning phosphates from detergents)

water bodies are increasingly susceptible to eutroph-

ication in the course of climate change. Climate

research predicts rising air temperatures and an

increased frequency and intensity of environmental

disturbances such as heat waves and heavy rain events

in central Europe and other temperate regions (Benis-

ton et al., 2007; IPCC, 2013). In Austria, the frequency

of meteorological droughts has increased since 1950

(European Environment Agency, 2017), and an

increase in summer surface water temperature of at

least 2�C by 2050 has been predicted for 15 Austrian

lakes (Dokulil, 2014). Austria is also projected to

experience the highest increase in flood risk among

European countries (Alfieri et al., 2015). Conse-

quently, lakes are at risk of climate-induced eutroph-

ication (Moss, 2008), as rising air temperature
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increases the external and internal nutrient loading by

accelerating the rate of mineralisation in catchment

soils and in lakes (Malmaeus et al., 2006). Higher

evapotranspiration may further increase the phospho-

rus concentration in lakes (Jeppesen et al., 2005).

Taken together, these expectations lead to an often

undesirable higher algal biomass and a shift to

cyanobacterial dominance in lakes (Moss, 2008;

Rigosi et al., 2014). The WFD monitoring pro-

grammes should keep track of this warming-induced

eutrophication.

Extreme meteorological events can have various

effects on phytoplankton communities. For example,

in the course of a heat wave the risk of algal blooms

increases as incoming nutrients are retained for longer

periods and fewer algae are flushed from the system. In

particular, cyanobacteria are favoured by heat wave

conditions (Jöhnk et al., 2008). Contrary to heat

waves, which are characterised by increases in water

column stability, heavy rain events increase flushing

rates and therefore nutrient loads into the lake,

stimulating phytoplankton growth, but heavy rain

may also reduce phytoplankton biomass due to

removal or dilution (Znachor et al., 2008).

The quest for cost-effectiveness and increased

precision has stimulated the search for computer-

aided, automated high frequency monitoring. Such

analytical tools (sensors) are available for physical and

chemical water quality elements (e.g. temperature and

nutrients; (Chavez et al., 1997; Tokar & Dickey, 2000;

Blain et al., 2004; Skeffington et al., 2015)). Contin-

uous lake observatories, which are often linked to the

Global Lake Ecological Observatory Network

(GLEON), have been implemented in the Americas,

Europe, Australia, and New Zealand (Hamilton, 2014;

Rose et al., 2016, and references therein).

Automatic sampling and analysis are more difficult

for biological water quality elements, although pro-

gress has been made in the field of automated and trait-

based analyses of natural phytoplankton communities

(Pomati et al., 2011). Within the EU water monitoring

programmes, analysis of nano- and microphytoplank-

ton abundance is still routinely done by inverted light

microscopy (Utermöhl, 1958). However, despite the

obvious success of a method being in use for more than

half a century, the Utermöhl technique has several

disadvantages. In particular, this technique is time

consuming, allowing the processing of only a small

number of samples per day; secondly, it is subjective,

i.e. depending on the taxonomic skills of the observer;

and, thirdly, potentially biased because cells have to be

chemically fixed prior to counting and chemical

fixation might cause cell shrinkage or lysis (Hobro &

Willén, 1977; Rott, 1981; Montagnes et al., 1994;

Culverhouse et al., 2003; Vuorio et al., 2007; Straile

et al., 2013). Furthermore, picocyanobacteria, which

contribute significantly to total phytoplankton biomass

in many lakes (Weisse, 1993; Callieri & Stockner,

2002; Stomp et al., 2007), are too small to be detected

by inverted microscopy and are, therefore, excluded

from the routine analysis.

Numerous attempts have been made to replace the

traditional Utermöhl technique by (semi-) automated

analytical devices, which were primarily developed

for marine environments to reduce sampling process-

ing time and to objectivise the analyses. These devices

comprise various (in situ) imaging systems such as

imaging flow cytometers with their respective soft-

ware (reviewed by Benfield et al., 2007). In recent

years, novel molecular tools have replaced classical

DNA Sanger sequencing in aquatic microbiology;

quantitative PCR, high throughput sequencing, meta-

transcriptome and proteome analyses are increasingly

being used to characterise taxonomic and functional

diversity of (marine) microorganisms including phy-

toplankton (reviewed by Johnson & Martiny, 2015).

However, quantification of the entire phytoplankton

species composition and biomass is still difficult with

the molecular protocols currently available (Johnson

& Martiny, 2015; Xiao et al., 2014), and the applica-

tion of the molecular tools by monitoring agencies has

been limited (e.g. Wollschläger et al., 2014; Wood

et al., 2013).

Our study pursued two major goals; first, using the

standard Utermöhl (1958) technique, we assessed the

effect of increased sampling frequency (monthly vs

seasonal) on the calculation of the annual mean

phytoplankton biomass and EQR assessments. In

particular, we postulated that sampling during extreme

events, which are often missed in low-frequency

routine monitoring programmes, reduces the calcu-

lated annual biovolume of taxa that are sensitive to

disturbances and increases the biomass of other, more

robust taxa that may take advantage of increased

temperature and/or reduced competition in the course

of disturbances. Several experimental microcosm and

mesocosm studies have already demonstrated these

mechanisms for dominant freshwater phytoplankton
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taxa (Rasconi et al., 2015, 2017; Weisse et al., 2016).

Secondly, we hypothesised that the methodology of

the current monitoring programmes underestimates

various phytoplankton groups, namely small and

fragile cells or colonies that are sensitive to fixation

and/or difficult to detect with the common resolution

of light microscopy (Gieskes & Kraay, 1983; Rodri-

guez et al., 2002). To this end, we analysed the

quantity and identity of the phytoplankton communi-

ties using a novel combination of imaging flow

cytometry, acoustic flow cytometry and conventional

light microscopy combined with image analysis. We

used prealpine Lake Mondsee (Austria) for this case

study. We analysed data published within the Austrian

WFD reports together with unpublished data to test the

above hypotheses. The present work is a follow-up of a

previous study that investigated in detail the phyto-

plankton response in Lake Mondsee to the 2015

summer heat wave (Bergkemper & Weisse, 2017).

Materials and methods

Study site

Lake Mondsee is a prealpine, oligo-mesotrophic, deep

stratified lake located in central Austria (47�500N,
13�230E). The lake has mean and maximum depths of

34 and 68 m, respectively, and a surface area of

13.78 km2. The lake regularly stratifies during sum-

mer; however, ice-coverage in winter is sporadic and

rarely complete. The last complete freeze-over

occurred in 1963 (Einsele, 1963). Lake Mondsee is

an example of an originally ice-covered temperate

lake undergoing a transition from a dimictic to a

monomictic mixing pattern in the course of the

ongoing lake warming (Ficker et al., 2017). Lake

Mondsee is one of the best studied lakes in Austria

with long-term phytoplankton datasets from the last

40 years (Findenegg, 1969; Dokulil & Skolaut, 1986;

Dokulil & Jagsch, 1992; Greisberger et al., 2008;

Dokulil & Teubner, 2012). Even longer records

([ 50 years) are available for some abiotic parameters

such as Secchi depth (Dokulil et al., 2000). Since

2007, Lake Mondsee has been monitored according to

the WFD, originally with four samplings per year

during (1) spring circulation, (2) start of summer

stagnation, (3) peak of summer stagnation, and (4)

start of autumn circulation. As Lake Mondsee did not

reach the ‘‘good ecological status’’ required by the

WFD in 2008, this seasonal sampling was replaced by

a monthly sampling in 2009. By 2012, Lake Mondsee

had reached the ‘‘good ecological status’’ (Schafferer

& Pfister, 2016).

The annual phytoplankton biomass in the upper

20 m of L. Mondsee is dominated by diatoms and

filamentous cyanobacteria (mainly Planktothrix

rubescens (De Candolle ex Gomont) Anagnostidis &

Komárek). This deep-living cyanobacterium is also an

important indicator species for ecological status

assessments. Higher P. rubescens abundances may

lead to downgrading of the ecological status in (meso-)

oligotrophic lakes (Wolfram et al., 2015). Crypto-

phytes and chrysophytes are also abundant in L.

Mondsee (Dokulil & Teubner, 2012). Single-celled

phycoerythrin-rich picocyanobacteria occur in high

numbers ([ 105 cells ml-1) in the epilimnion during

summer (Crosbie et al., 2003; T. Weisse, Research

Department for Limnology, Mondsee, unpubl. data).

Sampling

Lake Mondsee was sampled monthly during 2009 to

2015. Samples were taken by the Institute for Fresh-

water Ecology, Fisheries Biology and Lake Research

of the Federal Agency for Water Management,

Scharfling, Austria, at the beginning of each month.

All samples were taken at the deepest site of Lake

Mondsee and were integrated from 0 to 21 m. Further

information of the sampling methodology can be

gathered from the following website: http://wisa.

bmlfuw.gv.at/fachinformation/ngp/ngp-2015.html.

The WFD phytoplankton assessments of Lake

Mondsee are published at http://www.land-

oberoesterreich.gv.at/12991.htm.

In 2015 and 2016, we took integrated samples

(0–21 m) midmonth at the same site, alternating with

the samplings conducted by the Federal Agency for

Water Management. To minimise errors arising from

different sampling procedures, we applied the same

sampling methodology as our colleagues from Schar-

fling. Additional samples (one sample per sampling

station, Fig. 1) were taken during two heavy rain

events on 30 March 2015 and 02 February 2016 and

during a heat wave in 2015 (30 June, 02 July, 06 July

and 09 July 2015). We defined a heavy rain event in

the Mondsee catchment area as rainfall[ 50 mm

within 24 h.Water temperatures were assessed using a
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multiparameter probe (YSI 6600 V2, Yellow Springs

Instruments, USA). Soluble reactive phosphorus

(SRP) was analysed spectrophotometrically after

0.2 lm filtration using standard operating procedures

(Vogler, 1966). During the extreme events SRP

concentrations were analysed on each sampling day

from 7 to 9 sampling stations within the lake [surface

samples or integrated samples (0–21 m)], and from

samples taken from distinct depths (0, 5 m) at the

central station of the lake. Additionally, 4 surface

samples from the main tributaries of Lake Mondsee

(i.e. Fuschler Ache, Werkskanal, Zeller Ache and

Wangauer Ache) were analysed in regard to SRP

concentrations (Fig. 1). Phytoplankton was analysed

biweekly from Lugol’s fixed material using light

microscopy and from live samples by FlowCAM and

flow cytometry.

Comparison of monthly versus seasonal sampling

We assessed differences in mean phytoplankton

biovolumes using the data from the monthly WFD

sampling compared to an ‘artificial’ seasonal dataset.

Data were abstracted from seven annual WFD reports

covering the period from 2009 to 2015 (Mildner et al.,

2011, 2012, 2013; Schafferer & Pfister;

2014, 2015, 2016; Wolfram et al., 2010). The reports

also list sampling procedures, number of cells counted

for each taxon, etc. Change in personnel occured only

once during the study period (from 2012–2013). The

seasonal dataset was derived from the original WFD

dataset by only considering samples from the (1)

spring circulation (March or April sampling), (2) start

of summer stagnation (June sampling), (3) peak of

summer stagnation (August sampling), and (4) start of

autumn circulation (November sampling). The sea-

sonal dataset was extracted from the monthly dataset,

i.e. the latter included the data of the former plus eight

additional monthly samples. To estimate the annual

biovolume of each taxon, average biovolumes from

monthly (N = 12 samples year-1) and seasonal

(N = 4 samples year-1) sampling frequencies were

compared. Heterotrophic taxa were excluded from

EQR calculations, according to the standard protocol

(Wolfram et al., 2015). The Brettum index (BI), EQR

and nEQR were calculated after Wolfram et al. (2015

and references therein) for 2009–2015. The overall

EQR is the arithmetic average of the nEQR values for

chlorophyll a (Chl-a) concentration, biovolume and

the BI. Chlorophyll a concentrations were only

available for the years 2013–2015. Therefore, the

overall annual EQR for the years 2009–2012 was

calculated using the average of the nEQR values for

biovolume and BI. Finally, three-year running aver-

ages of the value ‘nEQR overall’ (Table 1) were

Fig. 1 Soluble reactive

phosphorus (SRP)

concentrations at various

sampling stations across

Lake Mondsee (black

circles) and its main

tributaries (open circles)

during two heavy rain events

in 2015 and 2016. The star

marks the central station

(S3) of the lake, which is

also the deepest site of the

lake. FA Fuschler Ache,WK

Werkskanal, ZA Zeller Ache

and WA Wangauer Ache
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calculated, as this is the final evaluation method for the

ecological status assessments of Austrian lakes.

Instruments used for phytoplankton counting

and biovolume assessments

Samples for microscopic analyses were fixed with

acidic Lugol’s solution (0.2% final concentration)

immediately after sampling and stored in amber glass

bottles in the dark until analysis. Monthly biovolume

estimates using light microscopy were conducted by

the KIS Kärntner Institut für Seenforschung GMbH,

Klagenfurt, Austria (2009–2012), and ARGE Lim-

nologie, angewandte Gewässerökologie GesmbH,

Innsbruck, Austria (2013–2015). Samples taken in

the midst of each month and from extreme events in

2015 were analysed in our laboratory, using a

compound plate chamber (Hydro-Bios No. 435,025).

All phytoplankton cell counts and biovolume estima-

tions conducted by KIS, ARGE and in our laboratory

were conducted according to the Standard Operating

Procedure for Phytoplankton Analyses [revised 2010

(LG401) https://www.yumpu.com/en/document/view/

13413293/standard-operating-procedure-for-phyto

plankton-analysis-]. The Standard operating proce-

dure requires a sample volume of 10–50 ml

(depending on cell density), and the minimum count is

250 organisms. We standardised P. rubescens count-

ing and biovolume estimations according to ARGE.

The FlowCAM (flow cytometer and microscope,

Fluid Imaging technology, Yarmouth, ME, USA), is a

combination of a flow cytometer and a microscope

with a digital camera attached. It characterises each

particle within a sample with[ 30 morphological and

fluorescence parameters (Sieracki et al., 1998). Live

subsamples of the integrated samples, which were also

used for light microscopy after fixation, were analysed

within 6 h after sampling. The sample was filtered

through a 200 lm mesh gauze to prevent clogging of

the 80 lm-wide FC-80FV flow cell and analysed

using the 910 objective analysing 1 ml sample

volume at a flow rate of 0.15 ml min-1. For our

analyses, we only used the 910 objective as it allows

capturing a wide size range (4–200 lm). Flow cyto-

metric assessment was used for the smaller taxa and

the larger, less abundant taxa were counted using light

microscopy. The relatively long time (approximately

1 h) needed to change FlowCAM objectives and flow

cells and to adjust the instrument settings discouraged

us from changing the equipment during the measure-

ments. Live analyses of FlowCAM and flow cytom-

etry were performed in parallel to each other within

Table 1 Comparison of normalised ecological quality ratio (nEQR) values using the monthly versus the seasonal (N = 4 samples

year-1) sampling strategy

Year

Monthly sampling Seasonal sampling

Annual 
average 

biovolume 
[mm³ L-1]

nEQR Annual 
average 

biovolume 
[mm³ L-1]

nEQR

Chl-a Bio-
volume BI nEQR 

overall
3-Year 
average Chl-a Bio-

volume BI nEQR 
overall

3-Year 
average

2015 0.62 0.68 0.69 0.71 0.7 0.74 0.77 0.66 0.65 0.7 0.68 0.72
2014 0.32 0.82 0.91 0.79 0.83 0.72 0.39 0.81 0.82 0.8 0.81 0.69
2013 0.68 0.61 0.67 0.75 0.7 0.64 0.99 0.55 0.6 0.74 0.66 0.61
2012 0.79 n.a. 0.64 0.65 0.64 0.61 0.87 n.a. 0.62 0.59 0.61 0.58
2011 1.21 n.a. 0.54 0.64 0.59 0.63 1.47 n.a. 0.49 0.62 0.56 0.6
2010 1.36 n.a. 0.51 0.67 0.59 n.a. 1.68 n.a. 0.47 0.65 0.56 n.a.
2009 0.98 n.a. 0.6 0.83 0.72 n.a. 1.15 n.a. 0.56 0.82 0.69 n.a.

The boundary value between moderate and good ecological status is 0.6, and the boundary value between good and high ecological

status is 0.8. Normalised EQR values for chlorophyll a (Chl-a) could only be calculated for the years 2013–2015 as no Chl-a data were

available before 2013. Biovolume and Chl-a data are available from the published annual WFD reports from Lake Mondsee. The

Brettum Index (BI) nEQR and the overall nEQR (using the combined nEQR from Chl-a, biovolume and BI-Index) were calculated

after (Wolfram et al., 2015). The 3-year average of the ecological status was calculated for both sampling strategies. The ecological

status of the various parameters is visualised by colouring the cells. Yellow moderate, Green good, Blue high
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3–4 h after sampling, later followed by microscopic

analyses of fixed samples (microscopic analyses were

conducted within 4 months after sampling). This

combination of methods allowed to capture the entire

phytoplankton size spectrum. FlowCAM measure-

ments were conducted in trigger mode using the green

laser installed (532 nm) to excite cellular Chl-a and

accessory pigments such as phycoerythrin. Images

were analysed using the Visual Spreadsheet software

(Version 3.7.5). To capture all algal cells within the

sample, we used FlowCAM settings with which

particles were captured and defined by dark and light

pixels (Visual Spreadsheet Menu ? Context ? Cap-

ture ? Particles defined by…). Therefore, both rela-

tively dark algae such as cryptophytes and

dinoflagellates but also relatively transparent algae

(e.g. diatoms and chrysophytes) were captured in the

same run. However, using these settings also leads to

possible miscalculations of the physical dimensions of

the captured particles (‘halo effect’, i.e. for dark

particles with bright halos and for bright particles with

dark halos the actual particle size may be overesti-

mated). To quantify the possible bias resulting from

the halo effect, we used dark and light pixels in the first

run and dark pixels only in the second run of four

selected samples each. Based upon these measure-

ments, we calculated correction factors (CFs) for

several taxonomical groups by relating the morpho-

logical measurements taken with the ‘‘dark only’’

settings to those obtained with the ‘‘dark and light’’

settings. These correction factors were then applied for

biovolume calculations of particles captured using the

‘‘dark and light’’ settings. Cell or colony biovolumes

were calculated using either (1) the volume calculation

(ABD) provided by FlowCAM (with correction fac-

tors where applicable), or (2) according to taxon-

specific cell volume formulas defined by the Standard

Operating Procedure for Phytoplankton Analyses,

using FlowCAM length and width measurements

(with correction factors where applicable), or (3)

using cell biovolumes derived from microscopic

analyses of the same year, or (4) from the literature.

The exact method for the biovolume estimation for

each operational taxonomic group captured with the

FlowCAM is shown in Supplementary Table 1.

Live subsamples from all samples taken in 2015

and 2016 were also analysed using flow cytometry.

We used an Attune�NxT Acoustic Focusing Cytome-

ter (Life Technologies, Thermo Fisher Scientific Inc)

equipped with violet (405 nm, 50 mW), blue (488 nm,

50 mW) and yellow (561 nm, 50 mW) lasers to count

live phytoplankton samples, in particular pico-

cyanobacteria. This acoustic flow cytometer uses

ultrasonic waves ([ 2 MHz), rather than hydrody-

namic forces applied in conventional flow cytometry,

to align cells into a single, focused line along the

central axis of the measuring capillary. The measuring

principle has been recently described (Bergkemper &

Weisse, 2017). With the auto sampler connected to the

Attune flow cytometer, up to 96 samples can be

measured automatically. With the software FlowJo

that we used in the present study or similar software

programmes, flow cytometric data can be analysed

rapidly and largely automatically, once the ‘gates’ (i.e.

regions placed around populations of cells with

common characteristics) for the target populations

under study have been defined. Instrument settings

were optimised using the Attune Cytometric Software.

Forward scatter (FSC) and BL3 autofluorescence

(595/40 nm) were used as triggers with low thresholds

for all measurements. A sample volume of 0.5 ml was

analysed at a flow rate of 0.1 ml min-1. Analyses of

the data files (fcs format) were conducted with the

software programme FlowJo v10.1 (FLOWJO, LLC).

Picocyanobacterial biomass was calculated from flow

cytometric cell numbers assuming an average particle

volume of 1 lm3 (see ‘‘Discussion’’).

Statistical analyses

Statistical analyses were conducted using the software

R (R Development Core Team, 2011) and SigmaPlot

12.5 from Systat Software, Inc., San Jose California

USA, www.systatsoftware.com. Figures were created

using SigmaPlot. We tested for differences in mean

annual phytoplankton biovolumes calculated from

monthly sampling and seasonal sampling for the years

2009–2015. All datasets (i.e. mean annual biovolumes

derived from monthly and seasonal samplings and

corresponding nEQR values, and overall nEQR val-

ues) were tested for deviation from normal distribution

(Shapiro–Wilk normality test). As all data but 3-year

averages nEQR values were normally distributed,

using paired student’s t tests to test for statistical dif-

ferences in average annual phytoplankton biovolume

and nEQR values of the two different sampling

strategies seems appropriate. However, due to the

small sample size (n = 7), normality tests such as the
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Shapiro–Wilk normality test have limited power to

reject the null hypothesis (i.e. H0 = normal distribu-

tion of data). Therefore, we calculated the non-para-

metric Wilcoxon signed-rank test as an alternative to

the paired student’s t test and report results of the

former in the following. Qualitatively, paired t test and

Wilcoxon signed-rank test yielded the same results in

each case. Furthermore, annual biovolume estimates

versus annual variability were compared for the years

2009 to 2015 using linear regression analyses to test

whether higher variability also leads to higher aver-

ages in phytoplankton biovolume. The increase of

chlorophyte biovolume during the heat wave 2015 was

tested for significance using the lm function imple-

mented in R for linear regression analysis.

Results

Effect of sampling frequency on phytoplankton

biovolume estimations and lake status assessments

Annual phytoplankton biovolumes calculated from

monthly sampling differed significantly (Wilcoxon

signed-rank test, P = 0.016) from biovolumes esti-

mated from seasonal sampling during 2009–2015

(Table 1). The overall annual mean phytoplankton

biovolumes (± SD) calculated for the period

2009–2015 was 0.85 ± 0.33 mm3 l-1 based on

monthly sampling and 1.05 ± 0.40 mm3 l-1 for the

seasonal sampling. The annual spring peak was

captured by both sampling frequencies (Fig. 2). High

phytoplankton biovolumes in spring were recorded

during 2009, 2010, 2011 and 2013. Higher annual

variance resulting from overproportionally high spring

biovolumes (relative to the rest of the year) were

correlated to mean annual phytoplankton biovolumes

(linear regression analyses, R2 = 0.83, P\ 0.001).

Brettum Index nEQR values were significantly lower

by the seasonal sampling frequency compared to using

the monthly sampling frequency (Wilcoxon signed-

rank test, P = 0.047). Overall nEQR values derived

from seasonal sampling were significantly lower than

the ones derived from monthly sampling (Wilcoxon

signed-rank test, P = 0.016). The 3-year nEQR aver-

ages were also lower in seasonal samplings compared

to monthly samplings, but the difference was not

significant (Wilcoxon signed-rank test, P = 0.063).

The overall nEQR value derived from seasonal

sampling resulted in downgrading of the ecological

status (nEQR = 0.58, i.e. moderate) of Lake Mondsee

for the three-year average 2010–2012, compared to the

estimate calculated from monthly sampling

(nEQR = 0.61, i.e. good) (Table 1).

Climate data and phosphorus load to Lake

Mondsee during episodes of heavy rain in 2015

and 2016

The year 2015 was the second warmest year ever

recorded in Austria. Similar to the countrywide

average, the average annual air temperature at Mond-

see (10.0�C) was 1.5�C higher in 2015 than the long-

term (1981–2010) average (Zentralanstalt für Meteo-

rologie und Geodynamik, ZAMG; http://www.zamg.

ac.at/cms/en/climate/climate-overview/current_

climate). Annual precipitation in Austria was below

average in 2015 (at Mondsee, 1425 mm year-1, i.e.

91% of the long-term average). However, a heavy rain

event (* 50 mm precipitation day-1) was recorded

Fig. 2 Phytoplankton biovolume (0–21 m average) at the central sampling station of Lake Mondsee (2009–2015) assessed from

monthly and seasonal samples
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on 29/30 March 2015 in the catchment area of Lake

Mondsee; this episode coincided with the peak of the

snowmelt. In summer of 2015, several heat waves

consisting of at least three consecutive days with

maximum air temperature C 30.0�C (‘tropical days’

in the terminology of meteorologists) occurred. In

July–August, 2015, a record 28 tropical days were

recorded at Mondsee (ZAMG, 2017; Bergkemper &

Weisse, 2017). In the following year, 2016, the aver-

age annual air temperature at Mondsee (9.7�C) was
less extreme, and only 8 tropical days were recorded

during the whole year (ZAMG, 2017). Annual pre-

cipitation in Mondsee 2016 was 1730 mm and there-

fore 17.6% higher than in 2015. A heavy rain event

was recorded on 01/02 February 2016 (* 70 mm

precipitation days-1), several weeks before the peak of

the snow melt.

SRP concentrations measured twice per month in

2015 and 2016 were under the detection limit during

summer stagnation and ranged from 1 to 9 lg l-1

during spring circulation at the central station

(0–21 m) during routine monitoring. The measured

SRP concentrations in the main tributaries as well as

within Lake Mondsee were higher by approximately

one order of magnitude during the heavy rain event in

2015 compared to the heavy rain event in 2016

(Fig. 1). Within the Fuschler Ache (sampling station

FA), the SRP concentration was 41 lg l-1 on 30

March 2015 and 3.8 lg l-1 on 02 February 2016.

Changes of phytoplankton biovolume

during extreme events

We calculated a total phytoplankton biovolume of

0.32 mm3 l-1 during the heavy rain event on 30March

2015 and only 0.04 mm3 l-1 during the heavy rain

event on 02 February 2016 using FlowCAM (Fig. 3).

The majority of the phytoplankton classes did not

show an immediate response to the heavy rain events

(Fig. 4). However, with FlowCAM, we observed a

drastic decline in cryptophyte biomass at the end of

March 2015 and beginning of February 2016, fol-

lowed by rapid recovery of the populations (Fig. 4f).

These ups and downs were not obvious from the

monthly samples using the Utermöhl technique with

fixed material (Fig. 4f). The average annual biomass

of cryptophytes was 0.075 ± 0.025 mm3 l-1 in 2015

and 0.071 ± 0.030 mm3 l-1 in 2016 calculated from

FlowCAM samples. When the samplings of the heavy

rain events were excluded, the average annual cryp-

tophyte biovolume amounted to 0.077 ± 0.023 mm3

l-1 in 2015 and 0.074 ± 0.027 mm3 l-1 in 2016, i.e.

the average annual cryptophyte biomass would have

been higher by 2% (in 2015), respectively 4% (in

2016) if the periods of heavy precipitation were

ignored. For all other phytoplankton taxa, the biomass

was either too low to detect any significant changes or

appeared unaffected by the heavy rain events (Fig. 4).

During the first heat wave at the end of June/

beginning of July 2015, P. rubescens biovolume

integrated over the upper 21 m of the water column

generally increased, but also strongly declined on the

third day (6 June 2015) of the heat wave (Fig. 5). The

microscopic analyses from the WFD monitoring did

not capture these short-term changes of P. rubescens

biovolumes. Including results from the four samples

taken during the heat wave, the average annual

biovolume of P. rubescens was 0.226 ± 0.151 mm3

l-1 in 2015, compared to 0.153 ± 0.091 mm3 l-1 if

the heat wave samples were not considered; i.e. the

average annual biovolume was 32% higher when the

heat wave dataset was included.

According to our FlowCAM analyses, chlorophyte

biovolumes increased significantly from 0.002 to

0.036 mm3 l-1 in the course of the heat wave (linear

regression analyses, R2 = 0.98, n = 4, P\ 0.01,

Fig. 4c). The average annual biovolume of chloro-

phytes was 0.0123 ± 0.011 mm3 l-1 in 2015 consid-

ering the heat wave samples and 0.0109 ± 0.009 mm3

l-1 when the heat wave samples were excluded, i.e. the

additional sampling during the heat wave increased

the calculated average annual biovolume by 11.4%.

Chlorophytes were mainly composed of Oocystis sp.

colonies and small single-celled species such as

Chlorella sp. The chlorophyte biovolume calculated

from FlowCAM did not only increase during the first

heat wave but remained high throughout summer,

2015, with a short decline at the beginning of August;

this decline, which coincided with a short-term drop of

water temperature (Fig. 3), was not evident from the

routine light microscopic cell counts (Fig. 4c).

Phytoplankton abundance and biovolume

estimated by light microscopy, FlowCAM

and flow cytometry

The overall phytoplankton biovolume derived from

FlowCAM measurements during 2015 and 2016 was
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lower compared to light microscopic assessments

(Fig. 4). The average phytoplankton biovolume

measured with FlowCAM amounted to

0.236 ± 0.095 mm3 l-1 in 2015 and

0.307 ± 0.186 mm3 l-1 in 2016. Therefore, Flow-

CAM-based estimates of the average annual phyto-

plankton biovolume corresponded to * 60% of light

microscopy estimates (0.62 mm3 l-1 in 2015,

Table 1). Estimates from FlowCAM analyses for

certain taxonomic groups such as colonial chryso-

phytes (Dinobryon spp.) and filamentous cyanobacte-

ria (mainly P. rubescens in LakeMondsee) were lower

than estimates from light microscopy. However,

compared to inverted light microscopy, FlowCAM

yielded higher biovolume values for cryptophytes

(Fig. 4f), chlorophytes (Fig. 4c), and coccal colonial

cyanobacteria (Fig. 4g); for the latter, light micro-

scopy estimates were mainly lower during late sum-

mer (Fig. 4g). With light microscopy, an average

coccal cyanobacterial biovolume of

0.004 ± 0.006 mm3 l-1 was calculated for 2015,

compared to 0.014 ± 0.023 mm3 l-1 using

FlowCAM.

Because of a change in the instrument configuration

in March 2015, we report flow cytometric pico-

cyanobacterial cell numbers from spring 2015 until the

end of 2016 and compare the average values recorded

during the summer stratification period from April

through October of these years (Fig. 6). During this

period, the average picocyanobacterial cell number

(0–21 m) was twice as high in 2015 (1.23 9 105

ml-1) than in 2016 (0.56 9 105 ml-1). These cell

numbers are somewhat underestimated, because an

unequivocal discrimination between single-celled

picocyanobacteria, doublets and small microcolonies

was not possible with the Attune flow cytometer (see

Discussion, below). Therefore, in a strict sense, the

numbers reported in Fig. 6 refer to particle numbers.

Assuming an average biovolume of 1 lm3 particle-1,

the average summer ‘cell’ numbers convert to average

picocyanobacterial biovolumes of 0.12 mm3 l-1 in

2015, and 0.06 mm3 l-1 in 2016. Although we cannot

rule out that an early spring peak, similar to 2016

(Fig. 6), occurred in 2015, we assume that the

abundance was lower during the first three months of

2015, similar to the values recorded at the end of 2015.

Fig. 3 Total phytoplankton

biovolume derived from

FlowCAM measurements,

monthly average air

temperatures and surface

water temperatures during

2015 and 2016. Samples

taken during extreme events

are marked by blue bars

(heavy rain events) and a red

bar (heat wave)
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Fig. 4 Phytoplankton biovolumes estimated by FlowCAM during 2015 and 2016 and inverted light microscopy (2015 only). Samples

taken during extreme events are marked by blue bars (heavy rain events), respectively a red bar (heat wave)
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Based on these conservative assumptions, we obtain

an average annual picocyanobacterial biovolume

of * 0.1 mm3 l-1 and infer that picocyanobacteria

contributed * 16% to the total phytoplankton bio-

volume in 2015.

Discussion

Effect of sampling frequency on average annual

phytoplankton biovolume and ecological status

assessment

Effective monitoring of lakes requires choosing an

appropriate sampling strategy, balancing the trade-off

between improved precision by increased sampling

frequencies and cost-effectiveness. We analysed the

effect of monthly versus seasonal sampling frequen-

cies on ecological lake status assessments. To this end,

we extracted the values for the seasonal samplings

directly from the monthly sampling frequency dataset,

thus avoiding bias originating from different observers

(Straile et al., 2013). However, when comparing

phytoplankton assessments from different laboratories

and countries it is obvious that sampling and analytical

errors are important factors biasing phytoplankton

counts (Rott, 1981).

We expected that monthly sampling would improve

the precision of the average annual phytoplankton

biovolume compared to seasonal sampling in Lake

Mondsee. We found that annual biovolumes estimated

Fig. 5 Planktothrix

rubescens biovolume in

Lake Mondsee during 2015.

Integrated samples

(0–21 m) were taken at the

deepest site of Lake

Mondsee. The red bar

highlights the samples taken

during the heat wave. The

solid blue line denotes

surface water temperature

Fig. 6 Picocyanobacterial abundance assessed by flow cytom-

etry during 2015 and 2016. No data are available for January–

March, 2015. The vertical lines mark the period from the

beginning of April until the end of October that was used for

comparing the average picocyanobacterial cell numbers in the

2 years of study (see text for further explanation)
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from seasonal sampling were significantly higher than

annual biovolumes estimated from monthly sampling.

We conclude that this overestimation results from the

overproportional effect of the phytoplankton spring

peak on the estimated annual biomass derived from

seasonal sampling. Higher annual variance in phyto-

plankton biovolume (resulting mainly from higher-

than-usual spring peaks) resulted in higher estimates

of the annual biovolume. Therefore, high spring

values (relative to the rest of the year) are also

affecting the calculated ecological status of lakes. This

‘spring peak effect’ is reduced if monthly instead of

seasonal sampling frequency is applied. With respect

to the WFD, the important implication is that phyto-

plankton biovolume estimates from lower sampling

frequencies may negatively affect the ecological status

assessment of lakes; this effect may be significant in

lakes with seasonal strongly varying phytoplankton

biomass. As Lake Mondsee did not reach the good

ecological status requested by the WFD by 2008, local

authorities decided to increase the sampling frequency

from four samples to 12 samples per year. In the

following years, the ecological status of Lake Mond-

see improved and even reached a high ecological

status in 2014. Our analysis cautions against inter-

preting the improved water quality only in terms of the

ongoing reoligotrophication process in Lake Mondsee

(Dokulil & Teubner, 2005). If the calculated EQR and

corresponding nEQR values are close to the boundary

conditions (e.g. 0.60 marking the transition from

moderate to good ecological status), a lower sampling

frequency may result in downgrading of the ecological

status (Table 1). In spite of this caveat, major seasonal

phytoplankton changes such as the transition from the

spring peak to lower biomass in summer should be

captured even with moderate sampling frequencies,

provided that the sampling is adjusted according to the

trophic status of the water bodies sampled (Abramic

et al., 2012). In any case, average biovolumes derived

from monthly and less frequent sampling should not

be treated equally. The phytoplankton biovolume

reference values for each ecological status may have to

be adapted to account for the effect of sampling

frequency. This is of particular importance if the

ecological status of lakes is compared across different

countries using different sampling strategies.

Changes of phytoplankton biovolume in the course

of extreme events

Total phytoplankton biovolumes measured with

FlowCAM were relatively low during the two heavy

rain events in March 2015 and February 2016 (Fig. 3).

This is not only because these episodes occurred early

in the season. Cross et al. (2014) showed that a heavy

precipitation event in a gravel pit lake led to an overall

reduced phytoplankton biovolume but favoured small

species such as cryptophytes, chlorophytes and centric

diatoms. In seeming contrast, we observed that

cryptophyte biovolumes decreased drastically during

episodes of heavy rain. However, cryptophyte biovol-

umes recovered quickly within a week after the heavy

rain events. Similarly, de Eyto et al. (2016) reported

increased cryptophyte biovolumes only 3 days after an

extreme precipitation event in an Irish humic lake.

Some caution is needed when interpreting the dra-

matic reduction in cryptophyte biovolume in direct

relation to the heavy rain events, as cryptophytes

declined similarly over several consecutive sampling

days on three other occasions that were not affected by

heavy rain in 2016 (Fig. 4f). The quick decline and

recovery of the cryptophyte populations may also

result from active or passive downward dispersal of

cryptophytes during the rain event to below 20 m

depth and re-establishment of their original vertical

distribution thereafter. Passive dispersal by wind-

induced turbulence to the upper hypolimnion is

unlikely during summer when the lake is strongly

stratified. However, we have no information on

internal seiches in Lake Mondsee that may strongly

affect the areal distribution of plankton abundance in

stratified lakes (Gaedke & Schimmele, 1991). Several

common cryptophyte species perform (diel) vertical

migrations in lakes (Sommer, 1985), and migration

speeds up to 0.7 m h-1 have been measured (Arvola

et al., 1991). These authors noted that cryptophyte

cells were able to move quickly in response to

environmental changes in the water column. In

conclusion, there may have been no change at all in

the cryptophyte biovolume integrated over the water

column, but only a change in their relative vertical

distribution during heavy rain events.

Episodes of heavy rain may also have long-term

effects. This is because floods may reduce primary

production due to increased water turbidity (Drakare

et al., 2002; Jennings et al., 2012; Sadro & Melack,
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2012), but they may also cause increased nutrient

levels in the following months or even the next year,

leading to a long-term increase in primary production

(Kim et al., 2000; Foreman et al., 2004). In our study,

we cannot judge upon the relative significance of these

antagonistic effects.

Phosphorus is the limiting nutrient in Mondsee and

most other European lakes (Jeppesen et al., 2005).

Therefore, total phosphorus (Pt) or SRP inputs into the

lake should be estimated regularly, especially during

and after heavy precipitation (Kerschbaumer, 2014).

The Pt load to Lake Mondsee can be calculated using

various models (Strauss & Staudinger, 2007; Klug &

Zeil, 2008). However, these models can only give a

vague estimation of the true Pt input, as they do not

sufficiently take into account seasonal varying phos-

phorus sources from agricultural used land or

snowmelt (Kerschbaumer, 2014; Klug et al., 2015).

The measured SRP values were higher during the

heavy rain event on 30 March 2015 compared to the

heavy rain event on 02 February 2016. It is known that

heavy rain events co-occurring with the snowmelt

period and/or agricultural fertilisation (such as in

March 2015) increase the Pt input into water bodies

(Strauss & Staudinger, 2007; Jennings et al., 2012;

Michalak et al., 2013; Schroth et al., 2015; Joung et al.,

2017; Rosenberg & Schroth, 2017). During the heavy

rain event on 02 February 2016, the measured SRP

concentrations within the lake and the tributaries were

relatively low. This was because the heavy rain event

occurred earlier in the year than the heavy rain event in

2015, i.e. before the peak of the snowmelt and the

beginning of the fertilisation period.

We demonstrated earlier that there were only minor

changes within the phytoplankton community com-

position in the course of the 2015 heat wave

(Bergkemper & Weisse, 2017). The lake was strongly

stratified during the period of the heat wave, with the

epilimnion extending from the surface to 4–6 m, and

the temperature remained constant below 6 m

(Bergkemper & Weisse, 2017). However, the heat

wave led to significantly higher P. rubescens and

chlorophyte biovolumes in Lake Mondsee. Our pre-

sent study suggests that the average annual biovolume

of P. rubescenswas underestimated by 32% in 2015, if

the biovolumes derived from the heat wave samplings

were not adequately considered. Although there is no

obvious explanation for the increased biomass of P.

rubescens during the heat wave, our work adds to the

general conjecture that P. rubescens may directly or

indirectly benefit from climate change and unusually

warm summers (Posch et al., 2012; Gallina et al.,

2017). In agreement with these observations, the

annual average biovolume of P. rubescens in Lake

Mondsee was 0.12 mm3 l-1 in (the warmer year)

2015, compared to only 0.02 mm3 l-1 in (the colder

year) 2014 (Schafferer & Pfister, 2016); phytoplank-

ton data from the WFD monitoring in 2016 are not yet

available. These findings seem to contradict Dokulil &

Teubner (2012), who concluded from data obtained

during the period 1969–2010 that annual average

biovolumes of P. rubescens in Lake Mondsee did not

directly correspond to climate signals; these authors

reported that P. rubescens only benefits from climate

warming early in the year, during late spring overturn

and early summer. However, these long-term studies

cannot be compared directly to short-term observa-

tions derived from a 2-year period. More important in

the context of the present study, the higher average

biovolume of P. rubescens recorded in 2015 than in

2014 lead to a downgrading of the ecological status of

the lake from high to good (Schafferer & Pfister,

2016). Therefore, precise calculation of the average

annual biomass of P. rubescens has practical implica-

tions for water management.

Chlorophyte biovolumes also increased signifi-

cantly during the heat wave (Fig. 4c). When samples

taken in the course of the heat wave were included, the

average annual chlorophyte biovolume increased by

11%. This is in accordance to previous studies

showing that chlorophyte growth is promoted by

increasing water temperatures (Lürling et al., 2013;

Weisse et al., 2016). Although chlorophytes con-

tributed only little to the total annual biovolume in

Lake Mondsee, our findings may have more important

implications for lakes with higher chlorophyte

biomass.

Phytoplankton abundance and biovolume

estimated by the different methods

Overall, inverted light microscopy and FlowCAM

showed similar trends for phytoplankton abundance

and biovolume (Fig. 4). However, FlowCAM esti-

mates of large phytoplankton taxa were lower than

microscopic estimates, as some large single cells and

colonies (e.g. Ceratium hirundinella (O.F.Müller)

Dujardin, P. rubescens filaments and Dinobryon sp.
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colonies,) were most probably sieved out using the

200 lm mesh gauze prior to FlowCAM analyses.

Secondly, the sampling volume processed by Flow-

CAM (1 ml) was low compared to light microscopic

analyses (10–50 ml), further reducing the chances that

rare species were caught by FlowCAM. In contrast,

using FlowCAM higher cryptophyte, chlorophyte and

coccal cyanobacterial biovolumes were estimated

compared to inverted light microscopy and monthly

sampling. Additionally, cell shrinkage due to Lugol’s

fixation may lead to an underestimation of cryptophyte

cell volume (Menden-Deuer et al., 2001; Zarauz &

Irigoien, 2008; Bergkemper & Weisse, 2017). Fur-

thermore, sampling errors might have affected the

results because the microscopic and FlowCAM counts

that we compared (Fig. 4) were obtained by two

different laboratories (Rott, 1981). However, as we

compared phytoplankton at the class level, differences

in phytoplankton species classification played no role.

Our data also suggest that coccal cyanobacteria are not

adequately captured using inverted microscopy and

Lugol’s fixation; with light microscopy, the average

annual biomass of coccal cyanobacteria was lower

by * 70% than by FlowCAM measurements.

According to our FlowCAM records, coccal

cyanobacteria were among the dominant phytoplank-

ton taxa in late summer/autumn in Lake Mondsee in

the years 2015 and 2016 (Fig. 4g). Cyanobacterial

biomass serves as a general indicator of eutrophication

(Søndergaard et al., 2011) and is a proxy for poten-

tially harmful algal blooms in lakes (Reynolds &

Walsby, 1975; Steinberg & Hartmann, 1988; Dokulil

& Teubner, 2000; Paerl & Huisman, 2009). Therefore,

the taxonomic composition of colonial cyanobacteria

deserves more attention than is the case in the current

Austrian monitoring programme. FlowCAM or sim-

ilar assessment methods could serve as quick, objec-

tive and easy-to-perform assessment methods for

coccal cyanobacteria. Although the purchase of such

equipment is costly, (semi-) automated assessment

methods require less operator training and are less

biased (semi-automated counts and classifications)

than the traditional Utermöhl technique. Compared to

light microscopy, FlowCAM and flow cytometry have

the additional advantage that live samples can be

measured (Sieracki et al., 1998; Personnic et al.,

2009).

Picocyanobacteria that are commonly overlooked

by inverted microscopy can bemeasured accurately by

epifluorescence microscopy and flow cytometry (re-

viewed by Weisse, 1993; Callieri & Stockner, 2002;

Callieri, 2007). Measurements from acoustic flow

cytometry that are available since April, 2015 (this

study), confirmed previous flow cytometric estimates

from Lake Mondsee and the seasonal distribution of

picocyanobacteria with a major peak in summer

(Crosbie et al., 2003). Because the Attune cytometer

used in the present study contains three different

lasers, we could increase the taxonomic resolution of

picocyanobacteria, relative to the previous flow cyto-

metric measurements from the lake (Crosbie et al.,

2003), and identify 11 populations as single-celled

cyanobacteria or microcolonies (Bergkemper &

Weisse, 2017). Cell numbers of filamentous cyanobac-

teria and larger colonies of coccoid cyanobacteria are

underestimated because flow cytometers measure

particles (i.e. they do not capture single cells in

colonies and filaments). This has only a minor effect

on total cell numbers, because phycoerythrin-rich,

single-celled picocyanobacteria dominate by far

throughout the year in L. Mondsee (Crosbie et al.,

2003) and other oligo-mesotrophic lakes (Callieri,

2007; Personnic et al., 2009). However, the presence

of doublets (i.e. cells in division) and microcolonies

affects the average particle volume. The cell size of

single-celled picocyanobacteria usually ranges from

0.5 to 1.5 lm (reviewed by Stockner et al., 2000),

yielding a typical cellular biovolume

of * 0.3–1.2 lm3 (Takahashi et al., 1985, Sønder-

gaard et al., 1991; Weisse & Kenter, 1991; Weisse &

Mindl, 2002; Jezberová & Komárková, 2007). There-

fore, the average particle (= cell) volume that we

assumed (1 lm3) for our flow cytometric measure-

ments presents a conservative estimate of the contri-

bution of picocyanobacteria (* 16%) to total

phytoplankton biomass in Lake Mondsee. Although

this is only a crude calculation, it is similar to previous

estimates obtained from size-fractionated Chl-a con-

centrations during the years 2000 and 2001, when

picoplankton contributed between 8% (in December)

and 45% (during late September) to the total phyto-

plankton biomass in Lake Mondsee (Crosbie et al.,

2003). The data obtained for L. Mondsee fall into the

range known from similar lakes (reviewed by Callieri,

2007; Personnic et al., 2009).

Picocyanobacteria not only contribute significantly

to total phytoplankton biomass and primary produc-

tion in lakes (Weisse, 1993; Callieri & Stockner, 2002;
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Callieri, 2007) they are also sensitive indicators of

anthropogenic stressors such as eutrophication and

heavy metal contamination (Munawar et al., 1987;

Munawar & Weisse, 1989; Munawar et al., 1995;

Weisse & Mindl, 2002). Therefore, ignoring pico-

cyanobacteria in phytoplankton assessment is

a(nother) flaw of the current WFD monitoring practise

(see also Moss, 2008).

Conclusion

Extreme events like heat waves and heavy rain are

often missed in routine monitoring programmes. In

part, this is because heavy rain may coincide with

strong wind when sampling aboard ship is dangerous.

Automated sampling using moored platforms may

overcome this problem (Pomati et al., 2011). Some

phytoplankton classes or lower-ranked taxa may show

immediate responses to extreme events. We demon-

strated that P. rubescens and chlorophyte average

annual biomass in LakeMondsee were underestimated

by 32 and 11%, respectively, if the data obtained from

frequent sampling during a heat wave were not

considered. In contrast, cryptophyte annual biovol-

umes were overestimated only by 2–4% if samples

from heavy rain events were not included. We

conclude that extreme events may lead to species-

specific changes in phytoplankton abundance and

biomass that can significantly affect the annual

averages.

To account for the effects of extreme events, more

samples need to be processed without increasing the

analytical time. To this end, inverted microscopy,

which is still the most widespread method for phyto-

plankton assessments with high taxonomic resolution,

should be replaced by semi-automatic optical tech-

niques for selected taxa. To obtain a cost-effective and

more precise estimate of phytoplankton biomass, we

suggest to combine light microscopy for the analyses

of large and/or rare species (e.g. P. rubescens,

Ceratium hirundinella) with FlowCAM or similar

imaging methods for abundant nano- and microphy-

toplankton species, and with flow cytometry for

picophytoplankton.
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Utermöhl, H., 1958. Zur Vervollkommnung der quantitativen

Phytoplankton-Methodik. Mitteilungen der internationalen

Vereinigung für theoretische und angewandte Limnologie

9: 1–38.

van de Bund, W. & A. G. Solimini, 2007. Ecological quality

ratios for ecological quality assessment in inland and

marine waters. Institute for Environment and Sustainabil-

ity, Ispra: 24.

Vogler, P., 1966. Zur Analytik der Phosphorverbindungen in
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