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The perspective on water transparency changed since the early days of limnology
from being a physical parameter of optical water property to an ecological indicator
tracking algal turbidity due to eutrophication or an overall success of sustained
lake restoration in the late 60ies to 80ies. In modern cities, where ecosystems are
commonly deteriorated by man-made modifications, water transparency offers a great
opportunity to the public to raise socio-ecological consciousness concerning urban
green-blue spaces. We thus re-emphasize water transparency as a key indicator of
multi-functional value when assessing an oxbow lake of the riverine floodplain in Vienna,
the Alte Donau. Our study covers the eutrophication from 1987 to 1994 due to the
inclusion of the riverine landscape in the urban area, the following lake restoration
with an ecosystem shift from a nutrient-rich, algal-turbid water body to a nutrient-
poor, clear-water macrophyte controlled system and the impact of global warming in
recent decades. We used light attenuation profiles to identify depth layers of specific
ambient light requirements for photosynthetic domains (phytoplankton and submerged
macrophytes), and to interpret Secchi measurements. Here, we calculated the depth
at 1% (minimum light requirements for phytoplankton growth as euphotic depth), 3%
(minimum light requirements for macrophytes as maximum macrophyte colonization
depth), and 12% (preferred light requirements for phytoplankton development) of surface
ambient light. A Secchi disk water transparency of 1.5 m (“lake bottom view”), judged
as good water quality by human perception, refers to mesotrophic conditions with a
maximum colonization depth for macrophytes exceeding the mean lake depth in Alte
Donau. Water clarity required for sustained macrophyte growth, in particular for favoring
bottom-dwelling Chara meadows instead of tall-growing Myriophyllum spicatum, is
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3.5 m Secchi depth and thus exceeds by far water clarity requested due to bathing
aesthetics. Global warming, mirrored by an advanced warming in spring seems to favor
significantly a higher yield of macrophytes mainly built up by Myriophyllum at the expense
of the yield of algae. The prolongation of the summer period above 21◦C, however,
coincides with lowered Secchi transparency. Water visibility during the hot season thus
seems to be slightly hampered against lake restoration efforts by global warming.

Keywords: urban green-blue space, recreational lake area, oxbow lake restoration, Secchi depth, threshold light
requirement, phytoplankton, aquatic plants, climate change

INTRODUCTION

Recent acceleration of man-made ecosystem degradation
(Crutzen, 2002; Steffen et al., 2011; Dalby, 2016) became
most obvious in urban areas. The greatest threats to urban
floodplain in Vienna are represented by simplification of the
ecosystem structure due to canalization (Sanon et al., 2012;
Haidvogl et al., 2013; Hohensinner, 2019), biodiversity loss
(e.g., Tockner and Schiemer, 1997; Funk et al., 2009; Hein
et al., 2016), and overusing natural systems for recreation
purposes (e.g., Arnberger and Eder, 2012). Shortcomings of
deteriorated surface waters were not only of concern from
an ecological perspective but also raised social awareness in
modern urban live. On the one hand, urban waters are at risk
of being destroyed due to human impact on the other hand they
are important for improving life quality in metropolitan areas
(e.g., Naselli-Flores, 2008; Zimmermann-Timm and Teubner,
2019). Urban development thus recently gained an increasing
awareness of the potential of green and blue infrastructure for
the quality-of-life in densely populated areas. Aquatic ecosystems
that originally were part of river floodplains in the vicinity of
cities thus came to the fore of sustainable management practices
(Funk et al., 2009; Sanon et al., 2012; Haidvogl et al., 2013;
Preiner et al., 2018). They became more and more attractive
serving by a multitude of cultural ecosystem services beneficial
for quality-of-life in the city (Kazmierczak and Carter, 2010;
Völker and Kistemann, 2011; Keeler et al., 2012; Dou et al., 2017;
Hozang, 2018). Aesthetic satisfaction with nature in green and
blue space experienced an increasing popularity contributing
to higher awareness of life quality in urban areas (e.g., Smith
et al., 1991, 1995a; Völker and Kistemann, 2011; Tajima, 2012;
Kabisch, 2015; Kati and Jari, 2016; Dou et al., 2017; Lee, 2017;
Angradi et al., 2018).

Despite the existence of a complex scientific assessment for
urban waters (e.g., Karr, 1991; Dokulil and Teubner, 2002;
Schneider and Melzer, 2003; Istvánovics et al., 2007; Hering
et al., 2010; Janecek et al., 2018; Teubner et al., 2018b), human
perception judging a good or sufficiently good status to be of
high recreational value is often reduced to at least a single
characteristic: the water transparency. The colloquial meaning
of the term “good water quality” for Viennese is “a water body
with high water transparency.” When judging the suitability
of an urban water body for multitude recreational use, the
water transparency is often the primary optical criterion of
human perception (Smith et al., 1991, 1995a; Michael et al.,
1996; Wilson and Carpenter, 1999; Gibbs et al., 2002; Völker

and Kistemann, 2011; Keeler et al., 2012; Angradi et al., 2018),
followed by color (Smith et al., 1995b), and odor (Ginzburg
et al., 1998; Chorus et al., 2000; Dokulil and Teubner, 2000;
Paerl et al., 2001; Graham et al., 2010). In addition, aspects
of urban landscape planning of water banks and associated
green spaces enhancing nature aesthetics and better microclimate
conditions play a further role (e.g., Bulkley and Mathews, 1974;
Kazmierczak and Carter, 2010; Völker and Kistemann, 2011;
Hozang, 2017; Lee, 2017). The perception of clear-water is further
linked to hedonic values (e.g., West et al., 2016) as e.g., the
believe in a pleasant and healthy environment. The trust in
water clarity follows an intrinsic instinct to minimize health risk
from unpleasant ill-making water as this came true for surface
waters known from historical records when cities were rather
seen as unhealthy places. The history of the role of polluted
water and associated diseases for capital city Vienna are in detail
described in Haidvogl (2019).

Measuring water transparency by disk visibility goes back
to 1815, when it was adopted for measurements in the
ocean and not lakes. This method yielded greater attention
by the disk experiments published by Secchi (1866) (e.g.,
Aarup, 2002; Täuscher, 2015), i.e., just before the freshwater
science epoch was initiated by Forel (1841−1912), who
established limnology as a new branch of science in 1892
(Vincent and Bertola, 2012). Individual measurements of Secchi
disk transparency in freshwaters may vary substantially from
only few centimeters in hypertrophic riverine lakes (e.g.,
Teubner et al., 1999) to far more than 20 m in pristine
alpine lakes (report of extreme high Secchi visibility of up
to 26.5 m in the Alps; e.g., Tolotti and Cantonati, 2000;
Tolotti, 2001).

In ecological research, measuring water transparency went
beyond the physics of visibility of a water body and evolved
into a tool for ecosystem assessment. It became of particular
interest when eutrophication and the associated water turbidity
due to algal blooms obviously deteriorated the ecosystems
in the Anthropocene. Early trophic classification of lakes
focused on the response of algal growth to the nutrient
surplus by eutrophication, i.e., mainly phosphorus, which
are well known as Vollenweider models (e.g., Vollenweider,
1968). Trophic classifications schemes by other studies were
expanded to link an increasing amount of nutrient yield,
such as algal biomass, with gradual deterioration of water
clarity (e.g., Forsberg and Ryding, 1980; Nürnberg, 1996;
ÖNORM M6231, 2001; Håkanson et al., 2005). In turn, in
view of lake restoration, the sustainable increase of Secchi
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disk transparency – or also mentioned as water clarity –
became the most well attributed value to water quality by
human perception. It thus offered a key target indicating an
overall success of lake restoration (e.g., Meijer et al., 1999;
Hilt et al., 2006; Søndergaard et al., 2007; Gulati et al., 2008;
Dokulil et al., 2018).

Although water transparency may differ among waters
due to the natural color or inorganic seston, it is usually
higher for ecosystems close to natural reference conditions
hosting species assemblages that are characterized as reference
biota. Such ecosystems are not strongly modified by man-
made surplus of nutrients or other pollutants (man-made
deterioration of water see e.g., Hupfer and Kleeberg, 2007;
Dokulil and Teubner, 2011; Zimmermann-Timm and Teubner,
2019) so that their high transparency indicate a high degree
of ecological integrity or ecosystem health from an ecological
point of view (Karr, 1991; Dokulil and Teubner, 2002; Hering
et al., 2010; Teubner et al., 2018b). Urban lake and river
restoration today, however, does not end up with a good
“water quality delivery” but focuses on securing a better
“well-being” by providing valuable ecosystem services in
particular if shared by socio-ecological awareness in cities.
Even if the term Anthropocene was formulated as a warning
of accelerated deterioration of ecosystems by recent human
activities worldwide (Dalby, 2016), new attempts of “bettering
the world” from regional to global scale are discussed.
Thus, identifying ecosystem services generated in urban
areas or in the vicinity of settlements has drawn increasing
attention in recent time (e.g., Bolund and Hunhammar, 1999;
Yigitcanlar et al., 2008; Sanon et al., 2012; Hein et al., 2016;
Boyer et al., 2019).

The emphasis on water clarity in our study is exemplified
for Alte Donau as it is the most well studied urban lake
in the capital city of Austria, Vienna. The ecosystem faced
dramatic changes mainly by losing its natural connectivity from
the main river during river regulation from 1868 onward.
The oxbow lake suffered from enhanced eutrophication from
1987 to 1994 due to the degradation of the riverine landscape
into urban areas and global warming in recent decades.
The growing public awareness of threats by eutrophication
and global warming for providing reliable and sustainable
provisioning of cultural ecosystem services (e.g., bathing,
boating, and recreational fishing) called for a sustainable
restoration of this Viennese oxbow lake in 1994. The progress
of the restoration, which spanned more than 20 years and
consisted of three main treatment periods characterized by
various measures of sustainable restoration and ecological
based activities, is summarized in Dokulil et al. (2018). We
want to put here new emphasis on water transparency aimed
at answering the question whether water transparency holds
true as socio-ecological key indicator for Alte Donau. We
want to understand how suffice the water clarity can be
for identifying ecosystem services in view of (1) suitability
for recreational use and (2) the overall success of sustained
lake restoration. In addition, we will explore (3) the impact
of global warming superimposing “water clarity mediated”
ecosystem services.

MATERIALS AND METHODS

Site Description
The study area Alte Donau refers to the Vienna Basin, part of
the northwest margin of the Pannonian Plain in Central Europe.
The oxbow lake is located in the suburban area “Donaufeld” in
Vienna, the capital of Austria (map and photos in Figure 1). The
main characteristics of this urban lake given in Table 1 includes
information about location, genesis, morphometry, trophic state
in 1987 and 1992−2019 as well as mean annual air temperature
in the suburban and urban neighborhood. In addition, the
restoration measures from 1995 to 2019 are summarized. Samples
analyzing plankton biota and chemistry were taken in the two
main impoundments at biweekly (to monthly) intervals. Further
details are available about morphometry (Kum and Dokulil,
2018), chemistry (Donabaum and Riedler, 2018), phytoplankton
(Teubner et al., 2018b), primary production (Dokulil and Kabas,
2018), zooplankton (Teubner et al., 2018a), macrophytes (Pall,
2018), fish (Waidbacher and Silke-Silvia Drexler, 2018), and
urban planning (Hozang, 2018).

Measuring Water Transparency
Water transparency was regularly measured with a white Secchi
disk at biweekly (to monthly) intervals from 1993 to 2019.
Secchi depth (zSecchi) measurements were conducted far from
stands of underwater vegetation and thus relate to the “open
water” of the lake. In order to extend this parameter to the
early survey period (1987−1992), Secchi disk transparency was
estimated based on Chl-a and TP measurements, which cover the
period 1987−1995. This provides an overlap period of 3 years for
deriving the relationship between Secchi disk reading and Chl-a
and TP measurements.

In addition to regular Secchi disk transparency, the
underwater light attenuation was retrieved from underwater light
profile measurements of Photosynthetically Active Radiation
(PAR) with a 4π quantum sensor (LI-COR) for 7 years
(1995−2001), which covers the period between the restoration
launching and first re-establishment of macrophytes. The mean
vertical attenuation coefficient (kPAR) is shown as mean values in
Table 2.

The euphotic depth (zeu), defined as the water layer from the
lake surface (100% light) down to the depth of 1% underwater
light intensity, where photosynthesis exceeds respiration, was
calculated from the vertical kPARas follows:

zeu =
(ln 100− ln 1)

kPAR
=

4.605
kPAR

Minimum light requirement for macrophytes refers to the mean
of 2 and 4% of surface ambient light, according to Dennison et al.
(1993) and Middelboe and Markager (1997), respectively. The
maximum depth satisfying light requirements for macrophyte
growth (zmacrophytes) at 3% underwater light intensity is calculated
as:

zmacrophytes =
(ln 100− ln 3)

kPAR
=

3.507
kPAR

On calm days, summer phytoplankton biomass is often
heterogeneously distributed along the vertical profile as long as
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FIGURE 1 | Alte Donau- tightly coupled urban settlement and nature space. (A) Water city map Vienna. The ellipse indicates the oxbow-lake Alte Donau, in the close
neighborhood of Neue Donau and the Danube River. Inset: Country map of Austria with Vienna (marked red). (Data source: City of Vienna – https://data.wien.gv.at;
Inset: created using data from https://www.data.gv.at/katalog/dataset/bev_verwaltungsgrenzenstichtagsdaten150000). (B) Elongated impoundment shape due to
the former main stretch of the Danube River. Reed belts (Phragmites australis in association with other reed belt plants) were re-planted on both banks. Use of
cultural ecosystem services are indicated by boats and public wooden bathing platforms providing access to the open water for free. (C) Littoral area protected for
young fish, close to a lake bank with urban settlements. Buoy reminds visitors by swimming or boat to stay away respecting nature. Sign with words “Schonzone für
Jungfische. Bitte nicht befahren. Hier werden Wasserpflanzen nicht gemäht.” (B–C) taken in 2015, from www.lakeriver.at.

no strong turbulences occur in the epilimnion. Particle clouds of
summer phytoplankton in a rather narrow horizontal layer below
lake surface build an epilimnetic maximum. This epilimnetic
layer in mesotrophic lakes is most commonly found at a depth
of 12% light intensity (Teubner et al., 2004). The depth of
epilimnetic phytoplankton biomass peak (zpeak−phyto) is thus
calculated as follows:

zpeak−phyto =
(ln 100− ln 12)

kPAR
=

2.120
kPAR

The factor feu with feu =
zeu

zSecchi
can be used to

retrieve euphotic depth from Secchi measurements
by multiplying the factor with Secchi disk readings.

Similarly, multiplying the factors fmacrophytes and fpeak−phyto
with zSecchi, the deepest layer for macrophyte growth
zmacrophytes (maximum colonization depth for macrophytes
defined by 3% light availability) and the depth of peak
phytoplankton zpeak−phyto (depth of phytoplankton
biomass peak layer defined by 12% light availability) is
derived, respectively.

The percentage of surface ambient light at Secchi depth
(IZSecchi ) is:

IZSecchi = e(ln 100−kPAR×zSecchi) = 100e−kPAR×zSecchi

The decreasing zSecchi due to increasing kPAR in Alte Donau
is described by the equation zSecchi = 1.40/kPAR for individual
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TABLE 1 | Main characteristics of oxbow lake Alte Donau in Vienna.

Characteristics Lake Alte Donau (synonym Lake “Old Danube”)

Location coordinates 48◦14’9.26”N, 16◦25’41.6”E

Altitude 157 m a.s.l. (adriatic)

Genesis former main channel of River Danube, oxbow lake since cut-off in 1870−1875

Surface area 1.6 km2

Volume 3.8 × 106 m3

Maximum depth 7 m

Mean depth 2.5 m

Trophic lake characterization 1987: mesotrophic cyprinid fish dominated water basin with dense underwater
macrophyte stands mainly of charophytes covering the whole bottom area (about 721 t
dry mass), recreational use for bathing, boating and local fishery by Viennese population

1992−1994: hypertrophic cyprinid dominated lake without underwater macrophytes
but heavy cyanobacterial blooms (e.g., Cylindrospermopsis raciborskii), algal turbid
state

1995−2019: sustainable restoration management turned water quality back to
mesotrophic clear-water conditions (see further Dokulil et al., 2018) by- re-establishing
underwater macrophytes (mainly Myriophyllum spicatum, increase of Charophytes
cover is still a target) and modified fish stocking in the yet cyprinid dominated water
body,

1995-1999: restoration with chemical phosphate precipitation twice
(RIPLOX-treatment), 2000-2006: re-establishment of macrophytes by periodical water
level drawdown,
2007−2019: stable conditions with sustained dense macrophyte stands

-attracting recreational use by measures of urban landscape planning, implementing a
master plan

Annual air temperature Wien-Donaufeld*, suburb in Vienna (closest distance to
Alte Donau 1.6 km, to River Danube 3.1 km) (mean 2005−2018)

11.6◦C (10.3-12.7)

Annual air temperature Wien-Innere Stadt*, Vienna city centre (closest distance
to Alte Donau 5.2 km, to River Danube 4.2 km) (mean 2005−2018)

12.5◦C (11.1-13.5)

Difference in annual air temperature between Wien-Innere Stadt and
Wien-Donaufeld

mean: 0.9◦C (max: 1.1, min: 0.8)

*Data from ZAMG and Jahrbuch (2020).

measurements (n = 131, R2 = 0.55, p < 0.001) (c.f., Megard
and Berman, 1989). Averaged values of optical properties
as 1%, 3% and 12% surface light depths, factor predicting
euphotic zone from Secchi depth, the percentage of ambient
light at Secchi depth (%) and related parameters are shown in
Table 2.

Statistical Treatment
Data in Table 3 and Figures 2–8 are based on the original
dataset of biweekly sampling. However, as sampling was
not always carried out in exactly 2-week intervals, available
data were interpolated at daily resolution (Livingstone, 2003;
Sapna et al., 2015) and were averaged afterward over a 2-
week period (Figure 3). These bi-weekly data were then
used to calculate annual averages (in Figure 2 for Secchi,
Figure 4). This avoids biases in the averages due to a more
frequent sampling in summer and a relatively less frequent
sampling in winter. Furthermore, the interpolated daily data
were also used to retrieve the Julian day of onset about
a certain value of water surface temperature (WT) and
the length of the warm period, i.e., the number of days
each year with WT above a certain value (data matrix for
Figures 5–8 and Table 3). Despite the normal distribution
for most of the temperature data, the respective trends of

the year-to-year variation were calculated as robust trend
lines by non-parametric fitting according to Theil (1950) as
described in Helsel and Hirsch (2002). These robust trend
lines are applied to calculate the reliable slope of the year-
to-year trends (Figures 5A, 6A, 8 and Table 3), which are
robust against outliers of unusual high or low values in the
first or last year of observation. The statistical significance
of the trends is calculated by Mann-Kendall tests using R
(McLeod, 2015).

Most of the robust trend lines for the year-to-year
variations of the length of warm period or for the earlier
onset of passing a certain temperature value were statistically
significant (black bars in Figures 5A, 6A). Therefore, data
were detrended before correlation analysis (anomalies
used in Figures 5B-D, 6B–D, 7). Furthermore, significant
robust trends were found for year-to-year variation of other
parameters such as Secchi disk transparency, bathing visits per
population, and thus anomalies were also calculated before
analyzing the correlation of year-to-year variations between
respective variables. The linearly detrending of time series
data prior to correlation analysis is done to avoid spurious
relationships, which might occur only due to the presence of
significant trends.

Further, prior to the statistical correlation analysis shown in
Figures 5B–D, 6B-D, 7, data were tested for normal distribution
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TABLE 2 | Optical water properties as Secchi disk transparency (zSecchi ), the percentage of surface ambient light at zSecchi (IZSecchi ) and the underwater light attenuation
(kPAR) satisfying light requirements for photosynthesis of phytoplankton and macrophytes and human perception to judge water suitability for bathing (satisfying water
clarity for recreational aesthetics).

Category (A) all (B) Seasonal development (C) Trophic lake classification scheme (D) Human water-quality perceptions for bathing

Spring Summer Autumn Winter Oligo-trophic Meso-trophic Eu−trophic zSecchi > 1.55 m zSecchi1.45−1.55 m zSecchi < 1.45 m

zSecchi [m] 1.62 1.75 1.36 1.56 2.3 2.45 1.72 1.17 2.07 1.50 1.17

IZSecchi [%] 26 27 28 24 21 21 26 28 23 25 29

kPAR[m−1] 0.918 0.796 0.981 1.012 0.802 0.728 0.838 1.149 0.747 0.934 1.096

zeu [m] 5.35 6.04 4.93 4.82 6.2 6.62 5.72 4.18 6.33 5.02 4.40

feu 3.45 3.58 3.65 3.24 2.99 3.05 3.42 3.62 3.17 3.35 3.78

zmacrophytes[m] 4.08 4.60 3.75 3.67 4.83 5.04 4.36 3.19 4.82 3.82 3.35

fmacrophytes 2.63 2.73 2.78 2.48 2.28 2.32 2.60 2.76 2.42 2.55 2.88

zpeak−phyto[m] 2.47 2.78 2.27 2.22 2.92 3.05 2.64 1.93 2.91 2.31 2.03

fpeak−phyto 1.59 1.65 1.68 1.49 1.38 1.41 1.58 1.67 1.46 1.54 1.74

Chl-a [µg L−1] 10 7.5 11 12.5 5.9 3.1 7.7 17 6.6 11 13

n 131 38 43 37 13 11 82 38 55 16 60

Depth of surface ambient light at 1% refers to minimum light requirements of phytoplankton (euphotic depth, zeu), at 3% to minimum light requirements of submerged
macrophytes (maximum colonization depth, zmacrophytes) and at 12% referring to light required for phytoplankton optimum indicated by epilimnetic phytoplankton peak
(zpeak−phyto) (see section “Materials and Methods”). Euphotic depth (zeu) exceeds zSecchi by the factor feu (more details in Kabas, 2004). Analogous factors for zmacrophytes
and zpeak−phyto exceeding zSecchi are fmacrophytes and (fpeak−phyto), respectively. Mean values are shown for the whole data set (A), the four seasons (B) along three trophic
states (C), and for threshold of bathing aesthetics (D). Further for (C) Trophic classification scheme refers to samples of chlorophyll-a (Chl-a) concentrations which were
simultaneously taken when measuring zSecchi and kPAR, and applies here to ÖNORM M6231 (2001): oligotrophic: Chl-a < 4 µg L−1, mesotrophic: 4 µg L−1 to 12 µg
L−1, eutrophic > 12 µg L−1. Further for (D) To correspond water-quality perceptions for bathing (threshold of zSecchi = 1.5 m according to Smith et al., 1991, 1995a), a
narrow range of sampling dates with zSecchi between 1.45 and 1.55 m is compared with those of higher and lower zSecchi , respectively (D). Depth [in m] of critical light
requirements for phytoplankton and macrophytes growth are plotted in bold. Data based on mean values from biweekly to monthly measurements of zSecchi , kPAR, and
Chl-a, in Alte Donau (1995−2001, n = 131).

TABLE 3 | Lengthening of the period in time above a certain WT values (in number of days per decade) and time shift of the first day above a certain WT value (onset day
shifted per decade) calculated from slopes of robust trend lines covering measurements from 1987 to 2019.

WT [◦C] 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Lengthening of
period [increasing nb of
days per decade]

0 3.6 4.5* 4.6* 5.9** 5.8*** 6.1*** 5.4*** 4.1** 5.4** 5.2* 6.5** 6.4** 6.6** 7.2** 8.7*** 12.5*** 14.7*** 18***

Length of period in 1987
[nb of days]

245 245 227 220 203 196 184 176 169 158 149 136 122 104 94 79 53 35 7

Length of period in 2019
[nb of days]

256 257 243 237 226 216 206 196 183 176 167 158 144 133 120 109 97 87 71

Timing shift for onset [shift
earlier per decade in nb of
days]

−0.4 −1.8 −2.7 −3.2 −3.8* −4.5** −4.5** −4.5*** −4.0** −4.2*** −3.8** −4.5** −5.2* −3.8 −3.5 −6.3* −6.4** −9.5*** −7.1*

Onset day in 1987 [JD] 63 76 86 93 100 105 105 116 118 122 126 116 135 140 147 159 164 176 175

Onset day in 2019 [JD] 61 70 76 81 86 89 89 100 104 108 112 100 117 126 135 137 142 175 149

The length in number of days (nb of days) and the onset day (Julian day) for 1987 and 2019 are derived from the first and the last value of these robust trend lines. WT
values from 5◦C to 23◦C as in Figures 5, 6. Significance of trends are marked by *p < 0.05, **p < 0.01, ***p < 0.001; nb, number.

and passed the Shapiro-test (Dunn and Clark, 1974) for satisfying
Pearson correlation.

For analyzing climate response, the North Atlantic Oscillation
(NAO) Index was used as climate signal since it represents
a common proxy for studying the climate impact on aquatic
ecosystems in the temperate zone (NAO station-based, from
Hurrell, 2020 eds). A first testing of various seasonal NAO
indices indicated the NAO signal for the period December –
March (NAODJFM , see Figures 5–7) as most suitable. This winter
climate signal does not vanish as fast as the NAO signal of
later months or seasons (see, e.g., Blenckner et al., 2007; Dokulil
et al., 2010); thus, it is suitable for unraveling the climate

response in late spring-early summer in Alte Donau (see also
Teubner et al., 2018b).

RESULTS

Urban oxbow lake Alte Donau is embedded in a naturally
landscaped parkland. Visiting Alte Donau located in the
suburban area of Vienna (Figure 1A), the manifold popular uses
become obvious. Among the cultural ecosystem services provided
recreational activities are common such as bathing in public baths
or at publicly available wooden walkways along the lake banks
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FIGURE 2 | Population development of capital city Vienna and water transparency as annual Secchi depth of Alte Donau for years 1987–2019. The number of
annual bathing visits per annual population of Vienna are from 1987 to 2017 (data for population from www.statistik.at, for annual bathing visits from Hozang, 2017).

(Figure 1B), sport fishing, sport boating (rowers, sailors, and
recreational fun boats), walking and cycling on the lake shore,
visiting the playgrounds, recreational sport grounds, lawns and
restaurants. Reed belts are naturally covering the shoreline or
have been replanted (Figure 1C).

The population growth from 1.48 to 1.90 million inhabitants
over the recent 33-year study period is shown in Figure 2. The
highest numbers of bathing visits were observed in 2003 and
2015 (1.1 and 1.2 million, respectively), the lowest numbers in
1989 and 1996 (0.36 and 0.37 million, respectively; data from
Hozang, 2017). The number of bathing visits per population of
Vienna is displayed in Figure 2. These relative bathing visits also
significantly increased from 0.29 in 1987 to 0.47 in 2017 following
a robust increasing trend (p < 0.05). The water transparency, as
represented by Secchi disk measurements, increased significantly
over the 33 years of observation, with lowest annual means of 0.9
m and 1.0 m in 1993 and 1994, respectively (Figure 2). Starting in
1995, the first year of restoration, annual Secchi depth exceeded
1.5 m and increased further to highest values above 3.5 m from
2005 to 2016 and in 2019.

A water clarity corresponding to Secchi disk transparency of
1.5 m and higher is often considered as minimum threshold
satisfying bathing aesthetics in view of human perception (Smith

et al., 1991, 1995a). According to our observations in Alte Donau,
a zSecchi of 1.5 m corresponds to a penetration of 25% surface
ambient light (Table 2). Applying this water clarity threshold of
bathing aesthetics to Alte Donau, the corresponding chlorophyll-
a concentration (Chl-a) would be about 11 µg L−1 (Table 2)
and thus refers to a water quality of the mesotrophic state
(Chl-a limits indicating mesotrophic state refer to >4 µg L−1

and <12 µg L−1 according to ÖNORM M6231, 2001; see also
Teubner et al., 2018b). According to Table 2, with zSecchi = 1.5 m
both the euphotic depth (zeu = 5.02 m) and maximum
colonization depth for macrophytes (zmacrophytes = 3.82 m) would
exceed the mean lake depth of 2.5 m in Alte Donau. On a
calm day, we further could expect the optimum depth for
phytoplankton growth at 2.3 m (zpeak−phyto = 2.31 m).

While annual averages of Secchi disk transparency increased
rather gradually throughout the years (Figure 2), individual
measurements within the 27-year study period (1993−2019)
varied strongly (Figure 3). Secchi depth was lowest at highly
eutrophic to hypertrophic conditions with TP concentrations
above 40 and 60 µmol L−1 (Figure 3). Such nutrient-
rich situation corresponded to concentrations of Chl-a above
24−35 µg L−1. The period of nutrient enrichment associated
with algal blooms was observed for the years 1993-1994, before
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FIGURE 3 | Total phosphorus concentration (TP) versus algal biomass represented as Chlorophyll-a (Chl-a). The size of the circles indicates the Secchi disk
transparency [m] ranging between 0.26 and 5.23 m. The scatter plot is based on biweekly data from 1993 to 2019, blue points indicate the nutrient-rich period
before phosphate precipitation started, from January 1993 to April 1995.

FIGURE 4 | The two sides of the same coin – the ecological perspectives of water transparency on photosynthetic organisms: Water transparency (A) as response
function of phytoplankton biomass, where water turbidity decreases in the course of increasing algal biomass (measured as Chlorophyll-a in µg L-1) and (B) as light
utilization factor controlling the growth of underwater macrophytes biomass as dry weight in t for the whole lake (B). Water transparency is indicated by Secchi
depth. Annual data from 1993 to 2019 (A) and 1993 to 2018 (B).
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FIGURE 5 | Water surface temperature (WT) varying year-to-year, their trends
(A, slopes) and relation to other parameters (B–D), Pearson correlation
coefficient R. (A) Bar-chart: Slopes of lengthening of periods above certain
WT values, covering 33-year development above 19 discrete WT values
ranging from 5◦C to 23◦C; all slopes are from robust trend lines proven to be
statistically significant with p < 0.05 with the only exceptions for the WTs 5◦C
and 6◦C, as indicated by white bars. For lengthening given in number of days
see Table 3. (B–D) Correlograms: Correlation between detrended year-to-year

(Continued)

FIGURE 5 | Continued
variation of the length of periods (above WTs 5◦C to 23◦C) and of
NAODJFM-index (B), of detrended bathing visits per population (C, original
bathing visits displayed in Figure 2) and of detrended Secchi depth (D). Black
columns indicate statistically significant Pearson correlations with p < 0.05.
Examples of most significant R-values in panels (B–D) are displayed in scatter
plots (Figures 7A–C).

the lake restoration started. On the contrary, high values of Secchi
disk transparency were associated with low concentrations of TP
and of Chl-a. This situation of high water clarity mirrors the
success of sustained restoration of Alte Donau, which consisted
of phosphate precipitation in the planktonic zone in 1995 and
1996, followed by the sustained re-establishment of underwater
macrophytes (timetable of restoration measures see Table 1;
RIPLOX-treatment of phosphate precipitation see Donabaum
and Dokulil, 2018; Macrophyte and reed-belt re-establishment
see Pall, 2018; Pall and Goldschmid, 2018; for sustained fish
management see Waidbacher and Silke-Silvia Drexler, 2018).

The two sides of ecological perspectives for water transparency
are shown in Figure 4 and refer to data from 1993 onward in
Alte Donau. With an increase in phytoplankton corresponding
to an increase in Chl-a concentrations up to about 10 µg L−1,
the Secchi depth linearly decrease (Figure 4A). Further increase
of phytoplankton density, which potentially contributes to self-
shading by algae, leads to approaching a minimum Secchi depth
of 1 m (1.02 m and 0.86 m), the lowest annual mean values
of Secchi disk transparency in the open water body measured
in Alte Donau. In turn, water transparency stimulates growth
of underwater macrophytes (Figure 4B). Massive exponential
growth, which leads to establishing an underwater macrophyte
biomass of about 300 t and more (macrophytes in dry weight
of the whole lake area), is observed in Alte Donau when annual
Secchi depth is 3.5 m or even higher (Figure 4B).

This annual mean threshold of 3.5 m Secchi disk transparency
was exceeded first from autumn to winter in 2001.

In following years of successful re-establishment of submerged
macrophytes (mainly angiospermic species as Myriophyllum
spicatum) with more than 300 t biomass yield in the whole lake
per year, i.e., 2004−2019, water transparency was on average
higher than 3.5 m for more than the half year (average 189 day
a year, 52% days a year, range: 13−75%). Considering only the
first half of the year, Secchi disk transparency was on average
exceeding a depth of 3.5 m on 115 days (63% days a half
year, range: 23−75%, January−June). Referring to spring, it was
66 days (on average 71% days in springtime, range 23−92%,
March to May). During mesotrophic state before eutrophication
of Alte Donau, when dense charophyte meadows were observed
(791 t per lake per year) which were co-occurring with cyprinid
fish assemblages, the median Secchi disk transparency measured
in June was 3.41 m (Löffler, 1988). Re-assessing this Secchi disk
transparency from the late 80ies, the values for 2004 to 2019
were on average 199 days a year (54% of days a year), 122 days
the first half of the year (67% of days from January to June),
and 70 days in spring (76% of days from March to May). The
mean Secchi disk transparency was 3.5 m in June from 2004
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FIGURE 6 | Same as for Figure 5 with (A) as bar-chart and (B–D) as
correlograms, but in panel (A) with slopes for the first day above a WT values
from 5◦C to 23◦C (JD of the onset). (B–D) Correlograms for Pearson
correlation between detrended year-to-year variation of JD onset shown in
panel (A) and the NAODJFM-index (B), detrended ratio of macrophyte biomass
(per lake) to Chl-a (per lake, C) and detrended ratio of macrophyte biomass
(per lake) to TP (per lake, D). Black columns indicate p < 0.05. Examples of
most significant R-values in panels (B–D) are displayed in scatter plots
(Figures 7D–F); JD, Julian day.

to 2019 (range: 2.5−4.5 m). Thus, water transparency during
both mesotrophic states, i.e., in the late 80ies (Löffler, 1988)
and after chemical restoration 2004 to 2019 (Pall, 2018; Pall and
Goldschmid, 2018) agree so far, but the composition and yield of
macrophyte assemblage differed a lot, as it was twice the yield (1)
and instead of dense stands of angiospermic species a meadow of
charophytes (2) in the late 80ies.

Optical water properties in Table 2 are described for various
ranges of Secchi disk transparency (zSecchi) and underwater light
attenuation (kPAR). The percentage of surface ambient light at
Secchi depth (IZSecchi ) for individual measurements (n = 131)
ranges from 7% to 43%. The mean zSecchi of 1.62 m corresponds
to a visibility of 26% surface ambient light (Table 2A). IZSecchi is
highest in summer (28%) followed by spring (27%) and lowest in
winter (21%) (Table 2B). IZSecchi also increases with trophic state,
is lowest under oligotrophic (1%) and highest under eutrophic
(28%) conditions (Table 2C).

The factors used for multiplying zSecchi to retrieve euphotic
depth (zeu), maximum macrophyte colonization depth
(zmacrophytes) and depth of the epilimnetic peak of phytoplankton
biomass (zpeak−phyto) vary over a wide range during the
seven-year study (see methods). For individual measurements
(n = 131), zeu exceeds zSecchi by a factor (feu) varying between
1.77 and 5.45 (mean 3.45, Table 2A). Analogous, concerning
zmacrophytes and zpeak−phyto, the factors fmacrophytes and fpeak−phyto
vary between 1.35 − 4.15 (mean 2.63, Table 2A) and 0.81 −
2.51 (mean 1.59, Table 2A) for exceeding zSecchi, respectively.
Seasonal mean values of these three factors, displaying the ratio
or soundness between Secchi disk readings and underwater light
attenuation measurements, do not vary stochastically but follow
a pattern with highest means in summer and lowest means
in winter (Table 2B). When categorizing water transparency
measurements according to the trophic classification scheme
(Table 2C), the mean values of these factors increase with trophy,
i.e., are lowest for the oligotrophic and highest for eutrophic
state. The variation of these factors thus relies on phytoplankton
biomass, which was simultaneously measured during this
investigation: relatively small ratios between a depth of 1%, 3%,
and 12% of surface ambient light to Secchi disk readings, i.e.,
high values of the factors feu, fmacrophytes, and fpeak−phyto, were
observed when phytoplankton biomass was low (low mean Chl-a
for winter and for oligotrophic state, see Table 2). In turn, largest
factors were found when phytoplankton was high, i.e., during
peak season in summer and under eutrophic conditions.

The zSecchi of 3.5 m is derived as a critical threshold
for macrophyte growth (Figure 4). It refers to zeu = 12 m
and zmacrophytes = 9.1 m, exceeding both the maximum
depths of water basins (for mesotrophic state feu = 3.42;
fmacrophytes = 2.6, Table 2C). Further, the corresponding depth
for zpeak−phyto = 5.5 m exceeds by far the mean depth of 2.5 m
(fpeak−phyto = 1.58, Table 2B).

Global warming is issued in Figures 5–8, focusing on
trends of year-to-year variation of water surface temperature
(WT) in correspondence to the NAO climate signal. In
addition, the response of long-term development of WT
on bathing visits, Secchi disk transparency and macrophyte
development is depicted.
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FIGURE 7 | Relation between year-to-year variation of the length of warm period number of days, (A–C) or of the onset of warming period (JD, Julian day; D–F) and
year-to-year variation of NAO climate signal or further parameters indicating ecosystem status as scatter plots. NAODJFM against the length of warmed period above
5◦C in panel (A) and the onset > 6◦C in panel (D). Length period > 14◦C against annual bathing visits per population in Vienna (B); Length of period > 21◦C against
mean Secchi depth during bathing season June–August (C); First day a year with WT > 19◦C against the ratio of macrophyte biomass (per lake) to Chl-a (per lake)
(E); First day a year with WT > 20◦C against the ratio of macrophyte biomass (per lake) to TP (F). With exception of NAO, all data as anomalies (see section
“Materials and Methods”). R for Pearson correlation coefficient, significance of correlation is marked by *p < 0.05 and ***p < 0.001.

The number of days above a certain WT value was used to
analyze the length of the warm period for each year (Figure 5).
Within the range of warmed water above 5◦C to 23◦C, a positive
trend was found with the exception of WT of 5◦C. The trends
were statistically significant for the range of WTs from 7◦C
to 23◦C and thus verify warming of surface water for 247
to 243 days per year along the 33-year study. Up to a WT
of 19◦C, the slope gradually increased (Figure 5A), indicating
a modest lengthening of the warming period of about 4 to
7 days per decade (Table 3). With a WT value of 20◦C and
further of 21◦C, 22◦C, and 23◦C, the slope increased more

progressively (Figure 5A), mirroring the prolongation of the
warm water period above these four values by 9, 12, 15, or
18 days per decade (Table 3). While in year 1987 half of the
year was above 11◦C (184 days), in year 2019 half of the year
was above 13◦C (183 days, Table 3). The detrended year-to-year
variation of warm water above WTs 5◦C, 6◦C, and 7◦C relates
significantly to the year-to-year variation of the North Atlantic
Oscillation climate index for winter (NAODJFM) (Figure 5B).
The correlograms further show mainly the significant positive
coincidence between year-to-year variation of the lengthening of
warmed period above 13◦C−16◦C and of the annual variation
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FIGURE 8 | Lengthening of the warm period above three WT values indicated by significant positive slopes of trends with +0.59** for WT > 14◦C, +0.96*** for
WT > 20◦C and +1.63*** for WT > 22◦C (A). Days of onsets and offsets of the three WTs in panels (B–D). The negative trend slope for onset days in mid spring or
early summer is –0.46*** for WT > 14◦C, –0.71* for WT > 20◦C, and –1.05*** for WT > 22◦C. Slope for the offset in late summer or autumn is +0.2* for WT < 14◦C,
+0.43* for WT > 20◦C and +0.59* for WT < 22◦C. Significance of robust slopes with *p < 0.05, **p < 0.01, and ***p < 0.001, Year-to-year time series from 1993 to
2019. The number of days for lengthening period and time shift for onset days above 11◦C, 14◦C, and 22◦C see Table 3.

of bathing visits per population (Figure 5C). A prolonged warm
period above 20◦C, 21◦C, and 22◦C refers to lowered mean Secchi
disk transparency for the bathing season (Figure 5D) (with the
exception of the NAO-index, all time series data in Figures 5B–
D were linearly detrended prior to correlation analysis, see
“Materials and Methods”).

According to robust slopes in Figure 6A, the first day passing
the different WT values tends to occur progressively earlier. The
earlier warming is statistically significant for onsets of 9◦C to
17◦C and 20◦C to 23◦C during the 33-year study. Intra annual

earlier warming onsets above 5◦C to 8◦C coincide inversely with
annual variation of winter NAO index (Figure 6B). Further,
the first day above a WT value from 14◦C to 21◦C and 15◦C
to 21◦C (timing of the onset days see Table 3: from Julian
day 108 in mid-April to JD 164 in mid-June) corresponds
significantly to the macrophyte biomass increase relative to Chl-
a and TP, respectively (Figures 6C, D) (with the exception of
the NAO-index, all time series for the onset in Figures 6B–
D were linearly detrended prior to correlation analysis, see
“Materials and Methods”).
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Most significant relationships from Figures 5, 6 are displayed
in scatter plots in Figure 7. NAO positive years coincide with
years of an extended warm phase above 5◦C (Figure 7A)
and reaching earlier the temperature above 6◦C (Figure 7D).
In turn, NAO negative years refer to years with a shortened
period above 5◦C and delayed onset of water temperature above
4◦C. With a prolongation of the warm period above 14◦C, the
number of bathing visits per population increases (Figure 7B).
The prolongation of warm period above summer WTs, such as
21◦C shown in Figure 7C, relates most significantly to lowered
Secchi depth averaged over the bathing season. With an earlier
onset of warming phase above 19◦C and 20◦C, macrophyte
biomass increases significantly relative to Chl-a or TP in the lake
(Figures 7E,F) and thus seem to trigger high water transparency.
Steep warming trends during extreme hot summer (WT 22◦C
and 23◦C), however, neither seem significantly to favor further
macrophyte increase relative to Chl-a or TP nor to enhance
further water transparency in Alte Donau (Figures 5, 6).

The time series and robust trend lines for the length of annual
warm period above WTs of 14◦C, 20◦C, and 22◦C, including
temporal shifts of the onset and offset of these warm periods are
shown in Figure 8. When comparing WTs above 14◦C, 20◦C, and
22◦C, a progressive lengthening of the warm period, indicated by
slopes of robust trends, is found from 14◦C to 22◦C (Figure 8A
and Table 3). The lengthening of the annual warm period is
mainly due to a pronounced earlier onset of warm period above
14◦C, 20◦C and 22◦C in spring and early summer, rather than
to a moderate delay of cooling in late summer and autumn
(Figures 8B–D).

DISCUSSION

The restoration of degraded urban ecosystems, as it could be
exemplified here for Alte Donau, can increase the quantity
of ecosystem services per capita in densely populated areas.
With the successfully restoration of Alte Donau (Dokulil et al.,
2018), this urban oxbow lake became a life-enriching natural
asset in Vienna again. Sustained restoration was meant to
meet the goal of “maintaining the valuable water ecosystem
features and excellent local recreation opportunities” as stated
in Hozang (2017). Water clarity captures great attention as the
most relevant socio-ecological indicator for the former floodplain
riverine system that is now integrated into modern city life,
as it can provide condensed information on: (1) the potential
for recreational use of urban blue-green space; (2) the status of
overall success of sustained restoration and ecosystem health; and
(3) the ecosystem vulnerability against the superimposed global
warming trend, accelerated in man-made age.

Water Clarity Attracts Recreational
Values Enhancing Ecosystem Services
According to a questionnaire survey about city lake park Alte
Donau with 1023 respondents in Vienna (2015 to 2017), which
faced restoration at stable conditions with sustained dense
macrophyte stands, five key issues were identified (Hozang,
2017). Highest priority was perceived for water quality by local

resident visitors and business owners of boat rentals, restaurants
and public baths, thus underlining the water quality awareness
outlined by other socio-economic studies (e.g., Michael et al.,
1996; Wilson and Carpenter, 1999; Gibbs et al., 2002; Lee,
2017). Respondents in Vienna were highly satisfied with the
improved water quality and thus acknowledged lake restoration
in general. The Secchi disk transparency of Alte Donau at the
time of the questionnaire survey in Vienna was already stabilized
according to the clear-water state associated with sustained
macrophytes (annual means ranged between 3.4 m and 3.8 m).
It thus exceeded by far the 1.5 m minimum threshold of bathing
aesthetics, and also a higher Secchi disk transparency of 2.75 m
indicated for satisfying 90% of respondents for perceiving a water
clarity suitable for bathing according to questionnaire surveys
by Smith et al. (1991, 1995a). Accordingly, when judging further
improvement of water quality, water clarity did not represent an
issue. Instead, underwater-macrophyte cutting was perceived to
be important by visitors but also owners of public baths, boat
rentals and restaurants with access to the lake banks, to restrict
excessive biomass development of tall-growing macrophytes.
Floating plant fragments on the water surface were perceived
as causing nuisance (see also below target issue to replace
Myriophyllum spicatum by charophytes). Secondly, 70% of the
respondents considered near-natural lake banks as important
elements for the preservation of selected littoral areas, although
the free accessibility to the water edge for other areas had
top priority. Despite the overall high priority of water clarity
and presence of stable macrophyte stands, which indicates an
attitude toward nature, deficits in a deeper understanding of
the ecosystem Alte Donau and of ecological criteria for natural
banks were striking. The other three key issues perceived as
important for visiting Alte Donau were concerns about (3)
bathing and boating, (4) the high recreational value of the
whole area including meadows in the park, which finally (5)
led to an improved quality-of-place for local residents. Around
88% of the bathing visitors of Alte Donau used public bathes
(paying an admission fee for lido), the remaining visitors used
public swimming areas for free. In the latter case, access to
the water edge is provided through meadows or public wooden
piers and platforms with bathing ladders in-between the reed
belt (Hozang, 2017). Thus, the park around the lake Alte
Donau, which underwent a comprehensive planning in parallel
to lake restoration (Masterplan Alte Donau in Hozang, 2018),
is also freely accessible as green space all year. According to
the urban development plan (Mittringer et al., 2005), the green-
blue infrastructure of Alte Donau contributes to the natural
capital of Vienna in mainly two ways. On the one hand, the
near natural lake is valued as natural asset aimed at bridging
aspects of compact settlement in the city and green space of
high ecological quality. On the other hand, recreational services
mediated by water clarity concern also human health which are
mitigated by urban heat island effects in Vienna (e.g., Roetzer
et al., 2000; Matzarakis et al., 2010; Žuvela-Aloise et al., 2014).
In general, spaces with high evapotranspiration (Sánchez-Carrillo
et al., 2004; Gunawardena et al., 2017; Wu et al., 2019), such as the
littoral reed belt of natural or near natural lakes, where annual
evapotranspiration can exceed annual evaporation of the open
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lake surface (e.g., Herbst and Kappen, 1999), are most effectively
improving microclimate. In this view, urban recreational services
mediated by water clarity go by far beyond satisfying bathing
aesthetics. Green-blue spaces in cities are thus in general higher
rated by people than green spaces alone (White et al., 2010).

Water Clarity in View of Sustainable
Restoration Measures and Ecosystem
Health
Deterioration of freshwaters concerns ecologists worldwide.
Sophisticated methods rely on biota integrity, using indicator
species for assessing water quality and ecosystem health (Karr,
1991; Dokulil and Teubner, 2002; Schneider and Melzer, 2003;
Padisák et al., 2006; Teubner et al., 2018b; Rücker et al., 2019). In
case of eutrophication, however, i.e., when man-made surplus of
nutrients is the sole relevant human impact, sustained increase
of water clarity is the main target of restoration (e.g., Gulati
et al., 2008). Water clarity is thus understood as “valued attribute”
for judging the water quality (Håkanson et al., 2005; Peeters
et al., 2009; Keeler et al., 2012). It enables a high degree of
predictability of ecosystem health because it describes water
quality simultaneously in view of two important aspects, i.e.,
the availability of nutrients pointing in the direction of potential
phytoplankton development (indirect effect on water clarity) and
the ambient light climate (direct effect on water clarity). Thus,
water clarity mirrors the extent of nutrient surplus, that in turn
triggers photosynthetic growth, yielding biomass on the one
side, and the access to ambient light along the water column
required for growth of primary producers, on the other side.
These two aspects of water clarity are in particular relevant for
shallow aquatic ecosystems, as exemplified here for the oxbow
lake Alte Donau. With the reduction of the phosphorus-pool
following the lake restoration, phytoplankton growth became
limited and phytoplankton biomass drastically declined leading
to an increase in water clarity. With the improvement of water
clarity, submerged plants spontaneously grew from residual
fragments (Dokulil et al., 2018). This switch between alternate
stable states, represented by nutrient-rich algal-turbid state and
water plant dominated clear-water state (e.g., Scheffer et al., 1993;
Cristofor et al., 2003; Søndergaard et al., 2010; Hilt, 2015; Phillips
et al., 2016), is well known in aquatic sciences and is seen as a
cornerstone in lake restoration (e.g., Carpenter and Cottingham,
1997; Hilt et al., 2006; Søndergaard et al., 2007; Gulati et al., 2008;
Jeppesen et al., 2012).

Underwater light climate is most commonly measured
with Secchi depth readings (e.g., Forsberg and Ryding, 1980;
Nürnberg, 1996; Giardino et al., 2001; ÖNORM M6231, 2001),
but can also be determined by light attenuation along depth
profiles. The latter is often used in case of “lake bottom
view” (e.g., Meijer et al., 1999), i.e., Secchi disk transparency
exceeds the lake depth (e.g., Löffler, 1988). The measure of
underwater light attenuation further suits better for turbid water
bodies where steep profiles of light attenuation are expected
(e.g., Dokulil, 1975; Katalin et al., 2009). The exponential
attenuation of irradiance with depth relies on light absorption
and light scattering, i.e., depends mainly on the water color

and on the characteristics of seston particles (e.g., Löffler, 1988;
Koenings and Edmundson, 1991; Zimmermann-Timm, 2002).
Secchi transparency and underwater light attenuation in our
study, calculated within seasons or within boundaries of trophic
classification scheme and thresholds of human perception for
bathing aesthetic, mirror basically the background of a certain
chlorophyll content. Whatever the factor predicting 1%, 3%, and
12% surface ambient light or light intensity at Secchi depth was,
high values were associated with high Chl-a. Chlorophyll-a is
the principal light harvesting pigment of primary producers and
commonly used as rough estimator of phytoplankton biomass.
Chl-a accounts with 0.50% to wet weight phytoplankton biomass
in Alte Donau (Teubner et al., 2018b). In addition to light
absorption by phytoplankton, these biotic particles contribute
to underwater light scattering (e.g., Kirk, 1975; Bricaud and
Morel, 1986). As our study on Alte Donau covers four seasons
over years accomplishing the lake restoration from hyper- to
a meso- oligotrophic state, optical properties of this lake are
as variable as found in a multi-lake study. The wide range of
surface ambient light at Secchi depth in Alte Donau agrees with
the variation from 0.8 to 36.3% among different lake types by
Koenings and Edmundson (1991). Further, the factor feu which
is commonly used to predict zeuby zSecchi, ranged widely among
seasons and boundaries of trophic states (i.e., between 3.0 and
3.8) in Alte Donau, as confirmed by other studies (Montes-Hugo
et al., 2003). Compared with Alte Donau, the ratio zeu/zSecchi
was even higher in the shallow, mesotrophic but turbid soda
Lake Neusiedl, where it ranged from 3.5 to 6.0 for individual
measurements (mean: 4.6, Dokulil, 1979), and lower in the deep
mesotrophic alpine Mondsee (range 1.3−4.9, mean: 2.7, n = 26,
1999−2000, Teubner and Dokulil, unpublished data). Dokulil
(1979) further reported mean ratios ranging from 1.3 to 5.0 for 26
mainly lake sites worldwide, Padial and Thomaz (2008) between
1.8 and 2.6 for subtropical reservoirs and floodplain lakes. These
results underscore that Secchi disck readings need to be calibrated
against exponential light attenuation in specific lakes and seasons,
when they are used to predict optical properties relevant for the
biota, such as the euphotic depth (1% of surface ambient light),
the maximum colonization depth of macrophytes (3% of surface
ambient light; cf. Middelboe and Markager, 1997; Dennison et al.,
1993), and the optimum depth of epilimnetic phytoplankton
growth (12% of surface ambient light, Teubner et al., 2004).

Both photosynthetic lake assemblages, phytoplankton and
macrophytes, basically require the same nutrients and light
sources when sharing the same habitat. Each of them includes a
bunch of organisms that often are not taxonomically linked to
each other. Phytoplankton communities include eukaryotic algae
and prokaryotic cyanobacteria. Besides common physiological
features for photosynthetic autotrophs, some algae such as
cyanobacteria and cryptophytes rely on light absorption at
specific wave-lengths, which is different from most eukaryotic
species. For many cyanobacteria, but also for some bacillario-
and ochrophytes, mixotrophy, in addition to autotrophic
photosynthesis, is an alternative or obligate pathway of nutrition.
Both, structural aspects (e.g., specific pigment pattern, different
ways of nutrition) and physiological strategies (e.g., coping with
ambient light and nutrients by optimizing resource utilization,
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acclimation), allow a balanced phytoplankton growth along the
light attenuation gradient which may also result in different
phytoplankton species inhabiting different layers in the water
column (Klausmeier and Litchman, 2001; Greisberger and
Teubner, 2007; Salmaso and Padisák, 2007; Zohary et al.,
2010; Dokulil and Teubner, 2012; Mantzouki et al., 2016).
In Alte Donau, the contribution of cyanobacteria to total
phytoplankton varied strongly over the 22-year study period and
was highest under nutrient rich conditions as described in detail
in Teubner et al. (2018a).

Submerged macrophyte assemblages inhabiting lakes cover
again taxonomically different species. They include vascular
plants, charophytes (stoneworts, brittleworts) and bryophytes
(Lacoul and Freedman, 2006), which exclusively rely on
photosynthesis and are commonly anchored to the lake bottom.
The different types of growth forms (e.g., near bottom rosettes,
tall-growing with caulescent branches, canopy formations on
water surface) also allow macrophytes to utilize underwater light
at different layers in the water column (for inventory of about
40 macrophyte species in Alte Donau see Pall, 2018; Pall and
Goldschmid, 2018).

It is common for both assemblages, phytoplankton (e.g., Wall
and Briand, 1979; Kohl and Nicklisch, 1988) and submerged
macrophytes (e.g., Chambers and Kalff, 1985; Dennison et al.,
1993; Middelboe and Markager, 1997), that requirements for
optimal growth under ambient light can vary from group
to group and from species to species. Nevertheless, both
assemblages often colonize mainly at certain depth layers. In the
case of phytoplankton, epilimnetic community (dominated by
strict photosynthetic organisms, with less mixotrophic species)
avoids the near surface layer due to stress by too high light
intensity (PAR and also UV radiation) and builds up maxima
at 12% of surface ambient light (Teubner et al., 2004). In
deep lakes, in addition to the epilimnetic peak at 12% surface
light, metalimnetic phytoplankton (often in combination with
mixotrophy) can develop below the euphotic zone, at 0.1 to 1%
of surface ambient light (e.g., Walsby and Schanz, 2002; Zotina
et al., 2003; Teubner et al., 2004; Greisberger and Teubner, 2007;
Dokulil and Teubner, 2012; Yankova et al., 2016). The epilimnetic
peak is most relevant for shallow lakes such as Alte Donau. An
epilimnetic layer of about 10−14% of surface ambient light (12%
of surface-ambient light for lake growth optimum, Teubner et al.,
2004) expands vertically the water transparency, but narrows to
only few centimeters if water transparency is very low. At high
water transparency, this layer of optimal growth is far from the
lake surface, but is very close to the top under high turbidity.
High water clarity is associated with diverse but low number of
phytoplankton species (often measured by low Chl-a at low TP)
and often relates to an increase in biodiversity and integrity, as
discussed above.

Conversely, under hypertrophic conditions that are
associated with mass-development of phytoplankton, only few
phytoplankton groups develop, and in particular cyanobacteria
that are known for their potential of blooming and of producing
toxins, thus damage ecosystem health and inhibit recreational
use (Teubner et al., 1999; Chorus et al., 2000; Dokulil and
Teubner, 2000; Graham et al., 2010; Mantzouki et al., 2016;

Scherer et al., 2017; Dokulil et al., 2018). Their single cells,
filaments or aggregates dramatically enhance underwater light
attenuation by self-shading along the whole water column.
Thus, shading acclimated cyanobacteria are abundant during
mixing in spring while other cyanobacteria that are protected
by UV-shield can form dense scums near the surface during
stratified conditions in summer. Phytoplankton assemblages
dominated by cyanobacteria are commonly scarcely diverse, as
only few species can survive in an extreme habitat in terms of
low light and surplus of nutrients, which indicate low ecosystem
integrity. Thus, in view of lake assessment by phytoplankton,
water clarity indeed provides an indicator for ecosystem health.

Water clarity is also used as reference for ecosystem quality
when referring to macrophytes (Van Nes et al., 2002; Nõges
et al., 2003; Feldmann and Nõges, 2007; Köhler et al., 2010;
Søndergaard et al., 2010). For plants, the bottleneck for successful
colonization is germination. Since light commonly acts as signal
to start seasonal spreading or growing (e.g., Penfield et al., 2005;
Chen et al., 2008; Nelson et al., 2010), which is also relevant for
macrophytes (Ozimek, 2006; Tuckett et al., 2010), early seedling
development and leaf-out during spring depends on certain
thresholds of light availability. With water level draw-down of
25 cm for only few days in March to May, the light signal for
stimulating vernal growth is enhanced and thus can trigger leaf-
out and shoot development of submerged macrophytes even in
deeper layers of the littoral zone (Pall, 2018; Pall and Goldschmid,
2018). In other studies, the clear-water phase, which is referring
to lake phenology and describes the period when water clarity
temporarily increases to “lake bottom view” for a few days
(at least in shallow lakes) due to grazing of phytoplankton
by zooplankton, also seems to be important for macrophyte
succession starting in spring (Van Nes et al., 2002). The timing
of the clear-water phase in Alte Donau varied between the 95th
(early April) and 145th day (late May) during our investigation,
and tends to be observed progressively earlier in recent years due
to global warming (Teubner et al., 2018b). Thus, a clear-water
phase during the transition from late spring to summer might
favor macrophyte growth over phytoplankton summer bloom.

A temporary increase of water clarity by vernal water-level
draw-down represents the window of opportunity for sustaining
macrophyte development later in the year. It was a cornerstone
of macrophyte management during the period of re-establishing
macrophytes in Alte Donau, carried out in four successive years,
2002−2005. After the first 2 years, with total submerged plant
biomass of 20 t (2002) and 125 t (2003), the annual macrophyte
biomass yield strongly increased to more than 350 t afterward of
sustained water clarity.

With the re-establishment of underwater vegetation,
submerged macrophyte growth takes advantage against
phytoplankton growth (Phillips et al., 2016), and thus clear water
is stabilized by sustained macrophyte domination (Cristofor
et al., 2003; Hilt et al., 2006; Hilt, 2015). The spatial tightness
of habitat zonation along the depth is further relevant when
considering allelopathic substances which may suppress the
growth of certain species within the same assemblage, both
within the phytoplankton and the macrophyte community, but
can also occur also between species of algae and macrophytes
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(Van Donk and Van de Bund, 2002; Gross, 2003; Legrand
et al., 2003; Berger and Schagerl, 2004; Hilt and Gross, 2008;
Mulderij et al., 2009; Chang et al., 2012). Some of these studies
assume that allelopathically active macrophytes contribute to
stabilize sustained macrophyte growth and thus clear-water state
in shallow lakes.

In our study, the threshold for Secchi disk transparency for
sustained macrophyte growth in Alte Donau is at about 3.5 m
(annual average) and thus exceeds by far the thresholds of 1.5 m
and 2.75 m for bathing aesthetics (Smith et al., 1991, 1995a). The
annual Secchi depth transparency of 3.5 m agrees with Secchi
depth transparency in June 1987 by Löffler (1988) referring to
the mesotrophic state in the 80ties with a dense bottom cover
mainly of Chara meadows at that time. According to our study,
a Secchi disk transparency of 3.5 m seems to satisfy minimum
light requirements of macrophytes on the whole lake bottom area
and is thus supporting underwater plants if no self-shading of
macrophyte stands, nutrient limitation or other environmental
stressors suppresses the growth of macrophytes. In addition,
although macrophyte growth at dim light is possible (e.g., Nielsen
and Borum, 2008), and such minimum light requirements are
ecologically relevant for defining the maximum colonization
depth, it is clear that optimized macrophyte yield refers to
higher ambient light intensities (compare with epilimnetic
phytoplankton above, with highest abundances around 12% of
surface ambient light within the euphotic zone; see also average
requirements of 11% for charophytes and 21% for submerged
angiosperms at lowest colonization depth according to Chambers
and Kalff, 1985). Assuming that macrophytes meet similar
light harvesting requirements as planktonic photosynthetic biota
having an optimum at a depth of 12% of surface ambient
light (e.g., Teubner et al., 2004), the stratum at 5.5 m (=12%
surface-light; 3.5 m Secchi disk transparency) might also be
relevant for optimal light harvesting of submerged macrophytes
in Alte Donau This optimum depth is exceeding by far the
mean lake depth of 2.5 m. The expansion of the epilimnetic
layer satisfying an enhanced light requirement of 10−14%
surface ambient light discussed above for phytoplankton might
be relevant for the macrophytes in two ways: a settlement of
near-bottom prospering macrophytes below the mean lake depth
and an enhanced light availability in the water column for the
spreading tall-growing macrophytes. According to other studies,
light requirements of submerged macrophytes range widely from
2 to 25% (mentioned as “typical values” for freshwater species in
Middelboe and Markager, 1997) or from 4 to 29% surface light
(mentioned as minimum light requirement for marine species in
Dennison et al., 1993). Therefore, these results underpin that a
Secchi disk transparency of 3.5 m satisfies light requirements of
submerged macrophytes yielding in sustained large biomass in
mesotrophic Alte Donau.

In 2019, charophytes contributed almost 20% to macrophyte
yield. The last step, i.e., to substitute the still abundant
Myriophyllum spicatum by charophytes in Alte Donau, is thus
still ongoing. M. spicatum is common in the Danube River
Basin and most frequently found in habitats of fine inorganic
sediment of steep bank slopes, medium velocity (35−65 cm
s−1) connected to main river channels (e.g., Janauer and Exler,

2004). In Alte Donau, dense stands of M. spicatum building
canopy formations near the water surface were thus nuisance for
recreational purposes (e.g., boating or swimming). A shift toward
charophytes, which can build up meadows near the lake bottom,
would stabilize best of sustained clear water state Van Donk and
Van de Bund (2002) and agrees with macrophyte assemblage
under mesotrophic conditions described in the 80ies in Löffler
(1988). Many charophyte species are superior in nutrient poor
clear freshwaters, i.e., oligotrophic state (e.g., Middelboe and
Markager, 1997; Melzer, 1999). The advantage of charophyte
meadows for sustained restoration effort consists in their capacity
to stabilize effectively a clear-water state, as summarized by
Hilt et al. (2006). Dense Charophytes stands covering the lake
bottom can prevent the re-suspension of sediment particles, thus
leading to nutrient-immobilization in the long-term. Further,
lakes with Chara meadows benefit on their winter-green that
may contribute to avoiding oxygen depletion on the sediment
surface. Finally, many charophytes are heavily calcified, which
ensures that fragments of charophytes sink to bottom instead of
floating at the water surface, which is considered beneficial in
view of recreational use. When aiming at stabilizing submerged
macrophyte stands (Hilt, 2015), in particular in view of sustained
growth of charophytes, a critical Secchi disk transparency of 3.5 m
or even higher might be the target for further lake management
measures in Alte Donau. A Secchi disk transparency of 1.5 m
and 2.75 m, which is suggested as critical values for bathing
aesthetics according to Smith et al. (1991, 1995a) would be
within boundaries of mesotrophic conditions, but would not
be satisfactory for sustained macrophyte growth in Alte Donau
in the long-term.

Water Clarity for Bridging Ecosystem
Health and Ecosystem Services
Superimposed by Global Warming
The Pannonian Plain, where Vienna Basin and thus Alte Donau
is embedded, is seen as one of the most vulnerable region to
global warming in Austria (Zweimüller et al., 2008; Dokulil and
Herzig, 2009; Dokulil et al., 2010; Soja et al., 2013) and in Central
Europe (Honti and Somlyody, 2009; Olesen et al., 2011; Nistor,
2019), respectively. Accordingly, the year-to-year variation of lake
surface water temperature in Alte Donau responded to the climate
signal, the North Atlantic Oscillation (NAO) Index. This climate
index is commonly used to detect long-term variability and trends
from lake physics to lake-biota driven by global warming in
the Northern Hemisphere (e.g., Anneville et al., 2002; Straile
et al., 2003; Blenckner et al., 2007; Dokulil and Herzig, 2009; Soja
et al., 2013; Wrzesiński et al., 2015). Although the climate driven
processes are controlled by large scale phenomena throughout the
year, climate response to NAO is most pronounced for winter to
early spring and is fading later in the year due to ecosystem filters
(e.g., Blenckner et al., 2007; Dokulil et al., 2010; Ptak et al., 2018;
Teubner et al., 2018a; Schmidt et al., 2019). In accordance, the
climate response in Alte Donau to WT was most significant during
the cold season, i.e., for the number of days with WT > 5◦C, >6◦C,
and >7◦C and the yearly onset (Julian day) for stepwise passing
WTs of 6◦C, 7◦C, and 8◦C.
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Apart from the direct correspondence with the climate signal,
seasonal lake phenology changes could be verified by significant
warming trends. The lengthening of periods above a certain
value of water temperature, in detail graphically exemplified for
length with WT > 14◦C, >20◦C, and >22◦C in our study,
were mainly due to a steep and thus significant slope toward
an earlier onset passing the WTs than by weak slopes for the
delayed offsets. Thus, the lengthening of growing season in Alte
Donau relies primarily on an advanced onset in spring than a
delayed autumnal cooling, as also described for other phenology
studies (Menzel and Fabian, 1999; Chmielewski and Rötzer, 2001;
Dokulil and Teubner, 2012; Garonna et al., 2016). According to
spring phenology of plant flowering by Roetzer et al. (2000), the
Julian day observed for urban sites in Vienna was in all cases
in advance (3 to 5 days) to rural sites of the city. Therefore,
an interference of suburban climate on surface WT might not
be neglected, but such an analysis was beyond the scope of this
study. The flowering phenology study, however, should increase
the awareness regarding how an urban space can benefit from a
natural water body in terms of improving microclimate, and vice
versa to what extent the urban climate may enhance warming
in urban waters.

An increase in bathing visit is associated with a lengthening
of the periods that satisfy an intermediate water temperature, in
the range of 13 to 16◦C, which is relevant for determining the
start of recreational use in a year. Secchi disk transparency seems
in particular dampened during hot summer periods with a WT
from 20◦C to 22◦C and is not corresponding to an enhanced
macrophyte yield.

The impact on water clarity, as controlled by the balance
between phytoplankton or macrophytes and the total pool of
the main nutrient element, i.e., phosphorus, became evident for
certain summer periods during the decadal limnological survey
of Alte Donau. With an advanced warming for exceeding WT
from 15◦C to 21◦C, i.e., after the transition from spring to
summer when phytoplankton is passing the clear-water phase
(Teubner et al., 2018a), sustained macrophyte development
at the expense of phytoplankton growth or TP pool size,
respectively, takes place. This supports other studies that show
how macrophytes benefit from lake phenology in terms of
short-term enhancement of water transparency (Van Nes et al.,
2002). The same is valid for the lengthening of the warm
period. Only extreme high WT above 22◦C to 23◦C, when
also Secchi depth transparency significantly decreases relative
to extreme WT increase, do not result in a further increase of
macrophyte biomass. The annual biomass yield of submerged
plants relative to the pool of nutrient resources (as TP) and to
phytoplankton (as Chl-a) benefits from elevated but not extreme
WT in this water body of the temperate zone. Macrophytes
thus seem to benefit from an earlier onset of temperatures
between 14◦C and 15◦C. The year-to-year variation of the day
when 19◦C or 20◦C is reached for the first time seems to
correspond best to a maximal biomass yield of macrophyte per
year, when related to TP or Chl-a. A sustained macrophyte
dominance stabilizes the clear-water state as stated before,
supports ecosystem health and satisfies recreational use. In
principle, many submerged macrophytes may respond with

higher yields when just comparing the impact of enhanced
water temperature on their growth. Myriophyllum spicatum is
an angiospermic macrophyte which clearly seems to cope well
with climate warming (Aiken, 1981; Patrick et al., 2012). Not
in general (Choudhury et al., 2019) but also some common
charophytes seem to benefit from a temperature increase (Rojo
et al., 2017) as far as ephemeral ponds do not disappear due to
climatic drought. To our knowledge, there is no climate response
bioassay study for Myriophyllum spicatum in comparison with
common Chara species as found in Alte Donau (Pall, 2018), to
answer which macrophyte species would benefit the most from
climate warming.

A previous study, however, showed that the prolongation of
the warm season in Alte Donau − in addition to a progressively
earlier clear-water phase − favors thermophilic zooplankton
species in many ways. The most spectacular zooplankton species
to mention here is an alien species, the freshwater jellyfish
Craspedacusta sowerbii (Ciutti et al., 2017; Kozuharov et al.,
2017; Trichkova et al., 2017), which builds up its medusa stage
more frequently as WT exceeds 21◦C more often in Alte Donau
(Teubner et al., 2018a). Thus, despite the success of restoration
measures, biotic relationships can be superimposed by climate
warming and thus finally also interfering ecosystem services and
ecosystem health.

CONCLUSION

In conclusion, water transparency can serve as a key indicator
of multi-functional socio-ecological values to assess near natural
assets of green-blue spaces and ecosystem health as exemplified
for the oxbow lake Alte Donau in Vienna. Judgment of
water clarity by public perception is of great importance for
communicating the success of restoration or urban planning
in modern cities life. In ecological terms, water transparency
identifies the overall success of lake restoration or ecosystem
health status if no other impacts than local nutrient surplus or
global risk by climate warming pose potential threats. The critical
water transparency forcing alternate nutrient allocation from
planktonic algae under nutrient-rich conditions to submerged
macrophytes of nutrient-limitation (details in Dokulil et al.,
2018), however, exceeds requirements of water transparency
that is satisfying people’s awareness by littoral “lake bottom
view,” i.e., judging good water quality by bathing aesthetics.
Our results suggest that annual Secchi transparency of 3.5 m
or even higher is required to accomplish the still ongoing, last
step of sustained lake restoration, i.e., to further the increase
of charophytes above 20% macrophyte yield contribution. This
step at the expense of tall-growing Myriophyllum spicatum
aimed at further stabilizing the clear-water state in Alte
Donau. In this view, even if water transparency can be indeed
judged as reliable socio-ecological indicator, annual surveys of
recreational waters should still go further beyond measuring
Secchi disk transparency. A knowledge in advance, which
goes beyond Secchi depth readings, contributes to mitigating
the superimposed response by climate warming and other
potential threatening impacts in the accelerated man-made
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age, which seem to hamper water transparency in general during
extreme hot summer seasons and favor long-term thermophilic
macrophytes such as Myriophyllum spicatum in particular.
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