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a  b  s  t  r  a  c  t

The  aim  of the  present  study  was  to  distinguish  areas  with  different  chemical  properties  in Neusiedler  See,
to  determine  which  background  processes  are  responsible  for this  pattern,  and  to  discover  their  spatial
distribution.  Uni-  and  multivariate  data  analysis  was  applied  to  the data  concerning  13  mainly  chemical
and  some  biological  parameters  for  the  time  period  2000–2009  from  33  sampling  sites.  The  sampling  sites
were  first  clustered  then  grouped.  Besides  reed belt  and  open  water  areas,  smaller  localities,  which  are
influenced  by  water  inputs  (the  treatment  plant,  the  river  Wulka,  the  channels  of  weekend  houses)  were
also  distinguished.  Using  Wilks’  lambda  distribution  it was  determined  that  the main  components  (ions)
have  a greater  effect  on forming  the  cluster  groups  than  those  parameters  which  stand  in  close  relation  to
biological  processes.  These  results  concurred  with  those  obtained  from  the principal  component  analysis
ater quality (PCA)  conducted  on  the  whole  lake  and  on  the  groups  as  well.  It can  be  stated  that  most  of the  variance
in  the  dataset  can  be  explained  by the  main  components  (ions).  The  spatial  distribution  of  the  principal
component  scores  was  visualized  with  isoline  maps.  The  results  of this  research  lead  us to  the view  that
Neusiedler  See  cannot  be treated  as  one  homogeneous  system.  This  exceptional  variability  originates
from  the  lake’s  shallow  water depth,  its unstable  water  balance,  and  anthropogenic  activity  (agriculture,
tourism,  sewage  treatment)  in the  lake’s  vicinity.
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. Introduction

The quality of surface water is a very sensitive issue, which
ranscends national boundaries (Yidana et al., 2008). One of the
est examples is Lake Fertő/Neusiedler See, which lies on the
ungarian–Austrian border. Nowadays with both countries being
ember states of the European Union, not only does the possibility

xist for them to assess the true state of the whole lake, but they are

lso obliged to do so (WFD, 2000/60/EC). It is recognized that water
uality monitoring is one of the highest priorities in environmen-
al protection policy (Simeonov et al., 2003), because to determine

∗ Corresponding author at: Eötvös Loránd University, Faculty of Science, Depart-
ent of Physical and Applied Geology, Pázmány Péter stny. 1/C, H-1117 Budapest,
ungary. Tel.: +36 70317 97 58; fax: +36 1 31 91738.
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he quality of any body of water its physical, chemical and biologi-
al parameters must be measured systematically (Sargaonkar and
eshpande, 2003). Precise and effective monitoring is, however,
ot enough, if the acquired dataset is not analyzed thoroughly.

In the case of the area studied in this research, because of its
ragmented habitat structure and unstable water balance (Dobesch
nd Neuwirth, 1979b), the datasets deriving from it are complex,
omprising mostly chemical and biological parameters which are
ften difficult to interpret and draw meaningful conclusions from.
he application of different multivariate statistical methods, such
s cluster analysis (CA), discriminant analysis (DA) and principal
omponent analysis (PCA) helps in the interpretation of such com-
lex data matrices as are found in the case of Neusiedler See in
rder to obtain a better understanding of water quality and the
cological state of the study area (Zhou et al., 2007). Parallel to
he fragmented habitat structure the study area is daily exposed

o severe anthropogenic activity, mostly on the Austrian side, in
he areas used for recreation. Anthropogenic influences such as
ecreational use, the influence of agriculture, and changes in pre-
ipitation inputs degrade surface waters, which, because of their
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water input comes from precipitation and its main output is evapo-
transpiration. Besides precipitation, the Wulka and Rákos streams
Fig. 1. Location of Neusiedler See, its sampling s

onstantly changing vicinity, need to be monitored even more accu-
ately. Furthermore, the area is under severe ecological control,
ostly to ensure its current status.
The aim of the present study was to (1) assess Neusiedler See’s

its Austrian part’s) heterogeneity, i.e. distinguish areas with dif-
erent chemical properties within the lake, (2) determine which
arameters might give rise to this pattern, (3) point out which back-
round variables determine the variance of the data and, what is
heir spatial distribution, using explorative multivariate data anal-
sis methods.

Neusiedler See is the largest steppe lake in Europe (309 km2,
44 km2 of which lies in Austria; Fig. 1) (Herzig and Dokulil, 2001;
öffler, 1974). It is situated in the lowest plain of the country, at
16 m above Adriatic sea level (maA). It is a shallow (average 1.1 m),
ell-mixed lake with regulated outflow, and large water level fluc-

uations (Dokulil and Herzig, 2009). In terms of its water balance
he Neusiedler See is considered to be somewhere between astatic
nd semiastatic (Padisák, 2005). Over the centuries the lake has
ried out many times, and its water level has varied in a wide inter-
al, sometimes resulting in enormous floods. On the one hand, as
n the case of Central Europe’s largest shallow freshwater lake, Bal-
ton (3–5 m water level fluctuation up to the late 19th century),
t was necessary to control the water level of the Neusiedler See
s well, mainly because of succession (increase in reed coverage).
o prevent this, the following measures were taken: (i) New dam
anagement was instituted in 1965 on the Hanság Channel (outlet

f the lake) and (ii) increased water level. Since 1965 the growth
f the reed coverage has been quite minimal, whereas if measures
ad not been taken, most of the open water would probably by
ow be covered (Dobesch and Neuwirth, 1979b). On the other hand
here is a requirement from the Austrian side to keep the summer
ater level at 115.8 maA  and the winter water level at 115.7 maA

o that the weekend houses on the Austrian side would be pro-
ected from floods. In both cases it can be said that these water

anagement measures have exercised considerable influence on
he current form of the reed belt, which – at the moment – covers
bout 56% of the lake. On the western and southern bank of the lake
t may  ever reach 3–6 km in width, however the eastern bank has
ore than one “reed free” areas (Fig. 1).
The reed (Phragmites australis (Cav.) Trin. ex. Steudel) has a

nique role in the Neusiedler See ecosystem. It moderates water
aves, it is the area for deposition, thereby decreasing shore

c

d their similarities based on the cluster results.

rosion, creates diverse ecological conditions, and influences water
uality (biotekton). Besides its ecological functions it serves as an

mportant industrial plant; for this reason the authorities harvest
t regularly. At the Neusiedler See this harvest is carried out once

 year in winter. This decreases organic succession as it facili-
ates nutrient removal. Winter harvesting also avoids disturbing
he nesting summer visitor birdlife as well. There are, however

any studies which deal with the optimal time for harvesting
eeds and take into consideration many more aspects, such as
utrient removal (Hu et al., 2010), nutrient (phosphorus) retention
Kiedrzyńska et al., 2008) and P & N removal along with the vitaliza-
ion of plants (Zhu et al., 2011). Naturally there are further aspects
o consider, e.g. trace element removal in the case of multiple har-
ests in one year (Vymazal et al., 2010). Regarding the biology,
cology, growth and function in water quality melioration many
tudies have been published: (Květ, 1973; Tanner, 1996; Hu et al.,
010).

The waters of the lake can be described as salty (sodium and
agnesium salts). Neusiedler See is Europe’s western-most and

argest steppe lake, and is considered to be a wetland (Löffler,
974). Despite the growth in awareness of their importance as
cosystems, these wetlands are often endangered ecosystems.
heir importance lies in their biological productivity, hydrological
nd biogeochemical cycling, and as habitats both for humans and
ildlife (Mitsch and Gosselink, 1986; Dinka et al., 2010). The lake is
nder the protection of the following: UNESCO protection as a bio-
phere reserve (1977) (Löffler, 1979; Dinka et al., 2004, 2010), the
amsar Convention; it is a part of the Fertő-Hanság National Park
1991), the Nationalpark Neusiedlersee-Seewinkel (1994) and is a
art of the IUCN’s1 protection zone; furthermore, it is designated
s a World Heritage site (2001).

Two main habitats can be identified in the lake, the reed belt
174 km2; 110 km2 on the Austrian, 64 km2 on the Hungarian part
f the lake) and the open water area. A third habitat can be dis-
inguished as well, which is the man-made channels in the reeds.
he water balance of the lake is unstable, mostly because its main
ontribute to the lake’s water input. The Wulka reaches the lake

1 International Union for Conservation of Nature and Natural Resources.
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Table 1
Descriptive statistics of the parameters used (2000–2009).

Statistic/parameter pH DO K+ Na+ Ca2+ Mg2+ Cl− SO4
2− CO3

2− HCO3
− TP NH4-N NO3-N chl-a

M 8.68 8.36 37.44 343.55 36.4 140.95 244.01 466.14 30.79 607.86 82.11 36.19 201.67 9.56
MED  8.7 8.8 38 347 34 141 245 473 30 600 68 28 152.5 7.1

42
94

422

b
F
s
i
o
f
1

d
m
i

2

2

l
I
b
t
w
a
h

w
m
s
O
p
d

p
(
8
b
s
g
s
b
w
t
M
s
t
p
d
A

2

p
o
p

T
s
1

2

v
t
a
a
T
p
s
f
(
K
e

2

y
p
r
t
f
f
t
p
W
i
p

2

p
a
t
t

W

w
a

t
s
t

SD  0.18 1.79 5.56 55.95 12.1 16.59 

MIN  7.7 0.2 13 126 14 72 

MAX 9.1  11.2 55 570 119 202 

etween Purbach and Oggau (AT), while the Rákos reaches it at
ertőrákos (HU) (Gattinger, 1979). At the mouth of the Rákos, a
mall wetland has been constructed to decrease the loads arriv-
ng to the lake. The air is almost constantly in motion; because of
rographic effects the prevailing wind direction is NW,  which is
ollowed (according to frequency) by SE (Dobesch and Neuwirth,
979a).

It is clear that although the lake is a natural entity over recent
ecades, because of anthropogenic activity and “urbanization”,
any measures have had to be taken and continuous management

s necessary to preserve its present state.

. Materials and methods

.1. Data and sampling sites

The database used was acquired from the Neusiedler See Bio-
ogical Station in Illmitz. This station is part of the national Water
nspectorate (AT) which monitors the lake at 38 sampling sites,
oth in the reed belt and on the open water. It is worth mentioning
hat the samples from the reed belt were taken from channels
hich cut through dense reed stands. These reed channels form

 transition zone (ecotone) between the reed and open water
abitats.

The sampling was conducted monthly, though in certain cases,
eekly. The sampled parameters which suited the conditions of the
ethods applied (parameters have to be measured at all sampling

ites at all investigated time points) are as follows: pH, dissolved
2 (DO), K+, Na+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
− (mg  l−1), total

hosphorus (TP), NH4-N, NO3-N, chlorophyll-a (chl-a) (�g l−1). The
escriptive statistics of the parameters can be seen in Table 1.

CO3
2− was not used because its values are highly dependent on

H, as below pH 8.3 there is likely to be no carbonate in the water
Daniel, 1999), and at certain sampling sites was  indeed below
.3. If the zero values had been used the correlation coefficients
etween the parameters would have changed at those sampling
ites. Because the same laboratory methods were employed in
athering the data, the results were comparable and comprehen-
ive. The analyses were conducted for the time interval 2000–2009
ecause before the turn of the century the parameters in question
ere not measured frequently enough for these statistical methods

o be applied. During the winter months and occasionally even in
arch most of the lake is covered with ice, so at many monitoring

ites no sampling was conducted during the cold period, as a result
hese dates have been left out of the analyses. Specifically, 34 time
oints from 33 sampling sites were examined, altogether 14,586
ata. The detailed description of the sampling sites can be found in
.1.

.2. Piper diagrams
“Piper diagrams were used (Piper, 1944; see later Fig. 2) to dis-
lay the relative concentrations of the major cations and anions
n two separate trilinear plots, together with a central diamond
lot where the points from the two trilinear plots are projected.

2

r

.1 66.48 13.12 76.9 62.28 32.98 151.35 9.62
 148 <LOQ 375 3 2 <LOQ <LOQ

 661 91 1061 552 333 872 95.3

he central diamond-shaped field (quadrilateral field) is used to
how the overall chemical character of the water (Hill, 1940; Piper,
944).” (Güler et al., 2002).

.3. Cluster analysis

Cluster analysis (CA) is a multivariate method which groups
ariables or cases based on their similarity. The most common
ype is hierarchical CA, where each case starts in a separate cluster
nd joins up to the other clusters as the linkage distance grows,
nd only one cluster remains (Lattin et al., 2003; McKenna, 2003).
his is visualized on a dendrogram. CA was conducted on 34 time
oints and 13 parameters using Ward’s method (Ward, 1963), and
quared Euclidean distance. A similar approach has been success-
ully applied to the assessment of water quality by Wunderlin et al.
2001), Simeonov et al. (2003),  Singh et al. (2004),  Shrestha and
azama (2007), Zhou et al. (2007),  Filik Iscen et al. (2008) and Juahir
t al. (2011).

.4. Discriminant analysis

To verify the accuracy of the cluster results, discriminant anal-
sis (DA) was  used, for the reason that the values of most of the
arameters were not normally distributed. The analysis was car-
ied out in order to show to what extent the planes separating
he groups could be distinguished by building a predictive model
or group membership. The model is composed of a discriminant
unction (for more than two groups a set of discriminant func-
ions) based on linear combinations of the predictor variables that
rovide the best discrimination between the groups (Johnson and
ichern, 1992). The result of the discriminant analysis is visual-

zed on the surface stretched between the first two  discriminating
lanes (function 1 and function 2) (Ketskeméty and Izsó, 2005).

.5. Wilks’ lambda distribution

After the verification of the cluster groups, the role of each
arameter in determining the formation of the cluster groups was
nalyzed. Using Wilks’ � distribution (Wilks, 1932) a Wilks’ � quo-
ient was  assigned to every parameter for each sampling, where
he quotient is:

ilks’ � =
∑

i

∑
j(xij − x̄i)

2

∑
i

∑
j(xij − x̄)2

here xij is the jth element of the ith group, x̄i the ith group’s mean,
nd x̄ the total mean.

The value of � is the ratio of the within-group sum of squares
o the total sum of squares. It is a number between 0 and 1. The
maller the quotient is, the more it determines the formation of
he cluster groups (Hatvani et al., 2011).
.6. Principal component analysis (PCA)

The final method was PCA, which was used to determine the
educed number of latent variables (principal components) which
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It is clear that no groups can be identified on the basis of the Piper
Fig. 2. Piper diagram for anion and catio

xplain most of the variance in the experimental dataset in the
roups obtained by cluster analysis, and for the whole lake as well.
n other words, it is a powerful pattern recognition technique that
ttempts to explain the variance of a large dataset of intercorrelated
ariables with a smaller set of independent variables principal com-
onents (Simeonov et al., 2003). The reason why  PCA was applied

nstead of factor analysis (FA) is that, while the PCA uses a corre-
ation matrix, the FA uses an adjusted correlation matrix. In this
orrelation matrix the elements on the diagonal (commonalities)
an be estimated in different ways, and as a result different solu-
ions (of the FA) may  be acceptable. The principal component (PC)
an be expressed as

ij = ai1x1j + ai2x2j + · · · + aimxmj

here z is the component score, a is the component loading, x is
he measured value of the variable, i is the component number, j is
he sample number, and m is the total number of variables (Juahir
t al., 2011). A similar approach has been successfully applied to the
ssessment of water quality by Simeonov et al. (2003),  Shrestha and
azama (2007),  Yidana et al. (2008),  Filik Iscen et al. (2008), Kazi
t al. (2009) and Hatvani et al. (2012).  For PCA it is vital that there
s enough data to work with, otherwise the matrix will become
ll-conditioned.

.7. Data representation techniques

As discussed before, the Piper diagram in general represents the
hole system; however information concerning the inter-group

ifferences is also needed. The most common means of represent-

ng these differences is the box-and-whiskers plot. More than one
tatistic can be visualized on such a plot, where the boxes show the
nterquartile intervals and the black lines in the boxes the median.

d

es derived from major ion percentages.

wo vertical lines can be drawn from the boxes if the database
equires them. The data between 1.5 and 3 times the interquar-
ile range are indicated with a circle (outliers), and the ones with
igher values than 3 times the interquartile range are considered
o be extreme values indicated with an asterisk (Norušis and SPSS,
993; Vega et al., 1998).

.8. Software used and data handling

All maps in the study were prepared using Golden Software
urfer 9 and kriging as a linear estimation method. Interpolation
as applied between the sampling sites, while beyond the samp-

ing sites (near the shore of the lake) extrapolation was applied.
he statistical evaluations were made using IBM SPSS Statistics 19.
sing cluster analysis the data were z-scale standardized.

. Results and discussion

At first all the measured values for the ions were presented on
iper diagrams (Fig. 2) (including CO3

2−),2 in order to determine
hich facies the lake belongs to, based on the dominant ions. How-

ver, in the case of cations no dominant type could be determined in
bout 40% of the samples, while in about 60% of the samples only
he sodium type could be identified. In the case of anions, again
o dominant type was determined. This is based on the works of
organ and Winner (1962) and Back (1966),  quoted in Freeze and
iagram, because the samples were located close to each other,

2 A Piper diagram cannot be produced without carbonate.
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pH, which is lower in Groups 1, 2 and 4; on the contrary the CV
of Group 7 (Station 34) is three times the average of the whole
Fig. 3. Cross-validated discriminant results.

nlike in the study by Güler et al. (2002).  Despite the lack of groups
n the Piper diagram, the lake is known to be highly variable (Dinka
t al., 2004) so it was expedient to use multivariate methods for
urther investigation.

In order to determine the spatial variations in water quality
lustering was applied to the 34 time points, eight representative
roups were identified. Hereinafter these are considered to be rel-
tively similar water quality areas. Their sampling sites and spatial
ocations can be seen in Fig. 1.

Along with the three large areas, two smaller could be distin-
uished in the NW and SE regions, and three sampling sites (29, 34,
8) formed separate “groups” in themselves. The characteristics of
he groups will only be interpreted after their statistics have been
iscussed.

Discriminant analysis allowed us to see that the original groups
ere correctly identified in 71% of the cases (Fig. 3).

As the next step in assessing the different water quality areas
 Wilks’ lambda quotient was calculated for each of the 34 time
oints, for every parameter examined, and their averages were
etermined. In increasing order, the smallest quotient (0.2–0.3)
elongs to the main components (ions); these are followed by pH
0.38), dissolved oxygen (0.42), while even higher values follow:
P (0.53), NO3-N (0.53), NH4-N (0.53) and chlorophyll-a (0.62).
he next step was to cluster the obtained Wilks’ lambda quotients
34 × the number of parameters).

It is clear that the parameters can be distributed into two distinct
roups according to their Wilks’ lambda quotients on the dendro-
ram (Fig. 4). The main components (anions and cations) with pH
nd dissolved oxygen (average 0.29) influenced the formation of
he cluster groups the most, despite the fact that on the Piper dia-
ram (Fig. 2) no groups were distinguishable. Nutrients and chl-a,
owever, had a smaller influence (average 0.55).

Because Neusiedler See is a sodic lake, the input waters, which
re low in ions, may  produce great differences between the areas.
his may  be the reason why ions have a much more determin-
ng role in forming the cluster groups than the other parameters.
side from the ions, pH and dissolved oxygen were among the
ore determining parameters. Their concentrations show big dif-

erences in the two main habitats of the lake (reed belt, open water).

nother explanation behind the nutrients’ small determining role

s the retaining function of the reeds in relation to them. The water
eing filtered by the biotekton decreases in runoff in the concen-
ration of its parameters, while by facilitating the sedimentation

l

Fig. 4. Dendrogram of Wilks’ lambda quotients (2000–2009).

f suspended solids increases in opacity. Using its aquatic roots,
eed takes up nutrients directly from the water. There have been
any studies published which elaborate on the melioration effect

f reeds on natural waters, mostly by decreasing its nutrient con-
ent (Dinka, 1986; Raghi-Atri and Bornkamm, 1979; Kühl and Kohl,
992). The previously discussed filtrating effect of reed is exploited

n constructed wetlands (Brix, 1987; Vymazal et al., 2010; Tanner,
996; Lu et al., 2009).

The groups obtained from the 34 time points were compared
sing boxplots. The median of pH (Fig. 5a) in Groups 1 and 4 is
igher than in the others, the smallest values can be observed in
roups 7 (Station3 34) and 8 (Station 38). In Group 6 (Station 29)

he interquartile interval of pH was the widest; this means that this
s the location where the values varied between the widest bound-
ries. As in the case of pH the concentrations of dissolved oxygen
Fig. 5b) were higher in the eastern part of the lake (Groups 1 and
) than elsewhere. The lowest values were observable in Group 7
Station 34).

The ions, except for calcium, behave similarly, so sodium was
hosen to represent these ions (Fig. 5c). The smallest concentrations
ere observable in Groups 5 and 6, while the highest values were

n Groups 4, 7 and 8. The median of total phosphorus (Fig. 5d) is
igher in Groups 5, 6, and 8 than in the others. In Groups 1, 2 and
, which cover most of the eastern and central part of the lake, 45
xtreme values were recorded, 27 of them in April and May  2004.
he chlorophyll-a concentrations in Groups 1, 2, 4 and 6 (the middle
nd eastern parts of the lake) are lower than in the western, Groups
, 5 and 7. In Group 8 (Station 38) values clearly higher than the
verage were registered on many occasions (Fig. 5e).

Differences became obvious between the groups based on
oefficients of variation (CV). These CVs were determined for the
hole lake and the distinct groups. The groups’ CVs were compared

o each other and the whole lake as well (Fig. 6). In the following,
he CVs of a few exceptional parameters will be discussed. The CV
f pH is the highest in Group 6, while its variability is still consider-
bly high in Groups 3, 5, 7 and 8, and is the smallest in Groups
, 2 and 4. The CV of dissolved oxygen is similar to that of the
ake. The CVs of the ions are highest in Groups 5 and 6. In the

3 In Austria sampling sites are officially named Station.
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Fig. 5. Box-and-whiskers plots of pH 

ase of total phosphorus there are again great spatial differences
etween the groups. In the western groups (3, 7 and 8, but not
roup 5), the CV of TP is half the average for the lake and one-

hird of that of Groups 1 and 4. Last but not least the variability of
hlorophyll-a is higher in Groups 1, 4 and 7 than the average for the
ake.

.1. Detailed group description

The eight groups individually cover certain (smaller or larger)

reas in the Austrian part of the lake. With reference to the areas
overed, each group received a name.

Group 1 (“open water”) contains most of the lake’s sampling
ites. Here the pH and dissolved oxygen values are higher, while

3
d
e

 (b), sodium (c), TP (d) and chl-a (e).

he nutrients and chl-a show lower concentrations in comparison
o most of the other groups.

Group 2 (“transient”) is considered to be a transition zone
etween the reed belt and the open water area; it covers the SW
art of the lake and consists mostly of the sampling sites located
ithin a 100 m range of the reed belt’s border with the open water.

Group 3 (“the reed belt”) sampling sites are mainly the ones
ocated in the channels that are used to gain access to the reeds for
arvesting and fishing. In these 5–6 m wide channels pH and dis-
olved oxygen values are lower, while chlorophyll-a shows higher
oncentrations than at most of the sampling sites.
Group 4 (“the bay”) consists of the two sampling sites (Stations
 and 4) located in the SE part of the lake. This area often “behaves”
ifferently from the open water. The open water has its own gen-
ral current system operating clockwise, mostly independently of
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Table 2
1st and 2nd principal components of the PCA results (2000–2009; except 2004).

Parameter/PC 1st PC 2nd PC

pH 0.29 0.81
DO −0.07 0.78
K+ 0.85 0.03
Na+ 0.96 −0.06
Ca2+ −0.31 −0.55
Mg2+ 0.94 −0.05
Cl− 0.95 −0.06
SO4

2− 0.92 0.04
HCO3

− 0.73 −0.51
TP −0.08 −0.37
NH4-N −0.12 −0.47
NO3-N −0.39 −0.17
Chl-a 0.19 −0.16
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data for each year 2000–2009. All of these years, except for the
Fig. 6. CVs of the parameters in each cluster group (2000–2009).

he prevailing wind directions (NW & SE). The connection between
roup 4 and the open water with the general current is ensured by

 couple of narrow channels. However if the wind is strong enough,
ntensive exchange can be observed between the “separated” bay
nd the open water. In bays like Group 4 counterclockwise currents
an develop if there is a NW wind. If the before wind conditions are
trong enough, it may  result in the mixing of local water (Jungwirth,
979). This may  be the reason for the separation of sampling sites

 and 4. In this particular group the concentration of dissolved oxy-
en and the main components (anions and cations except calcium)
s noticeably high and the chlorophyll-a is low.

Group 5 (“the Wulka”) is influenced by the inflow of the river
ulka. It enters the lake in a diffuse way, through a 5 km long reed

elt. The low ion concentrations are caused by the diluting effect of
he Wulka (originating from the Leitha Mountains) (Grosina, 1990).
rom the high phosphorus values it became obvious that this input
ource may  be responsible for a considerable part of the lake’s phos-
horus loads; it transports the phosphorus washed into its water
rom agricultural land. This frequently happens during heavy rains.

Group 6 (“the sewage treatment plant”) consist of only
ne sampling site (Station 29). It is located near the sewage
reatment plant situated in the vicinity of Podersdorf am
ee. The ion concentrations at sampling site 29 are lower
han in its surroundings and the interquartile interval of
H is quite wide. This may  occur because of the chemical
omposition of the treated sewage reaching the lake caus-
ng a local effect (dilution). It must be stated that the local
urrents carry these extra inputs toward the inner parts of the
ake.

Group 7 (“the weekend houses”) consists of sampling site
4 alone. In the group’s vicinity many weekend houses can be
ound, all connected to a communal sewage system. Despite this
act, extremely low dissolved oxygen values were occasionally
ecorded. The reason behind this is the oxygen consumption of the
rganic substances’ oxidation.

Last but not least Group 8 (“the hotel”) again contains only one
ampling site (Station 38), which is located near a hotel. The water
n front of the hotel has good light conditions because it is shielded
rom the wind by the nearby buildings. Furthermore it has a high
utrient content (like all the areas near the shore). The conditions
re optimal for algae to reproduce. This may  be the reason behind
he high chlorophyll-a content of the water along with its low CV.
he concentrations of pH and dissolved oxygen were low, while

he values for ions showed high concentrations. This sampling site
eparated from its neighboring ones because of the high ion con-
entration.

y
f
(

Explained variance 5.23 2.25
Proportion of total 0.403 0.173

The differences between the groups can be seen in the box-
lots. For example the chemical, biological processes in the reed
elt produce humic substances which originate mostly from the
ecomposition of reed detritus. This, and the diluting effect of the

nflowing water, results in lower pH in Groups 3, 5, 7 and 8 (Fig. 5a)
n comparison to the other groups. These inflowing waters can be
onsidered to be truly representative of the lake only after flow-
ng slowly through the reed belt. In the open water, because of the
requent mixing, and low nutrient input, the oxygen conditions
re good. On the contrary, in the reed belt oxygen concentrations
re low (Fig. 5b) or in certain cases even anaerobic conditions may
ccur (Neuhuber and Hammer, 1979; Dinka and Szeglet, 2001). The
ack of mixing and the oxidation of organic substances decreases
issolved oxygen content.

In the reed channels (Groups 3, 7 and 8, but not Group 5) the CV
f total phosphorus is lower than average (Fig. 6), because the reed
tands have a role in the exchange of nutrients, absorbing nutri-
nts from the sediment and water, and returning these through the
rocesses of excretion and mineralization (Dykyjová and Úlehlová,
998), thereby forming a crucial link in the detritus food chain
Wetzel, 2001; Dinka et al., 2010). The reed belt functions as a sink
or a significant percentage of the phosphorus coming from dif-
use sources in the vegetation period (agriculture, livestock, etc.),
ampening its effect in the channels. In the process of harvesting
he retained and consumed nutrient may  be extracted from the
ater, thereby decreasing succession.

With regard to the chlorophyll-a parameter, an interesting sit-
ation arises which should be discussed, as in the open water
Groups 1, 2, 4 and 6) the chlorophyll-a content is much lower
han in the channels and on the lakeward side of the reed belt in
he western part of the lake (Groups 3, 5, 7 and 8) (Fig. 5e). This
appens because the reeds protect the water from the wind and
s a result mixing is less frequent, while the width of the channels
nables good light conditions, and the area is rich in nutrients, pro-
iding good conditions for algae growth. On the contrary, in the
pen water wind frequently stirs up the sediment and light condi-
ions limit algae growth, in this way prohibiting their multiplication
Dokulil and Padisák, 1993).

.2. Background processes in Neusiedler See

In determining the latent variables present over a long time
eriod in the lake and the distinct groups, PCA was applied to the
ear with extreme droughts (2004) seemed homogenous. There-
ore 2004 was analyzed separately and all the other years together
Table 2). From this point on the time interval 2000–2009 only
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Table 3
1st and 2nd principal components (2004).

Parameter/PC 1st PC 2nd PC

pH 0.54 −0.34
DO 0.17 −0.70
K+ 0.96 0.07
Na+ 0.98 0.06
Ca2+ −0.42 −0.73
Mg2+ 0.91 −0.23
Cl− 0.95 0.22
SO4

2− 0.90 0.32
HCO3

− 0.67 −0.15
TP 0.07 −0.87
NH4-N −0.35 0.39
NO3-N −0.34 0.03
Chl-a 0.29 −0.36
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Explained variance 5.69 2.42
Proportion of total 0.438 0.186

efers to those years with the experience of 2004. Only component
oadings with an absolute value higher than 0.70 were consid-
red to be a part of further investigations (in bold). The decision
egarding the margin where a component score is considered to
e relevant or not was made based on the study of Cloutier et al.
2008). Only the first two principal components were evaluated
ecause these were the only ones explaining a significant part of
he data’s variance.

.2.1. Latent variables present in the whole lake for the time
nterval 2000–2009

Two principal components were identified as responsible for
7.6% of the data’s variance (Table 3). The first one explained

0.3% of the total variance of the data and in it only the

ons with the exception of calcium had significant component
oadings, while the second explained 17.3% of total variance,

here only the pH and dissolved oxygen parameters had high

m
s
a
a

Fig. 7. Spatial distribution of the 1st (a), and the 2
ineering 55 (2013) 82– 92 89

omponent loadings. The component scores were determined for
ach sampling site; as a result, we  were able to produce isoline
aps describing their spatial changes. Three areas were distin-

uishable on this map regarding the first PC (Fig. 7a): two areas with
maller component scores in the NE and NW parts of the lake, and
ne with high component scores on the western side. The second
C’s component scores gradually increase from NW to SE (Fig. 7b),
uddenly reaching an explicit boundary (open water), indicating a
hange in habitat. The anomaly (absence of lower values forming
n ellipse in the Wulka delta) seen in the NW part of the lake in
he case of the first PC cannot be observed in the case of the second
C.

Regarding the exceptional year 2004, the first PC explained
3.8% and the second 18.6% of the total variance in the data.
s in the case of the PCA conducted on the longer datasets

2000–2009) the ions were present in the first PC except for cal-
ium. The difference was  that in the case of 2004 HCO3

− component
oadings did not reach the critical 0.70 value. In the second PC
H lost its determining role, while TP and calcium gained their
osition next to dissolved oxygen as a determining parameter.

n the first PC’s map  (Fig. 8a) there is no noticeable difference
etween 2004 and years 2000–2009, however in the second PC’s
ap  (Fig. 8b) the component scores show a gradual decrease

rom their maximum in the NW part of the lake toward its cen-
er. This picture is highly different from the one presented in
ig. 7b.

Given that Neusiedler See is a salt lake, during PCA in the first PC
nly the inorganic parameters were dominant (except for calcium).
t can be stated that ions determine the variance of the dataset the

ost, while calcium and biogenic carbonate precipitation play a
ess significant role. In the second PC the reason behind the deter-
ining role of pH and dissolved oxygen is the presence of humic
ubstances and the oxidation of organic matter respectively. These
re responsible for the water’s brown color in the reed belt (Dokulil
nd Herzig, 2009).

nd PC scores (b) (2000–2009; except 2004).
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st (a), and the 2nd PC scores (b) (2004).
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Table 4
Component loadings in Groups 1, 2, 3.

Parameter/PC Group 1 Group 2 Group 3

1st PC 2nd PC 1st PC 2nd PC 1st PC 2nd PC

pH 0.59 0.44 0.37 0.64 0.33 0.78
DO −0.22 0.00 −0.16 0.75 −0.03 0.88
K+ 0.85 0.08 0.84 −0.02 0.88 0.04
Na+ 0.96 0.02 0.93 0.01 0.97 −0.02
Ca2+ −0.05 −0.80 −0.07 −0.55 −0.07 0.02
Mg2+ 0.93 −0.05 0.93 0.06 0.92 0.02
Cl− 0.95 0.06 0.94 0.01 0.90 −0.08
SO4

2− 0.95 0.00 0.94 −0.02 0.89 0.14
HCO3

− 0.78 −0.43 0.69 −0.36 0.60 −0.66
TP −0.02 −0.75 0.14 −0.37 0.08 −0.07
NH4-N −0.02 0.04 −0.13 −0.56 −0.01 −0.39
NO3-N −0.50 0.06 −0.48 0.05 −0.29 0.06
Chl-a 0.17 −0.37 0.14 0.48 0.27 0.36

Explained variance 5.58 1.74 5.15 2.08 4.80 2.14
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Fig. 8. Spatial distribution of the 1

From the component loading maps (2000–2009) (Figs. 7 and 8)
t became clear that the Wulka, the sewage treatment plant, the
otel and the weekend houses may  have a pronounced local impact
n the processes evolving in Neusiedler See. Because all of these
ampling sites exercise influence on the ion content of the water,
ll of their locations can clearly be seen on the first PC’s maps
Figs. 7a and 8a).  On the maps with the values of the second PC
Fig. 7b) the effect of the Wulka cannot be seen because it does
ot have a serious effect on the pH and oxygen conditions, unlike
he other three sampling sites (Stations 29, 34, 38). In 2003 when
here was a devastating drought and the water in the reed belt
lmost completely evaporated, the reed belt’s role as a significant
ink factor for TP decreased. This event can clearly be seen in the
ata for the year 2004, when the water level was still low, so the
nusually strong wind conditions stirred up the lake’s sediment in
his way increasing the suspended solids, and as a result TP as well.

.2.2. Latent variables present in the different cluster groups
Because cluster analysis pointed out that there is more than

ne distinguishable area in the lake, PCA was conducted on the
ndividual groups as well. Only those groups (Groups 1, 2, 3) were
art of the analysis which had enough samples to conduct PCA on.

The first PC explained 37–43% of the total variance of the data
Table 4) and the second PC 13–16%. As in the case of the previous
nalyses (2000–2009) the ions were present in the first PC again
xcept for calcium. It is worth mentioning that the component load-
ng of HCO3

− in Groups 2 and 3 was lower than 0.70. The second
C does not show homogeneity, as the first PC did. In the second
C of Group 1 calcium and TP, in Group 2 dissolved oxygen and in
roup 3 pH and dissolved oxygen had component loadings higher
han 0.70.
Regarding the results obtained from the PCA conducted on the

roups it can be said that the differences in the second PC originate
rom the different habitats’ processes.

w
f
a
t

Proportion of total 0.429 0.134 0.396 0.160 0.369 0.164

. Conclusions

This study demonstrated that uni- and multivariate data anal-
sis methods are excellent tools in interpreting complex datasets.
he sampling sites of Neusiedler See were grouped and the group-
ng verified by discriminant analysis. At the different time points
he sites showed different group patterns which indicate the vari-
bility of the lake’s habitats and processes (just as the CVs did). Eight
ifferent areas were distinguished. Using Wilks’ lambda statistics

t was verified that the ions are most responsible for the formation
f the previously discussed cluster groups. The nutrients and chl-a
ere less relevant in this question. Based on the boxplots derived
rom the separated groups it was  proven that the anthropogenic
ctivity in the lake’s surroundings has a great localized effect on
he lake’s water chemistry. The Wulka and the sewage treatment
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lant both have a clear effect on ion variability. The local (treated
ewage) and diffuse (materials with high nutrient content washed
n from agricultural areas) phosphorus loads are both consider-
ble. The reed belt had a great contribution in buffering the arriving
utrient loads at almost all of the inlets.

The final approach was to identify the parameters accounting
or most of the variance of the dataset. It became clear that the ions
re most determining. The component score maps proved the sus-
icion that the inflows and reeds have a great effect on the pH and
xygen conditions along with concentrations of the main compo-
ents (anions and cations) in the area. The determining component

oadings proved to be stable throughout 2000–2009 except the year
004. In space, however, regarding the different groups the first
rincipal component showed again a homogenous pattern while

n the second principal component the component loadings of the
ariables differ to a great extent between the reed belt and the open
ater.

In summary it can be said that Neusiedler See cannot be treated
s one homogeneous system. The parameters are highly variable in
pace and time, to a greater degree than was suspected. This excep-
ional variability originates from the lake’s shallow water depth,
nstable water balance, and anthropogenic activity (agriculture,
ourism, sewage treatment, etc.) in the lake’s surroundings which
an be dampened with optimal management of the reed belt.

The lake is aging. In order to preserve the present state, joint
anagement measures have to be taken each year, such as reed

arvesting, managing the runoff and water quality of the inlets and
utlets and last but not least managing the water level, which has

 widespread effect on all the previously mentioned factors. Based
n the information obtained it is possible to optimize the current
anagement even further, in this way increasing its cost efficiency,
hich is a yet greater question in this period of financial crisis.

f in the not too distant future crucial changes have to be made
improving the reed belt’s water supply, maintenance of channels,
tc.) in the lake’s management the present study (by assessing the
ata series of many decades) can be of great help.
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