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processes from the tributary river to the reed belt†
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Shallow lakes provide a multitude of ecosystem functions, but they are particularly vulnerable to natural and

anthropogenic disturbances. Understanding the driving factors determining the fate and spatial distribution

of nutrients and pollutants in such systems is fundamental to assess the impact of ongoing or future external

pressures endangering their ecological integrity. This study investigates the fate of trace contaminants

transported into the large shallow Lake Neusiedl, including contaminants representative of different

patterns of sources and emission pathways and of environmental behavior, namely metals,

pharmaceuticals, an artificial sweetener and perfluoroalkyl substances. Further, it examines the horizontal

spatial distribution of nutrients, ions and physico-chemical parameters with an unprecedented detailed

focus on the internal variability within the large reed belt. As described in the past e.g. for chloride,

evaporation was identified as the process leading to a substantial concentration enrichment of the

industrial chemical PFOA and the sweetener acesulfame K from the tributary river into the open lake.

This is particularly relevant in view of the predicted future increase of evapotranspiration due to climate

change. In contrast, the observed loss of diclofenac, but also of PFOS and carbamazepine suggests that

the well-mixed, humic-rich and alkaline Lake Neusiedl offers favorable conditions for the

photodegradation of otherwise very persistent chemicals. Another important finding, in the context of

possible modifications in lake water levels due to climate change, is the fundamental role played by the

connectivity between open lake and reed belt but also by the presence and characteristics of inner water

areas within the reed belt region in determining the hydrochemistry of the lake system. By revealing

systematic spatial patterns and by focusing on the underlying factors and processes, the understanding

offered by this study is of high value for the conservation of shallow lakes.
Environmental signicance

Lake Neusiedl is the largest endorheic lake in Central Europe, it is surrounded by the largest contiguous reed area in Europe and by being extremely shallow, it is
highly vulnerable to anthropogenic disturbance. In this work, we reveal clear and signicant spatial patterns of hydro-chemical parameters and trace
contaminants and shed light on the factors andmechanisms determining their fate and behavior in the complex lake system. We demonstrate among others the
essential roles of the evaporation process and of the connectivity between open lake and reed belt in determining the good health and quality status of the lake.
This level of understanding is essential to estimate the future impact of climate-change driven water level uctuations, anthropogenic emissions and water
management in shallow lakes.
Introduction

Shallow lakes provide worldwide a disproportionate contribu-
tion to biodiversity, nutrient cycling, food production and
anagement, TU Wien, Karlsplatz 13, 1040

ien.ac.at

, 1050 Vienna, Austria

tion (ESI) available. See DOI:

f Chemistry 2023
recreation services, yet at the same time they are more vulner-
able than deep lakes to natural or anthropogenic disturbances.1

They are more sensitive to meteorological and hydrological
uctuations than deep stratied lakes, thus being more
dramatically exposed to negative impacts of climate change2–5

and are particularly responsive to emission loads of nutrients
and trace contaminants.6,7 While most shallow lakes usually
lack stable vertical gradients due to their polymictic character,
they can show pronounced horizontal differences in chemistry
and sediment composition due to wind action and sheltering
Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518 | 1505
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Fig. 1 Map of Lake Neusiedl and of the sampling sites: river Wulka
estuary (one sampling site) and the two test areas Illmitz (nine sampling
sites) and Mörbisch (five sampling sites).
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View Article Online
effects in the littoral zone.8–11 Such spatial differences,
combined with pronounced short-term temporal variability,
represent a challenge for monitoring impacts of external pres-
sures on hydrochemistry and biology.

This is also true for Lake Neusiedl, the largest endorheic lake in
Central Europe. With an average depth of 1–1.5 m, it is extremely
shallow. A distinctive trait of Lake Neusiedl is the 4 km wide reed
(Phragmites australis) belt, which occupies more than half of its
surface. This makes it the largest contiguous reed area in Europe
aer the Danube Delta, with major international importance as
a wetland and bird sanctuary.12,13 The limnological study of this
system has predominantly focused so far on the open lake area,
while little attention has been paid to the chemical features and
biological communities of the reed belt.14–16 The fact that the
whole network of water quality monitoring stations is located in
the open lake area is further illustrative of the almost exclusive
focus on the pelagic zone of the lake system.17 Nevertheless, mass
balance analyses suggest that the exchange between reed belt and
pelagic zone is of eminent importance for the water quality of the
lake.18 According to their calculations, the reed belt represents
a sink for suspended solids and nutrients, yet at the same time,
depending on water level and connectivity, release processes can
export nutrients to the open lake area and signicantly contribute
to internal loading. In their investigation of spatial changes in the
water quality of the Austrian part of Neusiedl Lake viamultivariate
statistical methods,14 mostly focused on the spatial variability
within the open lake and on the local impact of anthropogenic
activities. However, by including also sampling points in the
channels, they revealed signicant differences in water chemistry
between the reed belt and open water. While increasing evidence
indicates that the water chemism in the reed belt differs
substantially from that in the open lake, spatial patterns and
driving factors are still only partially understood. The water
balance of the lake is highly sensitive to climatic changes19 and,
despite large uncertainties, predicted longer droughts in the
future3,20,21 might dramatically alter the lake's physico-chemical
characteristics and the connection between the pelagic zone and
its reed belt. Therefore, an enhanced understanding of the lake
system functioning in this respect is of the utmost importance.

In comparison to suspended sediments, nutrients and salts,
signicantly less is known regarding the pollution level and the
fate of metals and organic trace contaminants in the Lake Neu-
siedl. In the 1990s, the contamination level with heavy metals and
their uptake by reed was investigated.22,23 In the framework of
a study aimed to evaluate the potential impact of external sources
of articial water dotation to the lake,24 examined the occurrence
and concentration level of approximately 20 organic chemicals in
the estuary of the Wulka river (the main tributary) and at one spot
in the open lake, in which they detected different substances at
quantiable levels.25,26 shed light on the processes behind the
accumulation and distribution of mercury in sediments, macro-
phytes and sh. Despite their relevance, such studies build
a fragmented and insufficient knowledge basis to understand the
fate of the noteworthy loads of pollutants transported into the lake
by the Wulka river.27,28 It is known e.g. that salts such as chloride
undergo a concentration enrichment in the lake in years of low
water level, due to the combined effect of evaporation and absence
1506 | Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518
of outow.18 Whether this also applies to persistent trace
contaminants has however not been investigated so far.

This work contributes to bridging the above-mentioned
knowledge gaps by specically addressing two main research
questions. Firstly, it investigates which fate trace contaminants
transported by the Wulka river undergo in the lake. The scope
includes a selection of contaminants representative of different
patterns of sources and emission pathways and of environmental
behavior, namely six metals, two pharmaceuticals, an articial
sweetener and two peruoroalkyl substances. Secondly, it exam-
ines which horizontal differences the water chemism presents
between open lake and reed belt area and which role different
processes and factors play in determining the spatial variability.
For the rst time, an extensive monitoring survey was carried out
targeting explicitly the reed belt of Lake Neusiedl. To examine its
internal variability and gain understanding of the underlying
driving factors, the sampling points were strategically selected to
include both channels and open water areas within the reed belt,
as well as to cover different degrees of connectivity with the open
lake. The results provide a so far lacking solid data basis, which: (i)
enables testing the underlying hypothesis that the water chemical
composition in the reed belt and in the open lake is determined by
the connectivity between these two regions of the lake and by local
factors such as sedimentation, evaporative concentration and
biological processes and (ii) offers quantitative evidence of the role
of these phenomena.
Data and methods
Test areas and sampling sites

Situated between Austria and Hungary at 116 m asl, Lake
Neusiedl shows a rather small ratio of catchment/lake area of
This journal is © The Royal Society of Chemistry 2023
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approximately 1120 km2/320 km2. Characteristic traits are high
pH values (8.5–9), high soda concentrations (alkalinity 7–
15 mmol L−1, sodium concentration 250–600 mg L−1) and high
inorganic turbidity due to calcite and dolomite/protodolomite
precipitation29 and to the constant turbulence caused by wind
and waves.30 Without a natural outlet, the lake is a nearly closed
system with precipitation accounting for 79% of its water input
and evapotranspiration being responsible for 90% of its water
loss, respectively.31 The only relevant tributary is the river
Wulka, with a mean discharge of 1 m3 s−1. Owing to rather low
precipitations in the 400 km2 large river catchment, in average
the discharge of treated municipal wastewater accounts for
approximately 50% of the river baseow discharge, reaching
even higher shares in dry seasons. Two test areas were selected
at the western shore near the village Mörbisch (M) and at the
eastern shore near Illmitz (IL), respectively (Fig. 1, coordinates
in Table A1 of the Appendix†). In both areas, the sampling sites
were located along transects from the open lake to the inner
area of the reed belt.

Table 1 describes the degree of connectivity of each sampling
site with the open lake, with decreasing connectivity from level
C1 (open lake itself) to C5 (completely isolated, with no
connection to the open lake via a channel). The three inter-
mediate levels are dened as follows: C2 (near lake – closely
connected to the open lake via a broad reed channel), C3
Table 1 Characterization of the sampling sites with respect to their conn
water areas

Test area
Sampling
site

Connectivity to open lake degre
description

Illmitz IL1 C1 Open lake
IL2 C2 Near-lake

IL3 C3 Medium connec

IL4 C3 Medium connec

IL5 C4 Low connectivity

IL6 C4 Low connectivity

IL7 C4 Low connectivity

IL8 C4 Low connectivity

IL9 C5 Isolated

Mörbisch M1 C1 Open lake
M2 C3 Medium connec

M3 C3 Medium connec

M4 C4 Low connectivity

M5 C4 Low connectivity

This journal is © The Royal Society of Chemistry 2023
(medium connectivity – connected to the open lake via a narrow
reed channel with a distance < 600 m to the open lake) and C4
(low connectivity – connected to the open lake via a narrow reed
channel with a distance > 600 m to the open lake). In addition,
the sites differ from each other with respect to their exposure,
namely their location within (or proximity to) large water areas
within the inner reed belt. These categories are dened as well
in Table 1, with decreasing exposure from level E1 (open lake) to
E5 (small water area in the inner reed belt without any proximity
to large open areas). To investigate the input via theWulka river,
a sampling site was located in the estuary just before the river
ows into the open lake, aer having passed through the reed
belt.
Sampling strategy, scope of analyzed parameters and
chemical analyses

The scope of the analyses includes in the rst place general
physico-chemical parameters (water temperature: WT, dis-
solved oxygen: DO, electric conductivity: EC, pH), main ions
(calcium: Ca2+, magnesium: Mg2+, sodium: Na+, potassium: K+,
chloride: Cl−, sulphate–sulphur: SO4–S), acid-neutralizing
capacity (ANC), phosphorus (total: TP, dissolved: DP, soluble
reactive: SRP, soluble unreactive: SUP, particulate: PP), nitrogen
(total: TN, dissolved organic: DON, nitrate–nitrogen: NO3–N,
nitrite–nitrogen: NO2–N, ammonium–nitrogen: NH4–N,
ectivity to the open lake and their location within or proximity to open

e – Location within or proximity to large open water areas
degree – description

E1 Open lake
E3 Small water open area (less than 5000m2)

with close proximity to a large open water
area

tivity E4 Small open water area (less than 5000m2)
with proximity to a large open water area

tivity E4 Small open water area (less than 5000m2)
with proximity to a large open water area

E2 Large open water area of several hectares
within the inner reed belt

E5 Small open water area (less than 5000m2)
with no proximity to a large open water
area

E2 Large open water area of several hectares
within the inner reed belt

E2 Large open water area of several hectares
within the inner reed belt

E2 Large open water area of several hectares
within the inner reed belt

E1 Open lake
tivity E3 Small water open area (less than 5000m2)

with close proximity to a large open water
area

tivity E3 Small water open area (less than 5000m2)
with close proximity to a large open water
area

E2 Large open water area of several hectares
within the inner reed belt

E2 Large open water area of several hectares
within the inner reed belt

Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518 | 1507
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particulate: PN), soluble reactive silica (SRSi), total organic
carbon (TOC), dissolved organic carbon (DOC), suspended
solids (particulate matter: PM, particulate inorganic matter:
PIM, particulate organic matter: POM), and chlorophyll-a (Chl
a). For the analysis of these hydro-chemical parameters,
sampling campaigns were carried out at all sites in October
2017, in March, July and October 2018, and in April 2019. In
each of the rst four campaigns, samples were taken three
times at a weekly interval, while the last campaign consisted of
one single sampling (exact dates are reported in Table A2†). As
depicted in Fig. 2, in the study period the lakes' water level
uctuated over about 30 cm (115.3–115.6 m asl) and the
sampling campaigns covered the whole range from the lowest to
the highest water level conditions. The scope of trace contam-
inants included metals (cadmium: Cd, copper: Cu, lead: Pb,
mercury: Hg, nickel: Ni, zinc: Zn), two industrial organic
chemicals (peruorooctanoic acid: PFOA and per-
uorooctanesulfonic acid: PFOS), the sweetener acesulfame K
and two pharmaceuticals (carbamazepine and diclofenac).
These contaminants were selected to cover different sources
and emission patterns (point and diffuse pathways, legacy or
more recent pollution) and environmental behavior (e.g.
different levels of persistence, biodegradability and adsorb-
ability). For these analyses, samples were taken in both test
areas at a selected subset of sites and dates from November
2017 to September 2019 (Table A3†). In the same period of time,
other monitoring campaigns analyzed these contaminants in
the Wulka river before its inow in the reed belt estuary.32–35

With exception of total metals, which are likely partially
deposited with suspended sediments in this area, for these
contaminants no alteration is expected to occur within the reed
belt estuary. Therefore, suchmeasurements (Tables A4 and A5†)
were included in this study to better assess the input via the
river. Owing to the reduced data availability for metals and trace
contaminants in the lake compared to the hydro-chemical
parameters, to increase the sample size for the statistical anal-
yses the data were grouped into the following three categories
according to the connectivity of the sampling sites: “open lake”,
Fig. 2 Mean water level fluctuations of Lake Neusiedl in 2017–2019.
Dark grey areas and points indicate the dates at which sampling took
place.

1508 | Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518
“high-mid connected” and “low connected-isolated”. Table A6†
indicates the resulting nal sample sizes.

The sampling was carried out by a boat. Samples were taken
in 0.5–2 L high density polyethylene (HDPE) bottles, with
exception of samples destined to the analysis of Hg, which were
collected in 0.5 L white glass bottles. The samples were imme-
diately taken to the laboratories under cooled conditions.
Filtration was carried out by 0.45 mm membrane lters. All
analyses were carried out by certied laboratories according to
the standard methods reported in Tables A7 and A8.†
Statistical analyses

To rst explore the existence of spatial gradients and of
common patterns of the analyzed parameters in the littoral
zone of the lake (here intended as the boundary between reed
belt and open lake), a principal component analysis (PCA) with
prior log transformation and standardization (centering and
scaling to unit variance) and the analysis of Spearman's corre-
lation were carried out. Owing to the disparity in available
sample size for trace contaminants, these two rst analyses
included exclusively the measured hydro-chemical parameters,
for which all 14 sampling sites were sufficiently represented. In
a second step, spatial differences within each of the two test
areas were investigated in further detail via the Kruskal–Wallis
test.36 To assess not only the existence of signicant differences
within each test area as a whole, but also to analyze which
specic sites signicantly differ from each other, the post hoc
Dunn test37 was applied to perform pairwise comparisons
between individual sites within every transect. Distribution-free
methods were chosen because for many variables the data do
not meet the assumptions required by parametric tests. The
measurements for organic contaminants contain censored
data, i.e. values below the limit of quantication (LOQ). For
these substances, statistical descriptors were estimated with the
method “regression on order statistics” (ROS) and data were
pre-processed to apply the Kruskal–Wallis test and the post hoc
Peto–Peto test for pairwise comparisons according to.38 All data
processing and statistical analyses were performed with the
soware package R.39 In particular, for the analysis of censored
data, the NADA2 package was used.40
Results and discussion

All laboratory measurements are available at https://doi.org/
10.48436/ez2zc-pqa36. The full detailed results of the
statistical analyses are reported in Section A3 of the Appendix:
PCA summary statistics (Table A9); correlation matrix (Fig. A1
and A2†); statistical descriptors (mean, median, standard
deviation per sampling site or group of sampling sites; Tables
A10 and A11†); summary statistics of the Kruskal–Wallis test
(Tables A12 and A13†); summary statistics of the post hoc
tests for pairwise comparisons (Tables A14–A17†); boxplots for
all analyzed parameters (Fig. A3–A31†). Here, the main results
are presented and discussed with focus on identifying
indicators of the driving underlying processes and
mechanisms.
This journal is © The Royal Society of Chemistry 2023
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Spatial clusters

The presence of highly correlated variables does not pose per se
a formal problem in the PCA procedure. However, including
near-redundant variables can lead to overemphasize their
contribution and to mask other potentially relevant factors.
Since numerous measured hydro-chemical parameters are
highly correlated with each other in the data set, this effect was
explicitly investigated by performing the procedure with and
without the following variables: ANC and all ions but Ca2+ due
to correlation coefficients of 0.96–1 with EC; PIM due to
a correlation of 0.98 with PM, DON and TOC due to a correlation
of 0.95 with DOC. The variance explained by the principal
components (PCs) is higher when including all variables.
Whereas with the selected subset 2 PCs explain 51% and 3 PCS
66% of the variance respectively, these values rise to 66% and
76% by including all data. The difference is mostly due to the
great contribution of ions in determining the variability of water
chemistry in Lake Neusiedl, as found by.14 Besides this, the
results are in both cases very similar and clearly identify two
clusters of data points measured in the open lake and at the
isolated site (Fig. 3). Despite a large internal variability, these
two regions are separated without any overlap. The other three
groups of data points show in contrast extended areas of
intersection, yet with a perceivable gradual shi according to
the connectivity grade, so that low connected sites overlap only
to a minimum extent with the open lake and the same applies to
near-lake and isolated sites. Another important insight gained
through the PCA is the identication of variables, which play
a dominant role in determining spatial clusters. In Fig. 3, the
tenmost contributing variables are shown. EC, DOC, TN and DP
play a dominant role in differentiating the isolated site from the
rest, while PM and to a lower extent TP mostly contribute to
distinguishing the open lake and near lake from the remaining
Fig. 3 Biplot with results of the PCA analysis based on the measured
Coloured ellipses group the sampling sites according to their grade of co
shown.

This journal is © The Royal Society of Chemistry 2023
reed belt area. Due to the strong difference in turbidity between
open lake and reed belt, the importance of particulate matter in
distinguishing the open lake is not surprising. In an attempt to
removing this macroscopic effect, the PCA was repeated
excluding PM as variable. The results remained almost
unchanged, both with respect to the identied clusters and to
the explained variance. Nutrients were not identied as relevant
parameters in determining clusters in the study of.14 The
difference lies most likely in the different scope and thus in the
different distribution of sampling points in the two studies,
focusing more on the open lake and on the reed belt respec-
tively, as well as in the choice of removing highly correlated
variables in this analysis. One last important observation is that
removing the highly correlated variables allowed identifying
two parameters (pH and Ca2+), which would be otherwise
masked and which seem to play an important role in explaining
part of the variance along a third clustering direction. Although
not shown among the 10 most contributing variables, DO has
a contribution quite similar to that of pH. This is in line with the
ndings of,14 who identied lower pH and DO in reed belt
channels to be determining in differentiating the water chem-
istry of these locations from the open lake.
Particulate matter and particulate-bound nutrients

As mentioned before, Lake Neusiedl is characterized
throughout the whole year by high turbidity primarily provoked
by calcite, dolomite/protodolomite precipitation coupled with
a constant wind-induced turbulence. In combination with the
prevailing wind and current conditions, this results in a distinct
sediment distribution pattern.41–43 During the studied period,
PM in the open lake had median values of 74–78 mg L−1, with
the relative share of inorganic fraction uctuating between 60%
and 80%. Along both transects, the Kruskal–Wallis and Dunn
hydro-chemical data after removal of the highly correlated variables.
nnectivity to the open lake. Only the top ten contributing variables are

Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518 | 1509
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tests indicate the existence of highly signicant changes in the
concentration level of suspended solids. In the gradient from
open lake towards land the effect of wind and waves loses force,
causing PM to sink and deposit on the bottom and leaving low
median concentration levels in the water phase in the range of
8–25 mg L−1 (Fig. 4). Interestingly, in the Illmitz test area the
lowest values for particulate matter and both of its fractions
were found at IL6, which besides being low connected to the
open lake, is also the sampling site with the lowest grade of
exposure (E5). In contrast, the sites IL7, IL8, IL9, low connected
or even completely isolated, but located within large open water
areas (E2), are at the upper range of the concentration levels
within the reed belt, similarly to the medium connected sites.
Apparently, the surface area in these regions of the inner reed
belt is sufficiently large for the wind action to effectively mix the
water column and keep solids in suspension. Although POM
and PIM generally follow the same pattern as PM, some
considerable differences are noteworthy (Fig. 4). Whereas e.g. at
the sites IL7, IL8 and IL9 the median value of PIM uctuates at
about 10–25% of its level in the open lake, POM is only about
50% lower. This points to a shi from lake, predominantly
inorganic, turbidity to particulate organic matter produced
locally within the reed belt. Unsurprisingly, the particulate-
bound fractions of phosphorus and nitrogen present a highly
signicant correlation with particulate matter. The correlation
coefficients for PN are however rather low and only in the
Mörbisch site a clear and statistically signicant decreasing
pattern land-inward can be observed. In contrast, the very high
Fig. 4 Boxplots of particulate matter (PM), particulate inorganic matter (P
in the Wulka estuary (left) and at each individual sampling site within t
decreasing connectivity with the open lake.

1510 | Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518
correlation coefficients of PP (0.8, 0.85 and 0.9 with PIM, PM
and POM respectively) are reected in highly signicant
declines in both test areas (Fig. 4). It is straightforward that with
the deposition of suspended particulate matter transported
from the open lake especially PP is deposited and stored in the
sediments as well. However, the lack of signicant differences
for PN and the similarity of PP concentrations in medium and
low connected sites in Illmitz suggest the importance of addi-
tional factors and processes affecting particulate nutrients
within the reed belt area.
Dissolved parameters

The results reveal a completely opposite spatial gradient for the
dissolved parameters, with a tendency of rising concentrations
in the reed belt along with decreasing connectivity. Within the
transect in the Mörbisch area, the Kruskal–Wallis test identies
signicant differences for EC, ANC and for all measured ions.
The gradient, exemplied by Cl− in Fig. 5, is gradual and not of
large magnitude (about 15% increase of the median values for
each ion and for EC from the open lake to the last site), so that
the Dunn test fails to nd signicant differences between single
pairs of sites. In the Illmitz test area, the higher statistical
signicance of the tests for these parameters is most likely due
to the isolated site IL9, in which the concentration of most ions
and the EC level are twice as high as in the open lake or even
higher. For the rest of the sites, an increasing but gradual
tendency is visible, so that the Dunn test identies only statis-
tically signicant differences between the open lake and the low
IM), particulate organic matter (POM) and particulate phosphorus (PP)
he test areas Mörbisch (centre) and Illmitz (right), plotted in order of

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Boxplots of chloride (Cl−), calcium (Ca2+) dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) in theWulka estuary (left)
and at each individual sampling site within the test areas Mörbisch (centre) and Illmitz (right), plotted in order of decreasing connectivity with the
open lake.
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connected IL5. Cl− is highly soluble and almost not involved in
biological processes, thus its rising concentration land-inward
points to an enrichment process driven by evapotranspiration.
In this respect, it is important to consider that within the reed
belt area, approximately from April to October, reed transpira-
tion adds to evaporation from water surfaces.21,31 Another
process probably underlying the higher concentration of most
ions in the reed belt is the release and remobilization from the
sediments. In this respect, it is important to highlight that not
all ions behave in the same way in Lake Neusiedl. Whereas in
the studied period Cl− showed an enrichment from the Wulka
estuary to the open lake by a factor 3 (medians 84 to 260 mg L−1,
respectively), Ca2+ dropped from 100 to 15 mg L−1 (Fig. 5). The
importance of calcite precipitation for the characteristic
turbidity of the lake has already been mentioned earlier and its
higher tendency to precipitation is also visible in the reed belt.
Its concentration in the water column, and its relative ratio to
Mg2+, visibly decrease e.g. in the isolated site IL9. Further,
the results reveal that within low connected and isolated
regions of the reed belt with high EC the relative share of
monovalent cations Na+ and K+ prevails over the bivalent
cations Ca2+ and Mg2+.

Differences among ions regarding the evaporation-driven
enrichment factor can also be attributed to the origin of salts
in Lake Neusiedl. Earlier studies have hypothesized upwelling
brines from mineral water deposits underneath Lake Neu-
siedl,44 while ascending groundwater inows through faults
were rejected more recently.45,46 A matter balance model
This journal is © The Royal Society of Chemistry 2023
calculated by18 for several years allowed predicting in-lake
concentration changes of Cl− with high signicance based
mainly on loads from tributaries and wastewater discharges and
only with a negligible share from other sources such as
precipitation and groundwater inow. However, discrepancies
of the same model for sodium as well as signicant differences
in the evaporation-driven enrichment factors between Cl− and
Na+ suggest that Na+ also enters the lake partly from ground-
water inows.47,48 Also, sediment pore water analyses point to
brines with high NaSO4 and/or NaHCO3 concentrations.49 The
enrichment factors of the ions (Ca2+ 0.2–0.3, Mg2+ 3.0–3.2, Na+

6.6–7.5, K+ 3.0–3.2, ANC 1.7–2.0, Cl− 3.2–3.5, SO2−
4 2.8–3.0)

suggest similarities and differences of origin and allow
conclusions on the main physical, chemical and biological
factors inuencing the salt concentrations in the lake. However,
the behavior of different salts and the changes of their
concentrations in time and space is more complex than out-
lined here in brief. Especially the role of upwelling brines for the
lake's salt budget clearly requires further investigation.

DOC and DON originate mainly from the decomposition of
reed and the production of aquatic humic acids.50 Therefore,
they reach high concentrations in small water bodies within
dense reed stands. However, they are also a subject to evapo-
ration processes and exhibit a spatial gradient very similar to
that of EC and Cl− (Fig. 5), with which they are highly correlated
(r = 0.76–0.83, p < 0.001). The fact that their increase is more
accentuated than for EC and Cl− (factor 2–4 from open lake to
sites with highest levels) supports the hypothesis of generation
Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518 | 1511
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of humic substances due to the degradation of reed material.
Once generated, however, humic substances follow very similar
evaporation-driven short-term concentration changes as dis-
solved salts, in spite of their different origin (salts mainly from
the Wulka river, DOC/DON autochthonously in the lake).

As far as it concerns dissolved phosphorus, the inorganic
fraction of dissolved nitrogen and soluble reactive silica, the
results reveal a more complex picture. Contrary to DOC and
DON, these parameters have a weak or very weak correlation
with Cl− and EC. Thus, their concentration in the reed belt
seems not to be dominated by evaporation, but rather by
additional local processes. The substantial, statistically highly
signicant and almost linear increase of DP (Fig. 6) and SUP
along both transects, and to a lower extent of SRP in Illmitz (for
SUP and SRP see Fig. A11–A13†), may be explained via internal
loading and remobilization of phosphorus previously trans-
ferred and stored into the sediments of the reed belt via depo-
sition of particulate matter. An inverse decreasing gradient
land-inward, though only slightly signicant and of modest
extent, can be observed for SRP in the Mörbisch area. This
observation acquires special interest when coupled with the
spatial gradients identied for SRSi (Fig. 6). This compound
undergoes a clear and substantial decrease land-inward. The
observed decline for SRP, but even more for SRSi, could be due
to an uptake by algae (diatoms, chrysophytes) which exceeds the
limited supply from the open lake in the more remote areas of
the littoral zone. As shown in Fig. 6, in the pelagic zone NO3–N
has remarkably low concentration levels, over an order of
magnitude smaller than in the Wulka river estuary, where it
Fig. 6 Boxplots of dissolved oxygen (DO), nitrate–nitrogen (NO3–N), di
estuary (left) and at each individual sampling site within the test areas
connectivity with the open lake.

1512 | Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518
enters the lake with a median concentration of 0.7 mg L−1. In
both test areas, it further decreases land-inward, reaching in
low connected areas even levels below analytical limits. NH4–N
does not present clear spatial patterns, but its concentration
level remains low (median below 100 mg L−1) along both tran-
sects. In the case of the inorganic forms of dissolved N, such low
levels and even observed depletion are most likely the result of
the ammonication, nitrication and denitrication processes,
which transform the N imported into the lake and release it as
N2, as well as N2O via incomplete denitrication, into the
atmosphere. The important function of littoral and shallow
waters for nitrogen retention primarily through the mechanism
of denitrication has been amply reported in the literature.51–56

More in detail, the studies of57 and58 highlighted the enhance-
ment of this process by Phragmites australis. Further, in an
investigation of greenhouse gas emissions from Lake Neu-
siedl,59 identied the highest average diffusive emissions rates
of N2O in the reed belt and at its lakeside margin, although at
individual dates considerable emission rates were also observed
in the open lake. The ndings of this work provide thus further
evidence of the signicant contribution of the reed belt region
in closing the N cycle within the Lake Neusiedl system.

A last noteworthy spatial gradient revealed by this study is
the signicantly lower pH and DO level in sites, which have at
the same time a medium-low degree of connectivity and
a reduced exposure, such as M3 (C3, E3) and IL6 (C4, E5). While
in the open lake and inmany areas of the reed belt pH is close to
9, at the site IL6 it drops down to 8.4 (median). With respect to
DO, whereas median values uctuate between 8 and 10 mg L−1
ssolved phosphorus (DP) and soluble reactive silica (SRSi) in the Wulka
Mörbisch (centre) and Illmitz (right), plotted in order of decreasing

This journal is © The Royal Society of Chemistry 2023
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between open lake and reed belt without a clear gradient along
the transects, the median concentration level drops down to
6.5 mg L−1 at M3 and 4.5 mg L−1 at IL6 (Fig. 6). The combina-
tion of low connectivity and low exposure simultaneously
means a lower supply of DO from the well-mixed open lake
water and a lower input from the air due to a smaller exchange
surface. In addition, reduced light availability in dense reed
stands (partly also due to the humic substance-rich reddish-
brown colored water) limits oxygen production through photo-
synthesis, while on the other hand decomposition processes
fuel oxygen consumption.60,61 This leads to the observed oxygen
decits in isolated areas of the reed belt. The imbalance
between oxygen production and CO2 production by decompo-
sition processes explains well the pH drop at site IL6.

Primary production in Lake Neusiedl is well studied since
the 1970s,62–67 especially in the open lake, less extensively in the
reed belt. Our knowledge on the decomposition of organic
material is much poorer and can oen only be indirectly
inferred from hydro-chemical ndings. A particular challenge is
the strongly changing water level, which inuences currents
into and within the reed belt and thus causes varying oxygen
availability. Apart from the redox conditions, degradation rates
of reed are also dependent on inundation, as they are higher
under water than above the water surface.57,68 Enhanced
degradation, however, may in turn inuence and aggravate the
oxygen situation and even the reed structure, since prolonged
anoxic phases may cause reed die-back through the production
of toxic substances.69 As a consequence, reed structure and
habitat quality can be signicantly altered,70 and – via increased
wind fetch and changed ow patterns – may in turn restore the
importance of oxygen input from the atmosphere and through
channels from the open lake. Similar antagonistic effects exist
with respect to pH: while high pH values and the enormous
surface area on the turbidity particles ensure very effective
decomposition of organic material, exactly these conditions are
not available in the reed belt. Especially in dense reed stand and
isolated areas within the reed belt (e.g., sites IL6 and IL9), the
water is clear and the pH much lower than in the open lake.
Reduced degradation effectivity at low pH71 might be a factor
responsible for the high concentrations of humic substances
(DOC, DON).

Little is known about the microbiological processes behind
the changes described.72 addressed bacterial community
diversity in Lake Neusiedl, while73 focused on bacterioplankton
productivity. According to their ndings, bacterioplankton
metabolism in Lake Neusiedl is heavily dependent on non-
phytoplankton sources of DOC. However, these results were
obtained during a period of high-water level, when the reed belt
was largely inundated. They are certainly not equally valid
during periods, when the reed belt is completely dry, as e.g. in
autumn 2022. Such situations will probably be observed much
more frequently and last longer in the future as a result of global
warming and an increased negative water balance of the Lake
Neusiedl.

Well-designed science-based management strategies to
ensure the lake's good status in the future must consider the
risk of increased nutrient loads, changes of internal nutrient
This journal is © The Royal Society of Chemistry 2023
cycling and changed processes of organic matter production,
accumulation and degradation. This topic links to unsolved
questions regarding the lake's fate under varying and increas-
ingly low water levels and highlights the importance to deepen
our understanding in organic matter transformation processes.
Trace contaminants

The peruoroalkyl substances (PFAS) PFOA and PFOS have been
in use in several applications and products for decades and due
to severe concerns for human and ecological health they have
been increasingly banned in Europe. Nevertheless, they are still
emitted into the environment at considerable levels mostly due
to legacy effects and they reach surface water bodies predomi-
nantly via wastewater effluent discharges, but also via diffuse
pathways owing to their ubiquitous distribution.28 In the Wulka
estuary, they were both found at median concentrations of
3 ng L−1, i.e. far above the environmental quality standard (EQS)
of 0.65 ng L−1 for PFOS74 and the newly proposed EQS for
PFAS.75 According to the results of this study, in the lake these
two compounds have a very different fate. While PFOA
undergoes a statistically highly signicant increase reaching in
the open lake a median concentration above 9 ng L−1 (Fig. 7),
PFOS concentration drops down to a median of 0.8 ng L−1. For
both compounds the concentration reached in the open lake
remains almost unaltered across the littoral zone. Given the
extreme environmental persistence and low to moderate
adsorption affinity, the behavior of PFOA may be explained via
the same enrichment mechanism induced by the evaporation
observed e.g. for Cl−. Why PFOS behaves so differently is diffi-
cult to interpret. One possible hypothesis is the transfer in the
sediments of the reed belt. Laboratory experiments on the
adsorption and mobilization of these two compounds, con-
ducted by76 specically with sediments of Lake Neusiedl, iden-
tied a higher log Koc coefficient for PFOS than for PFOA and
thus support this hypothesis. However, they also indicated the
labile equilibrium between adsorption and release processes for
these substances and thus hinted at the risk of remobilization
and potential reverse transport into the open lake. Another
possible explanation for the elimination of PFOS lies in the
process of photodegradation.77 revealed that although PFOS
undergoes a relatively slow direct photolysis in pure water, the
presence of humic acids can notably accelerate this elimination
process. Further, they found that the enhancement effect of
humic acids on the photolysis improves at pH values between 7
and 10. With an average pH of 8.5–9, the humic-rich78 Lake
Neusiedl might thus offer favorable conditions for this degra-
dation pathway.

Acesulfame K and the two pharmaceuticals are emitted
almost exclusively via municipal wastewater effluent
discharges, so that they are considered good indicators of this
pathway in surface waters. The very persistent and poorly
adsorbable acesulfame K is transported in the Wulka estuary at
a median concentration of 0.1 mg L−1 and the results suggest
a fate in the lake system similar to that of PFOA, although of
smaller magnitude and not statistically signicant (maybe due
to the smaller sample size), namely an enrichment in the open
Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518 | 1513
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Fig. 7 Boxplots of nickel (total and dissolved), PFOA, PFOS, acesulfame K and carbamazepine in the Wulka estuary and at three groups of sites
within the lake according to the connectivity with the open lake: “open lake”, “high-mid connected” and “low connected-isolated”. Dotted red
lines indicate the LOQ. For PFOS, acesulfame K and carbamazepine no boxplot could be generated for “high-mid connected” sites due to lack of
sufficient measurements or sufficient values above LOQ.
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lake, still visible across the reed belt. Carbamazepine (Fig. 7)
and diclofenac enter the lake systemwithmedian concentration
levels of 0.18 and 0.65 mg L−1, respectively. Once there, both
decrease by one or even two orders of magnitude, being oen
found below the limit of quantication (0.001 mg L−1). These
two compounds have low sorption affinity and very low
biodegradability,79–81 but it is known that diclofenac can
undergo fast photolysis/photodegradation in surface waters.82,83

In contrast, carbamazepine is considered highly persistent and
previous studies conducted in Lake Greifensee and Lake Tegel
revealed a low-moderate degradation with a half-life >70 days
and >50–100 days and an annual elimination rate of 40%,
respectively.82,83 Photodegradation can occur via two pathways,
namely through direct absorption of sunlight and indirectly
through degradation by reactive oxygen species produced e.g.
from natural organic matter, nitrate and nitrite under
sunlight.79 In this context, the laboratory experiments of84

revealed that the elimination of carbamazepine is mainly
attributable to indirect photolysis, which is enhanced by DOM.
It can thus be hypothesized that the combination of a long
residence time, a shallow and well-mixed water column and the
availability of photosensitizers creates particularly favorable
conditions for the extensive photodegradation of this
compound in Lake Neusiedl.

Metals have been transported into Lake Neusiedl for
decades, both via point discharges and via erosion-driven
diffuse emissions from the largely agricultural catchment of
the lake. Contrary to the organic trace contaminants examined
in this study, metals exhibit high adsorption affinity. Thus, the
1514 | Environ. Sci.: Processes Impacts, 2023, 25, 1505–1518
high turbidity in the open lake may be the reason for their
signicantly higher concentrations in the lake compared to the
Wulka estuary (nickel is depicted by way of example in Fig. 7).
Further, due to their high adsorbability, their fate follows the
same spatial pattern observed for particle-bound phosphorus,
namely a strong decline land-inward in the reed belt, due to the
deposition of suspended solids. Interestingly, this pattern is
observed not only for total concentrations. The dissolved frac-
tions of Cu, Ni and Zn show a signicant decrease by factor 2–4
from the open lake to the low connected sites.
Conclusions

For the rst time, the spatial distribution of hydro-chemical
parameters in Lake Neusiedl was investigated with an explicit
and detailed focus on the reed belt area and on the fate of trace
organic contaminants, for which little is known in this lake
system. The results provide a so far lacking solid evidence of
underlying processes and mechanisms, which had been previ-
ously hypothesized in the literature. The identied spatial
gradients demonstrate that the water chemical composition in
the reed belt and in the open lake is largely determined by the
connectivity between these two regions of the lake as well as by
the presence and characteristics of inner water areas, which
inuence local factors such as sedimentation, evapotranspira-
tion and biological processes. This is of high relevance in
a context of probably changing water levels in the future due to
climate change, which could alter the connection between the
open lake and different areas of the reed belt. The evaporation
This journal is © The Royal Society of Chemistry 2023
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process was recognized as major driver for the concentration
enrichment from the tributary river to the open lake of organic
trace contaminants such as PFOA as well as of dissolved ions
such as chloride. In combination with mechanisms of release
from sediments and local production of humic acids, it was also
found responsible for a further signicant concentration
enrichment of several dissolved parameters in low connected
and isolated areas of the reed belt. In view of the predicted
increasing evaporation in the future due to climate change, this
is a major nding, which should be investigated in greater
depth to assess how the exacerbation of this process will impact
the chemism and the integrity of the lake. Interestingly, the
results of this study reveal a substantial loss in the open lake of
selected organic trace contaminants transported via the inow
tributary and which are typically considered persistent in the
environment, such as carbamazepine and PFOS. Although these
compounds undergo a rather slow direct photolysis, the avail-
ability of photosensitizers, the high pH, the wind-induced
turbulence and the long residence time in Lake Neusiedl
seem to offer very favorable conditions to enhance the process
of indirect photodegradation.
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L. Sutheo, M. Kóvacs, et al., Neusiedlersee – Ökodynamische
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