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Abstract —Lakes are sensitive to changes in their environmental boundary conditions that can be
indicated in the periodic behavior of water quality variables. The present work aims to assess the
degree to which common annual periodic behavior is present (1994-2010) in the meteorological

parameters (global radiation, air temperature, cloud cover), streamflow; and five primary nutrients
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(e.g. total phosphorus, nitrate-nitrogen) as possible indicators of ecosystem vulnerability in four
different ecosystems using wavelet coherence analysis. The cascade system is located in the mouth
of a shallow river where the water flows through a eutrophic pond then a disturbed/undisturbed
macrophyte covered wetland reaching a large shallow lake. The results highlight the differing abilities
of the elements of the cascade of ecosystems to follow seasonality. The changes in water quality
(nutrient cycle) in the eutrophic pond most closely mirror meteorological seasonality. The
vulnerability of the wetland ecosystem was expressed by its decreased capacity to follow seasonal
changes due to high algae loads and additional inflows. Moreover, the wetland proved to be weak
and unstable regarding phosphorus and nitrogen retention. With the successful application of wavelet
coherence analysis to the “black-box” cascade system the study sets an example for the implications

of the method in such combined or stand-alone natural/partially-constructed ecosystems.

Keywords: ecosystem management, eutrophication, Kis-Balaton Water Protection System,

macrophyte cover, meteorological driving effect, nutrient retention, vulnerability

1. Introduction

Water, and especially fresh water, is one of the most critical natural resources which is highly
endangered by climate change and anthropogenic activity (Vorosmarty et al., 2000). It has been
documented that environmental (Reynolds, 1984) and anthropogenic factors (Kovacs et al., 2010)
govern and may indeed corrupt the capacity of freshwater ecosystems to follow seasonal changes. In
the moderate climate zone aquatic ecosystems, e.g. rivers (Wong et al., 1978) and shallow lakes are
per se susceptible to eutrophication (Padisak, 1992), while even constructed wetlands (Kadlec, 1999)
tend to follow seasonal changes in hydrometeorology as far as the variables describing their quality
and/or quantity are concerned. This phenomenon is mirrored in the seasonal behavior of e.g. runoff

(Dettinger and Diaz, 2000), concentrations of nitrogen (Exner-Kittridge et al., 2016) and phosphorus
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forms (Istvanovics, 1988), or phytoplankton biomass (Reynolds, 1984) through the changing
temporal-, light- and hydrologic conditions. In all of these cases, these various characteristics hold
vital information about the ecological state of the systems, i.e. of the shallow lakes, rivers,
constructed/natural wetlands.

Hitherto, the periodic behavior of a certain water quality variable has usually been studied.
There are only a few cases in which sets or groups of parameters, e.g. nutrients, ions, etc. (Kovacs et
al., 2017), or multiple parameters individually (e.g. chlorophyll-a, sodium-, potassium ions, nitrate-
nitrogen) (Kovacs et al., 2010) have been assessed together to describe the overall capacity of a habitat
or several habitats, to follow the seasonal changes. Although the studies cited present a significant
and validated picture of the periodic behavior of freshwater ecosystems, they do not directly explore
the relationship - that is, the coherence - of the periodic behavior of water quality variables with
meteorology. This present study aims to remedy this shortcoming and explore the direct relationship
of water quality parameters (mostly inorganic nutrients) with local climate and streamflow in a
cascade system consisting of a shallow river, a eutrophic pond and a wetland with both an

undisturbed- and disturbed habitats.

1.1. Study area description

The Kis-Balaton Water Protection System (KBWPS) assessed here functions as a treatment
reservoir-wetland system, and was constructed to reduce diffuse nutrient loads reaching Lake
Balaton, the largest (surface area approx. 594 km?) lake in Central Europe. Improving water quality
and preserving its good ecological status of the lake is one of the primary goals of European water
management (EC, 2000; ICPDR, 2015). The largest tributary to the lake, the River Zala, supplies
almost 50% of its water and 35-40% of its nutrient input (Hatvani et al., 2014), therefore significantly
affecting its water quality. In the nineteenth century the water level of Lake Balaton and the River

Zala was regulated (Lotz, 1988). As a result of this artificial modification, the former wetland areas
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of Kis-Balaton - located in the Lower Zala Valley - partially dried up and to a great extent became
incapable of performing their natural filtering function. Combined with increased agricultural activity
(e.g. fertilizer usage) and urbanization (e.g. waste water production) in the course of the 20" century,
these changes resulted in the continuous deterioration of Balaton’s water quality (Hatvani et al., 2014;
2015; Somlyddy et al., 1983) and occasionally led to considerable economic losses in the tourism
sector (Istvanovics et al., 2007). To halt and reverse these negative trends, comprehensive measures
for nutrient reduction were taken (Hatvani et al., 2015; Somlyody et al., 1983) resulting in a 50-60%
decrease in biologically available nutrients (Padisak et al., 2006a).

An important part of these measures, the Kis-Balaton Water Protection System (KBWPS) was
created in two constructional phases. The remains of the former Kis-Balaton Wetland at the mouth
of the River Zala (Fig. 1) were revitalized, and in Phase I, an 18 km? reservoir was inundated,
commencing operation in 1985. With average depth of ~1 m and a water residence time of approx.
30 days (Hatvani, 2014), this has become an algae-dominated “eutrophic pond” (Fig. 1). In it, summer
phytoplankton biomass (chlorophyll-a concentration) exceeds 200 mg m= and is dominated by
cyanobacteria. About 80% of the phosphorus (P) loads are bound in algae and sediment (Matyas et
al., 2003). In 1992 Phase Il was put into operation, though up to 2014 only a part of it (16 km?) was
inundated. This area (the “wetland”) is covered by macrophytes (Fig. 1). The water residence time
here is approximately twice as long as in Phase | (Hatvani, 2014). This “classic wetland” part of the
system is covered by reed-dominated macrophytes; euphytoplankton species are therefore scarce,

while meroplanktonic species can be found in high number in open water patches (WTWD, 2012).
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Phase I (algae dominated eutrophic pond)

————m Isolated area <

-------- Studied part of Phase II (wetland dominated) “e

....................... Unstudied part of Phase II (innundated after 2015) 639/
?,

Original Zala River bed

H++H Dam

sl Direction of water flow prior to 2015 .
""""" > Additional inflows S

e
0 100 km

Fig. 1. Location of the study are and the sampling sites (US: upstream, AD: algae dominated,
WD: macrophyte dominated, DS: downstream; detailed description in Section 2.2.) marked
with red dots (based on Hatvani (2014)). Note, in other studies the sites assessed here (US, AD,

WD, DS) are referred to as: Z15, Z11, Kb210, Z27 respectively.

Since the water coming from the River Zala passes through the different ecosystems (habitats)
of the KBWPS and changes into lake water, it is suspected that hydrochemical seasonality (Kolander
and Tylkowski, 2008; Tanos et al., 2015) - governed mainly by temperature driving the dynamics of
biological processes - will be present/corrupted to a different degree in the various habitats mirroring
their local characteristics. This is the particular process that is investigated in the present study with
state-of-the-art statistical tools using the key link between hydrochemical seasonality and the

periodicity of the water quality parameters.

1.2. Study aims
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The specific questions of the study were, how are the differences in behavior (e.g. in nutrient
retention) of the connected freshwater ecosystems (shallow river, eutrophic pond and an
undisturbed/disturbed wetlands) indicated in the change in common periodicity between the daily
measured water quality and the meteorological parameters or streamflow? It is to be expected that by
exploring the previously mentioned characteristics a far-reaching overall picture may be obtained of
the functioning of the cascade system prevailed by a consistent in/anti-phase coherence. This may
serve as an example for the assessment of wetlands ecosystems set up with similar mitigation
purposes (Cao et al., 2016; Dunne et al., 2015; Martin et al., 2013; Ni et al., 2016) and be a solid

foundation laid down for the wider applicability of the methodology in limnology.

2. Materials and methods
2.1. Dataset used

In the study, the daily time series of 5 water quality parameters (WQPSs) - nitrate-nitrogen (NOs-
N); total nitrogen (TN); total phosphorus (TP); phosphate-phosphorus (abbreviated as SRP); total
suspended solids (TSS, mg I') - were examined, along with background meteorological parameters
and daily streamflow (Q; m® min™). This latter is the amount of water passing through a cross-section
of the assessed system in a given time. The meteorological parameters included were global radiation
(GR, J cm?), air temperature (T, °C), precipitation (mm) and cloud cover (CC, tenths) (Spinoni et al.,
2015). The meteorological parameters together with Q will be referred to as independent variables
(1Vs) in the study. All data were assessed using wavelet spectrum and wavelet coherence analyses
(Torrence and Compo, 1998) for the time interval 1994-2010 from four sampling sites of the KBWPS
(Fig. 1). The sites were (Fig. 1):
« Upstream, the input of the KBWPS, representing the River Zala, abbreviated in the present study

as “US”
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« The outflow of the algae-dominated shallow eutrophic pond Phase I., abbreviated in the present
study as “AD”.

» The outflow of the macrophyte-dominated wetland habitat, representing the undisturbed wetland,
abbreviated in the present study as “WD”

» The downstream outlet of KBWPS, including the outflow water of the wetland and additional
external inputs reach the system bringing a 40% excess in streamflow (Hatvani et al., 2014), thus
representing a “mixed” wetland habitat (disturbed wetland); abbreviated in the present study as “DS”.
The latter two (WD and DS) will be referred to together in certain places of the paper as Phase Il

(Fig. 1). Please note that for Q at WD, the data was only available from 01.01.1995.

2.2. Methodology

The periodic behavior of the independent variables was evaluated using wavelet spectrum
analysis to identify those time intervals lacking annual periodicity. Than to find the direct common
periodic signal between the water quality parameters and the independent variables, wavelet
transform coherence (WTC) was used, as it was applied e.g. to uncover the relationship between
climate indices and streamflow variability (Nalley et al., 2016), to explore the relationship between
water levels and chlorophyll-a in Lake Baiyangdian (Wang et al., 2012). This approach was also used,
e.g. on stable isotopes in precipitation and temperature (Salamalikis et al., 2016), on speleothems and
climate variables (Hatvani et al., 2017), or in assessing low-frequency variability in hydroclimate
records from east Central Europe (Sen and Kern, 2016).

Wavelet spectrum analysis is considered as a function localized in both frequency and time with
a zero mean (Grinsted et al., 2004); it could also be taken as the convolution of the data and the
wavelet function (Kovacs et al., 2010) for a time series (Xn, n=1,. .., N) with a ‘At’ degree of uniform

resolution (Eq. 1):
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WX(s) = [S 8N X [ —m) ] (1)

Here N stands for the length of the time series, wo the wavelet function and s the scale. In the
present case to generate daughter wavelets the Morlet mother wavelet (Morlet et al., 1982) was used
as the source function.

Wavelet spectrum analysis provides the basis for wavelet transform coherence, which is able to
indicate the common power of two variables, being in this way similar to a correlation coefficient,
but localized in the frequency-time space (Grinsted et al., 2004). While wavelet spectrum analysis takes
into account one variable in 3D (period, power and its localization in the time-frequency space),
wavelet transform coherence does the same but for two variables (in this case, one dependent and one
independent) in 4D, because the phase differences, which represent the temporal lags, are included

as well.

In the study only the positive signals significant (¢=0.01) against a thousand first-order auto
regressive AR(1), surrogate time series were considered; for details see Roesch and Schmidbauer
(2014). 1t should be noted that, since the wavelet functions at each scale are normalized, the wavelet
transforms of the results are comparable even to other time series (Torrence and Compo, 1998). Three
main characteristics of the wavelet transform coherence were used:

(i) the presence of the coherent periods in time, which meant that the significant periodic
behavior —coherence - at a certain frequency was transformed into percentages, while taking as 100%
the presence of the coherence/period throughout the whole investigated time as in previous studies
(Hatvani (2014); Kovacs et al. (2010)),

(if) the maximum global-wavelet power, which is the average cross-wavelet power in the
frequency domain (averages over time(Roesch and Schmidbauer, 2014),

and (iii) the phase differences between the pairs of water quality parameters and meteorological

parameters which show which series is the leading one in this relationship (Fig. Al).
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2.3. Software used
For the calculations R statistical environment was used (R Core Team, 2016): the wavelet
spectrum analysis was performed with the analyze.wavelet function, while the wavelet
transform coherence results were generated with the analyze.coherency function of the

WaveletComp package (Roesch and Schmidbauer, 2014).

3. Results
3.1. Overview of the system

The varying concentrations of the examined water quality parameters indicate the presence of
distinct borders between the different habitats/ecosystems. The River Zala brings a fair amount of
nutrients (P and N) to the system through the US site, where about half of the TP is SRP, and where
TN mostly consists of NO3z-N (Table 1). In the eutrophic pond these nutrients (SRP; NOz-N) are
mostly bound in algae, which in turn form most of the TSS (Pomogyi, 1996); Fig. A2). Thus, the
level of TSS does not significantly decrease compared to that of the River Zala (US), due to the
change in its composition from inorganic to organic. In Phase Il (WD and DS), however the amount
of N drops to ~50% and TSS to 20% of the concentrations seen in the eutrophic pond, while P
retention in Phase Il is clearly low (Table 1). It is known that the level of particulate N increases up
to the outflow of the eutrophic pond (site AD) then decreases in the wetland (WD); organic matter is
decomposed and filtered out by the macrophyte cover (Fig. 2). Dissolved organic nitrogen (DON)
shows values similar to that of particulate nitrogen (PN) up to the outflow of the eutrophic pond and
accounts for half of TN; it follows the increase of algae biomass (in this case approximated by TSS).
In the wetland, DON slightly decreases, but not to the same degree as the nitrate-nitrogen. Therefore,
at the downstream outlet of the wetland to Lake Balaton (DS; Fig. 1) N is in dissolved state, but it is

not nitrate-nitrogen, rather DON.
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Table 1. Descriptive statistics of the water quality parameters (WQPs) at the different

sampling locations (SLs), where M denotes the mean, SD the standard deviation R the range

in mg I, and CV the coefficient of variation in % (1994-2010). The number of measurements

was equally 6209 for each site and variable.

SLs/WQPs  SRP TP NOs-N TN TSS
us 010 0.19 2.01 3.20 33.74
AD  0.02 0.17 0.42 2.84 24.05
M WD 012 0.17 0.22 1.62 3.49
DS 0.10 0.16 0.27 1.73 5.44
us 0.80 3.14 7.83 10.84  3157.00
AD 049 0.83 4.00 12.06 170.00
R WD  0.56 1.07 2.88 12.34 77.00
DS 0.50 0.86 3.45 8.32 117.00
us 0.06 0.13 0.69 0.97 92.71
+SD AD  0.03 0.12 0.60 1.43 16.30
WD 0.0 0.12 0.34 0.60 3.94
DS 0.08 0.11 0.35 0.62 6.25
us 059 0.71 0.34 0.30 2.75
AD 1.73 0.72 1.44 0.51 0.68
cv WD 081 0.70 1.53 0.37 1.13
DS 0.83 0.68 1.31 0.36 1.15

The highest degrees of variability (CV > 100%) are reported for TSS in the River Zala (US),

and SRP and NOs-N in the eutrophic pond (AD), and again TSS and NOz-N in Phase Il (WD and DS;

Table 1).

10
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Fig. 2. Average annual (2011) concentrations of TN: total nitrogen; NOs-N: nitrate-nitrogen;
DON: dissolved organic nitrogen; PN: particulate N and TDN: total dissolved N; based on

data taken from WTWD (2012)

3.2. Periodic behavior of the meteorological parameters

As expected, wavelet spectrum analysis indicated a strong and significant annual periodicity
throughout the whole investigated period for all (e.g. Fig. 3a) but one of the independent variables.
The exception is precipitation (Fig. 3b). In the power spectrum density graph of precipitation major
gaps were observed in its annual periodicity, e.g. between ~2000 and ~2002 (Fig. 3b). In addition, it
indicated the weakest global wavelet power in the one-year period band (Table 2). Thus, due to its
more intermittent and weak seasonality, it was omitted from the wavelet transform coherence
analyses to avoid misleading and unstable results. Regarding the other independent variables, the
global wavelet power was highest for T and GR, while the second weakest was for CC. In the case of

Q, a clear continuous increase (~34%) can be observed downstream from US to DS.

11


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

A)

64 64
32 v [3 3
£ 186 13 ‘/‘L:__,______:._m“‘éa g
= L J
E g 1 3 8
5 | b 15 73
T 05 ; & gh ? .h N I 105 2
o Pamilin ', i ‘Wr ﬂ Hﬁﬁ k"ﬂ (| " ) 173

0.12 f, w I , | ,n‘.n N 1“ ] Lyl W M“ "(‘i” w [ 1012

1995 2000 2005 2010 0 02 04 06 08 1 1.2
B) Time Global wavelet power
99 [T \ng o
@ ]
E= 79 ¥ 116 Z
5 € g g
g 603 \. g ﬁ
8 wg | 13
8 2 i 05 2
w
0 - 1012~
1995 2000 2005 2010 0 005 0.1 015 02 025 03
Time Global wavelet power

Fig. 3. Power spectrum density (left panels) and time-averaged wavelet power (right panel)
graphs indicating the presence of annual periodicity in (a) the temperature and (b)
precipitation time series at the US sampling site location for 1994-2010. The white contours in
the left panels and the red dots in the right ones show the 90% confidence levels calculated
against a thousand AR (1) surrogates. It should be noted that wavelet spectrum analysis
coherence and wavelet transform coherence produce edge artifacts, since the wavelet is not
completely localized in time, thus the introduction of a cone of influence (COI; dimmed area
on the left panels) is suggested, in which edge effects cannot be ignored (Torrence and Compo,

1998).

Table 2. Global wavelet power of the independent variables at the one-year period for the
different sampling site locations (1994-2010; for streamflow (Q) at the WD site location 1995-

2010)

WQPs/SLs US AD WD DS

CcC 0.18 0.18 0.19 0.18
GR 125 125 125 1.25

12
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Precipitation 0.03 0.03 0.03 0.03
T 135 140 140 1.35
Q 0.23 0.25 0.33 0.35

3.3. Common presence of the annual period and maximum global power
As the main step, pairs were set up using the water quality parameters and the independent
variables and their coherence was examined using wavelet transform coherence. Results showed that
most of the corresponding water quality parameters and the independent variables pairs have a
significant common annual periodicity over the entire studied time interval. In the frequency bands
other than those corresponding to the annual period, the global wavelet powers of the coherences

were always noticeably weak and/or insignificant (¢=0.01; as an example, see later Fig. 4a).

This coherence in annual periodicity was most powerful between the P forms and the
independent variables (especially GR and T; Table 3). At the US site SRP, and in the eutrophic pond
TP, gave a higher global wavelet power at the one-year period band. These powers reached their
maxima after the year 2000 (see later Fig. 4). The coherence of P forms with streamflow was the
weakest at US and in the AD area, while it was the highest and of the same magnitude in the two
sampling locations (WD and DS) of Phase 11 of the KBWPS. It should be noted that, in general, TP

displayed the strongest coherences in the system (avg. global power = 0.70).

Regarding the N forms, the global wavelet power of TN was of the same magnitude at US and
in Phase 1l (WD and DS); it was strongest at AD with GR and T. In the meanwhile, for NOs-N, the
picture was somewhat similar to that of TN, but more balanced. However, coherence was still highest

at AD.

In the case of TSS in general, weak coherences were observed in the system, avg. global power
= 0.26 except at AD (Table 3). Its coherence with e.g. CC at US and in Phase 1l (WD and DS) was
<0.08, making it hard to draw solid conclusions. The highest degrees of coherence were to be seen at

AD, where the coherence of the WQPs with CC and Q increased as well. TSS here had nearly as high

13
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272  adegree of coherence with GR and T as did the TP (Table 3). The weakest coherences in general for

273  TSS were seen at WD (avg. power=0.07).
274

275 Table 3. Global wavelet powers of the WQPs and the independent variables (1Vs) for 1994-
276 2010. In the case of streamflow (Q), at the WD sampling location, for 1995-2010. The darker

277 red shades indicate higher powers, the darker blue shades smaller ones.

Sampling location
WQP Vs us AD WD DS

cC 035 0.40 0.40
GR| 095 0.40
SRP T 100 0.48
Q 039 0.19 0.53 0.53
ccC 023 0.38 0.40 0.40
GR 060
P+ o60
Q 025 0.47 0.54 0.55
cC 025 0.32 0.30 0.28
GR 067 0.80 0.72 0.78
NO=N (68 0.90 0.75 0.80
Q 027 0.39 0.38 0.43
cc. 015 026 015 014
R 039 0.78 0.39 0.40
™ ©

T 042 079 042 040
Q 029 027 019
cc 0.34
GR 025 095 = 010 018
55 1 025 095 0.18
Q 0.40

278

279 From the independent variables side, the weakest coherences were observed between the WQPs
280 and CC, and, secondly, with Q. On average, the global wavelet powers were the lowest US (0.4) and
281  highest at site AD (0.57), while they were of the same magnitude in Phase 11 (0.51 and 0.52 for WD

282 & DS respectively).

14
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283
284 3.3.1. Absence of coherence between the WQPs and the meteorological parameters
285 Overall, in the whole KBWPS there were 16 occurrences when coherence over an annual scale

286  between the WQPs and the independent variables was interrupted. The absence of annual coherence
287  was only considered if its length was longer than one year, i.e. ~6% of the total investigated time
288  (Table 4). From the perspective of independent variables, these cases were mostly associated with Q
289  (in 12 out of the 17 pairs). Moreover, the highest portion of absence in coherence was usually related
290  to streamflow (~50% of the absence between Q & SRP at AD and Q & TSS at US, WD, DS; Table
291  4). From the perspective of WQPs these episodes of absence in annual coherence were mostly related
292 to SRP and TSS at AD and WD respectively. With regard to the spatial aspect, the average absence
293  decreased in the eutrophic pond and the wetland with respect to the River Zala, after which it

294  increased again at DS (Table 4).

295
296 Table 4. Percentage of the absence of annual coherence for those WQP & independent
297 variable (1V) pairs where the absence was longer than one year (= 6 %) of the total time
298 (reference period: 1994-2010; for Q at WD 1995-2010).
Sampling location
WQP Vs (UN AD WD DS
CcC 13%
GR 11%
SRP T 25%
56% 7%
7%
Q 20% 11%
40% 9% 14% 29%
12% 52% 46%
T 18%
Average absence 26% 20% 21% 37%
299
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300 3.4. Phase differences

301 From the phase differences on the power spectrum density graphs, it is clear that it was mostly
302 the independent variables that were leading the WQPs (e.g. later in Figs. 4-7). The P forms, for
303  example, were mostly in antiphase with CC and Q and in phase with GR and T in the whole system,
304  just as TSS at US and at site AD (Table 5). It was interesting to observe that while T was leading
305  certain WPQs by 1-2 months (e.g. TP at AD; Fig. 4a), GR was leading these by 2-3 months (Fig. 4b).
306 The only habitat where the phase difference of SRP and the independent variables was
307  changing/inconclusive was in the eutrophic pond (AD). TSS in Phase Il seems to tend towards
308  keeping the pattern indicated upstream, but its phase differences become changing and inconclusive.

309 Itshould be noted, that its powers were the lowest here in the whole KBWPS (Table 3).
310

311  Table 5. Phase differences of the WQPs and the independent variables (1Vs) for 1994-2010. In
312 the case of Q at sampling location WD, this is for 1995-2010. ¢-* stands for an antiphase, ‘+’

313 for an in-phase and IC for an inconclusive/changing phase relationship between the WQPs
314 and the independent variables
Sampling location
WQP Vs US AD WD DS
CC - - - -
GR + +
SRP IC
T + + +
Q - - - -
CcC - - - -
TP GR + +
T + + +
Q - - - -
CC + + + +
NOs-N SR - - -
3- T ] ] - -
Q + + + +
CcC IC - IC IC
GR
™ IC + IC IC
T - + IC IC
Q IC - IC IC

16


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

CcC - - IC IC
GR + + IC IC
TSS
T + + IC IC
Q - - IC IC
315
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317  Fig. 4. Time-frequency coherency images (left panel) and time-averaged cross-wavelet power
318 (right panel) of (a) total phosphorus and temperature and (b) global radiation at the AD site.
319 The white contours in the left panels and the red dots in the right ones show the 90%

320 confidence levels calculated against a thousand AR(1) surrogates. The black arrows indicate

321 the phase-angle difference of the parameter pairs. For further details see Résch and

322 Schmidbauer (2014).

323

324 As for the N forms, NOs-N, displayed a pattern opposite to that of the P forms (except for SRP

325 and GR at AD). It is in antiphase with T and GR and in-phase with Q, while TN is mostly
326  inconclusive, especially in Phase Il (Table 5; e.g. Fig. 5a). However, in the River Zala, TN indicates
327  a quasi-persistent antiphase pattern with T, while with GR it was rather hectic (Table 5). It
328  nevertheless showed a quasi-persistent in-phase relationship with T and GR at AD (Fig. 5b). This
329  implies that the N forms besides NOz-N, organic and particulate, are in-phase with T and GR (Fig.

330 2).
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Fig. 5. Time—frequency coherency images (left panel) and the time-averaged cross-wavelet
power (right panel) of (a) total nitrogen and temperature at sampling location WD and (b) at

sampling location AD. For further details, see the caption to Fig. 4.

4. Discussion
4.1. Overview of the coherences

The annual coherence between the water quality- and climatic variables of a river, eutrophic
pond and wetland was directly compared. Since there is no transitional area (ecotone) between the
ecosystems, the differences in annual coherence clearly represent the distinct habitats, and are as
much as possible. In the whole system, the most important factors driving the coherences between
the water quality parameters and independent variables were global radiation/temperature, the setting
of the different habitats, and the nutrient loads arriving through the River Zala.

In the River Zala (US), annual coherence was strongest between the P forms, nitrate, and T &
GR, while absence of coherence was most characteristic of TN and TSS with Q. This can be explained
by the general characteristics of small, shallow rivers like the River Zala, with an average depth of
1.4 m at mean water level (GDWM, 2016). The shading effect of riparian vegetation is a key factor

in both the heat budget and nutrient cycles of river sections (Allan and Castillo, 2007; Wetzel, 2001).
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The upper section of the River Zala traverses a forested area, its riparian vegetation shades the water,
and the dense canopy prevents excessive warming. The lower section of the river, which is
represented by sampling location US, is however much less shaded, since it flows through arable land
with scarce riparian vegetation (GDWM, 2016) and with high exposure to heat and radiation, causing
the strong coherences with the primary meteorological parameters. Moreover, the fact that nitrate had
the weakest antiphase relationship with T and GR in the River Zala can be explained by the generally
lower rate and less pronounced seasonal variation of denitrification in rivers compared to lakes (Pina-
Ochoa and Alvarez-Cobelas, 2006).

The eutrophic pond (AD) was even more exposed to the effects of air temperature and radiation
than the River Zala. The water here slows down, the residence time increases and the pond is slightly
shallower than the River Zala (average depth 1.1 m (Tatrai et al., 2000)). With regard to P, its main
processes can be delineated by the Vollenweider model, which describes the relationship of the
trophic state of the system based on P loads and mean depth/retention time (Reynolds, 1992;
Vollenweider and Kerekes, 1982). It thus provides ideal conditions for algae to reproduce and
consume the SRP in the water (Hatvani et al., 2014) arriving via the River Zala. This is the reason for
the lowest SRP values in the whole system (avg. = 0.02 mg I'; Table 1) being found in the eutrophic
pond. In the meanwhile, an opposite process is also present here: with the increase of temperature,
the internal P loads of the eutrophic pond increase as well, P is released from the sediment
(Istvanovics et al., 2004), especially in drier and warmer years (Chambers and Odum, 1990). This
should account for the high degree of coherence between TP (including bounded P in algae cells:
“algae-P”) and T & GR in the particularly warm and dry years after 2000 (Fig. 4). These previously
discussed processes acting simultaneously (peaking at the same time in the growing season) are
responsible for the inconclusive phase difference of SRP and independent variables and the decreased
power and occasional absence of their annual coherence. Moreover, since TSS consists mostly of

algae in the eutrophic pond (Pomogyi, 1996), it comes as no surprise that the power of its coherence
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with GR and T was as high as that obtaining between TP and GR & T, because TP consists of “algae-
P”. The same notion is true for the N forms as well, especially TN. It predominantly represents the
algae — the organic N fraction (Fig. 2) - of the eutrophic pond (Wetzel, 2001). At the same time,
inorganic N (nitrate and nitrite) decreased in concentration as SRP, where nitrite was already present
in small portions. TSS only indicated a strong coherence with the independent variables where it
consists mostly of algae; this occurred only in the eutrophic pond.

The waters arriving from eutrophic pond slow down even more and reach the undisturbed- and
the disturbed wetland habitat of the KBWPS. Due to the excess loads (see Section 1.1 and Fig. 1), the
disturbed “mixed” wetland habitat shows the characteristics of both a classic wetland and a stream.
The latter observation manifested itself in the similarity of the disturbed wetland to the River Zala
with regard to the global wavelet powers and the absence of annual coherences. In the case of the
phase differences, however, the disturbed wetland resembles the classic wetland, indicating that
despite the additional inputs both (i.e. the whole of Phase Il) are decomposition dominated
(Istvanovics et al., 1997), with much lower P retention capacity than the eutrophic pond (Somlyédy,
1998). TN here consists of both organic and inorganic forms, mainly characteristic of processes such
as phase changes. Thus, meteorological factors are unlikely to drive TN concentrations. Moreover,
the shading of the macrophytes is also a major factor here in controlling the biological processes. It
has been documented that shading is a factor in dampening the capacity of a wetland to indicate
seasonal changes (Kovacs et al., 2010). It is suspected that the lowest global wavelet power of TN
and TSS and the significant gaps in their annual coherence with the independent variables are because
of the previously mentioned phenomena. The coherence with the independent variables and the
concentration of TSS (Table 1) slightly increases as the additional inputs reach the system. On the
one hand, the gaps in annual coherence of TSS and the independent variables were present in the
undisturbed wetland because of the mostly low concentrations of TSS (Table 1; Fig. A2) as in

macrophyte dominated constructed wetlands (Dunne et al., 2012). While, on the other hand, the gaps
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between TSS and Q at the output of the system were present due to the unbalanced additional inputs
(e.g. Fig. A2) from natural streams, constructed canals and fish ponds (drained three times a year, but
irregularly) to Phase Il of the KBWPS.

In general, the average percentage of absences in coherency between the water quality
parameters and the independent variables decreases as the waters’ residence time increases from the
River Zala, up to the undisturbed wetland (Section 3.3.1; Table 4). Then, with the additional 40%
temporarily irregular input of streamflow downstream of WD, the average percentage of absence
increases to values higher than those witnessed in the river. Besides the increased residence time, in
the algae dominated eutrophic pond, the cyclic planktonic eutrophication (Wetzel, 2001) played a
major role in increasing the ecosystem’s capability to follow/indicate meteorological seasonality. A
similar pattern was observed by Kovacs et al. (2010) in their assessment of annual periodicity using
wavelet spectrum analysis on a wider set of weekly sampled parameters for a shorter period (1993-
2007). Although in their study the undisturbed wetland showed a higher percentage of absence of
annual periodicity (59.1%) than the eutrophic pond (40.9%), still, the disturbed wetland did display
a higher absence in annual periodicity (68.2%) than the river (63.6%), as in the present case. The
reason for the difference between the obtained absence in periodicity lies not only in the different
time interval and applied methodology, but in the fact that the present study focused solely on the
nutrient forms and the closely related TSS. The observation that the irregular excess loads arriving to
the disturbed wetland corrupt its capability to indicate the seasonal changes emphasizes wetlands’
exposure to anthropogenic activity (Brinson and Malvarez, 2002). This vulnerability becomes even

more pronounced with climate change (Finlayson, 2016).

4.2. Phase differences

4.2.1. Inconclusive phase differences of P forms and TSS
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The pattern of the phase differences concurs with the previously discussed observations;
nevertheless, it does provide excess information on the functioning of the system by describing the
possible temporal shift between the common annual coherence of the water quality parameters and
the independent variables. In the eutrophic pond, TSS for example behaves similarly to TP, being in-
phase lead by T (by 1-2 months) and by GR (by 2-3 months), indicating that TSS is composed mostly
of algae (Fig. 4), which corresponds to the delay between the weekly average maxima of GR and T.
Unsurprisingly, the delay between the two meteorological variables was 7 weeks in the investigated
time period, with the GR maxima occurring in the 24" week, i.e. mid-June. By mirroring this
meteorologically forced relationship, it underlines the capability of the methodology (phase
differences) to follow fine changes even under the annual scale. As for TP, in the eutrophic pond it is
most likely to occur in particulate form because of the algae, while in Phase Il its wavelet transform
coherence results resemble that of SRP, since it is dissolves in the water.

The inconclusive/confusing phase differences between SRP and the independent variables in
the eutrophic pond can be explained by the changes in the concentration of P forms through the year,
where SRP displayed almost no increase in summer (Fig. A3) due to the continuous algal uptake.
Moreover, these inconclusive/confusing phase differences of SRP and T & GR occur for the most
part after the year 2000, as was the case of TSS in Phase Il. This was a well-documented dry period
in the region (Padisék et al., 2006b). In these years, although external nutrient loads decreased, the
internal loads acted in the opposite way (Hatvani et al., 2014) due to the higher T and GR. These
counter-processes caused e.g. the phase differences of SRP and T to become meaningless, since
according to the arrows (Fig. A4), around 2004 T should have been leading SRP by almost 6 months.
In the case of TSS, the inconclusive phase differences in Phase Il are presumably caused by the
generally low concentrations near the level of detection (Fig. A2) and the hectic inputs from the

canals.
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4.2.2. Inconclusive phase differences of N forms

Upstream, in the River Zala, NO3-N dominated (Table 1; Figs. 2, 6a) the N forms, with slightly
lower concentrations in summer, mostly because the higher exposure of the river section to radiation
increases biological activity, thus denitrification (Mulholland et al., 2008). It should be noted,
however, that the dissolved organic fraction of TN (Fig. 2) is able to modify the phase differences of
TN, and this was especially so in the dry years around 2000 (Fig. 7a). It happened to such an extent
that TN was not able to display a pattern (decrease with T and GR in the summer) as clear as in the
case of nitrate (Fig. 7b).

In the algae dominated eutrophic pond TN changed its phase with reference to the River Zala,
and displayed a clear in phase pattern with T and GR. This occurred because, in the eutrophic pond,
as GR and T increase in the growing season, the inorganic N uptake of algae also increases
proportionately (Reay et al., 1999). This process decreases the nitrate concentrations (Fig 6b), thus
leaving the TN loads at a similar level as the input from the river (Table 1; Figs. 2 and 6b).

Then the water arrives to the macrophyte covered wetland dominated habitat, where
decomposition processes are prevailing (Kovacs et al., 2010; Wetzel, 2001), especially in the growing
season. Because of the decomposition of algae, oxygen availability is low (Istvanovics, 2002), thus,
temperature becomes the most important factor in organic matter loss (Brinson, 1981). If the waters
of the River Zala were to enter the wetland directly, probably all N forms would show an
opposite/antiphase relationship with T and GR, i.e. lower values in the growing season and higher in
winter. This is indeed the case for nitrate (Table 5; Fig. 6¢,d), but not for TN, the levels of which do
not drop in parallel to this. However, PN is retained by wetlands (Romero et al., 1999) thus decreasing
the TN output in the KBWPS accordingly. Unfortunately, in summer organic N is continuously
resupplied from the decomposition of algae. Therefore, despite the seasonal increase of denitrification
(Seitzinger, 1988) and the N uptake of the macrophyte cover (Dvotakova Biezinova and Vymazal,

2016) with water temperature, these opposite-tending processes disrupt the periodic characteristic of
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473 TN inthe wetland area. Nevertheless, a net decrease in the output of TN from the KBWPS is observed

474 due to the previously discussed processes (Table 1); it is just not observable in the seasonal cycle.
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5. Conclusions

The water quality variables of a cascade-like engineered ecosystem consisting of a shallow
river, a eutrophic pond, and an undisturbed/disturbed macrophyte covered wetland were assessed to
track the capacity of the system to indicate meteorological seasonality. In particular, the annual
coherence of the water quality parameters and meteorological parameters (including streamflow)
indicated the explicit differences in the functioning of the different habitats of the assessed system
and these were shown to be in concurrence with previously documented knowledge. It was also
pointed out that the eutrophic pond is more capable of mirroring meteorological changes. In the
meanwhile, continuous upstream- (from the eutrophic pond) and temporarily irregular additional
nutrient inputs (from the southern watershed) tend to counteract the characteristic processes of the
wetland (including macrophyte shading). Taken together, these decrease its capacity to indicate
seasonality, as seen in the pond upstream. Moreover, it was found that in this particular setting, the
wetland is less suitable/unstable in terms of nitrogen retention, and can only decrease the incoming
waters’ phosphorus concentrations to a small degree, most probably due to the excess- and the high
algae loads.

With the successful application of wavelet transform coherence to the “black-box” cascade,
where the boxes represent different ecosystems without any transition areas (ecotone) in between
them, a promising example is set for the wider application of the method in limnology. The present
paper provides a more precise overall picture on the previously discussed behavior of the cascade
system, which was designed to restrain the nutrients brought by the River Zala responsible for a fair

part of Lake Balaton’s eutrophication.

Acknowledgements

27


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

508

509

510

o011

512

513

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

The authors would like to thank Paul Thatcher for his work on our English version and say
thanks for the stimulating discussions with Péter Tanos from the Szent Istvan University. The work
was supported by the MTA “Lendiilet” program (LP2012-27/2012) and the Janos Bolyai Research
Scholarship of the Hungarian Academy of Sciences. This is contribution No. XX of 2ka

Paleoclimatology Research Group.

References

Allan, J.D., Castillo, M.M., 2007. Stream ecology: structure and function of running
waters. Springer Science & Business Media.

Brinson, M.M., 1981. Primary Productivity, Decomposition and Consumer Activity in
Freshwater Wetlands. Annual Review of Ecology and Systematics 12, 123-161.

Brinson, M.M., Malvarez, A.l., 2002. Temperate freshwater wetlands: types, status, and
threats. Environmental conservation 29, 115-133.

Cao, W., Wang, Y., Sun, L., Jiang, J., Zhang, Y., 2016. Removal of nitrogenous compounds
from polluted river water by floating constructed wetlands using rice straw and ceramsite
as substrates under low temperature conditions. Ecological Engineering 88, 77-81.
Chambers, R.M., Odum, W.E., 1990. Porewater oxidation, dissolved phosphate and the
iron curtain. Biogeochemistry 10, 37-52.

Conraria, L.A., Soares, M.J., 2011. The continuous wavelet transform: A primer. NIPE
Working Paper 16, 1-43.

Dettinger, M.D., Diaz, H.F., 2000. Global Characteristics of Stream Flow Seasonality and
Variability. Journal of Hydrometeorology 1, 289-310.

Dunne, E.J., Coveney, M.F., Hoge, V.R., Conrow, R., Naleway, R., Lowe, E.F., Battoe,
L.E., Wang, Y., 2015. Phosphorus removal performance of a large-scale constructed
treatment wetland receiving eutrophic lake water. Ecological Engineering 79, 132-142.
Dunne, E.J., Coveney, M.F., Marzolf, E.R., Hoge, V.R., Conrow, R., Naleway, R., Lowe,
E.F., Battoe, L.E., 2012. Efficacy of a large-scale constructed wetland to remove
phosphorus and suspended solids from Lake Apopka, Florida. Ecological Engineering 42,
90-100.

Dvorakova Brezinova, T., Vymazal, J., 2016. Distribution of Phosphorus and Nitrogen in
Phragmites australis Aboveground Biomass, in: Vymazal, J. (Ed.), Natural and Constructed
Wetlands: Nutrients, heavy metals and energy cycling, and flow. Springer International
Publishing, Cham, pp. 69-76.

EC, 2000. Directive 2000/60/European Commission of the European Parliament and of the
Council of 23 October 2000 establishing a framework for community action in the field of
water policy. Official Journal of the European Communities L 327, 1-72.

Exner-Kittridge, M., Strauss, P., Bloschl, G., Eder, A., Saracevic, E., Zessner, M., 2016.
The seasonal dynamics of the stream sources and input flow paths of water and nitrogen
of an Austrian headwater agricultural catchment. Science of The Total Environment 542,
Part A, 935-945.

Finlayson, C.M., 2016. Climate Change and Wetlands, in: Finlayson, C.M., Everard, M.,
Irvine, K., Mclnnes, R.J., Middleton, B.A., van Dam, A.A., Davidson, N.C. (Eds.), The

28


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
S77
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

Wetland Book: I: Structure and Function, Management and Methods. Springer Netherlands,
Dordrecht, pp. 1-12.

GDWM, 2016. Water management plan 2015- Hungarian part of the Danube River Basin,
in: Management, G.D.o.W. (Ed.). General Directorate of Water Management, p. 698.
Grinsted, A., Moore, J.C., Jevrejeva, S., 2004. Application of the cross wavelet transform
and wavelet coherence to geophysical time series. Nonlin. Processes Geophys. 11, 561-
566.

Hatvani, I.G., 2014. Application of state-of-the-art geomathematical methods in water
protection: - on the example of the data series of the Kis-Balaton Water Protection
System, School of Environmental Sciences. E6tvos Lorand University, p. 110.

Hatvani, I.G., Clement, A., Kovacs, J., Kovacs, I.S., Korponai, J., 2014. Assessing water-
quality data: The relationship between the water quality amelioration of Lake Balaton
and the construction of its mitigation wetland. Journal of Great Lakes Research 40, 115-
125.

Hatvani, 1.G., Kern, Z., Leél-Ossy, S., Demény, A., 2017. Speleothem stable isotope
reference records for East-Central Europe - Resampling sedimentary proxy records to get
evenly spaced time-series with spectral control. Earth Syst. Sci. Data Discuss. 2017, 1-17.
Hatvani, I.G., Kovacs, J., Markus, L., Clement, A., Hoffmann, R., Korponai, J., 2015.
Assessing the relationship of background factors governing the water quality of an
agricultural watershed with changes in catchment property (W-Hungary). Journal of
Hydrology 521, 460-469.

ICPDR, 2015. The Danube River Basin District Management Plan. ICPDR - International
Commission for the Protection of the Danube River, Vienna, p. 192.

Istvanovics, V., 2002. P retention as a function of environmental conditions in a large,
reed-dominated wetland. Internationale Vereinigung fur Theoretische und Angewandte
Limnologie Verhandlungen 27, 4005-4008.

Istvanovics, V., 1988. Seasonal variation of phosphorus release from the sediments of
Shallow Lake Balaton (Hungary). Water Research 22, 1473-1481.

Istvanovics, V., Clement, A., Somlyody, L., Specziar, A., G.-Toth, L., Padisak, J., 2007.
Updating water quality targets for shallow Lake Balaton (Hungary), recovering from
eutrophication, in: Qin, B., Liu, Z., Havens, K. (Eds.), Eutrophication of Shallow Lakes
with Special Reference to Lake Taihu, China. Springer Netherlands, Dordrecht, pp. 305-
318.

Istvanovics, V., Kovacs, A., Voros, L., Herodek, S., Pomogyi, P., 1997. Phosphorus cycling
in a large, reconstructed wetland, the lower Kis-Balaton Reservoir (Hungary).
Verhandlungen-Internationale Vereinigung fur theoretische und angewandte Limnologie
26, 323-329.

Istvanovics, V., Osztoics, A., Honti, M., 2004. Dynamics and ecological significance of daily
internal load of phosphorus in shallow Lake Balaton, Hungary. Freshwater Biology 49, 232-
252.

Kadlec, R.H., 1999. Chemical, Physical and Biological Cycles in Treatment Wetlands.
Water Science and Technology 40, 37-44.

Kolander, R., Tylkowski, J., 2008. Hydrochemical seasons in the Lake Gardno catchment
on Wolin Island (north-western Poland). Limnological Review 8, 27-34.

Kovacs, J., Hatvani, |.G., Korponai, J., Kovacs, I|.S., 2010. Morlet wavelet and
autocorrelation analysis of long-term data series of the Kis-Balaton water protection
system (KBWPS). Ecological Engineering 36, 1469-1477.

Kovacs, J., Tanos, P., Varbiro, G., Anda, A., Molnar, S., Hatvani, I.G., 2017. The role of
annual periodic behavior of water quality parameters in primary production: chlorophyll-
a estimation. Ecological Indicators 78C, 311-321.

29


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

Lotz, G., 1988. The Kis-Balaton Water Protection System [in Hungarian]. Hidrologiai
Tajékoztato 10, 20-22.

Martin, M., Oliver, N., Hernandez-Crespo, C., Gargallo, S., Regidor, M.C., 2013. The use
of free water surface constructed wetland to treat the eutrophicated waters of lake
L’Albufera de Valencia (Spain). Ecological Engineering 50, 52-61.

Matyas, K., Oldal, I., Korponai, J., Tatrai, |., Paulovits, G., 2003. Indirect effect of
different fish communities on nutrient chlorophyll relationship in shallow hypertrophic
water quality reservoirs. Hydrobiologia 504, 231-239.

Morlet, J., Arens, G., Fourgeau, E., Giard, D., 1982. Wave propagation and sampling
theory; Part I, Complex signal and scattering in multilayered media. Geophysics 47, 203-
221.

Mulholland, P.J., Helton, A.M., Poole, G.C., Hall, R.O., Hamilton, S.K., Peterson, B.J.,
Tank, J.L., Ashkenas, L.R., Cooper, L.W., Dahm, C.N., Dodds, W.K., Findlay, S.E.G.,
Gregory, S.V., Grimm, N.B., Johnson, S.L., McDowell, W.H., Meyer, J.L., Valett, H.M.,
Webster, J.R., Arango, C.P., Beaulieu, J.J., Bernot, M.J., Burgin, A.J., Crenshaw, C.L.,
Johnson, L.T., Niederlehner, B.R., O/'Brien, J.M., Potter, J.D., Sheibley, R.W., Sobota,
D.J., Thomas, S.M., 2008. Stream denitrification across biomes and its response to
anthropogenic nitrate loading. Nature 452, 202-205.

Nalley, D., Adamowski, J., Khalil, B., Biswas, A., 2016. Inter-annual to inter-decadal
streamflow variability in Quebec and Ontario in relation to dominant large-scale climate
indices. Journal of Hydrology 536, 426-446.

Ni, J., Xu, J., Zhang, M., 2016. Constructed wetland planning-based bi-level optimization
to balance the watershed ecosystem and economic development: A case study at the
Chaohu Lake watershed, China. Ecological Engineering 97, 106-121.

Padisak, J., 1992. Seasonal Succession of Phytoplankton in a Large Shallow Lake (Balaton,
Hungary)--A Dynamic Approach to Ecological Memory, Its Possible Role and Mechanisms.
Journal of Ecology 80, 217-230.

Padisak, J., Borics, G., Grigorszky, I., Soréczki-Pintér, E., 2006a. Use of Phytoplankton
Assemblages for Monitoring Ecological Status of Lakes within the Water Framework
Directive: The Assemblage Index. Hydrobiologia 553, 1-14.

Padisdk, J., Molnar, G., Soréczki-Pintér, E., Hajnal, E., George, D.G., 2006b. Four
consecutive dry years in Lake Balaton (Hungary): Consequences for phytoplankton biomass
and composition. Verhandlungen-Internationale Vereinigung fur theoretische und
angewandte Limnologie 29, 1153-1159.

Pifa-Ochoa, E., Alvarez-Cobelas, M., 2006. Denitrification in Aquatic Environments: A
Cross-system Analysis. Biogeochemistry 81, 111-130.

Pomogyi, P., 1996. Second Kis-Balaton conference: Summary of the research result on the
KBWPS from between 1991-1995. University of Pannonia Georgikon Faculty of Agriculture,
Keszthely.

R Core Team, 2016. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Reay, D.S., Nedwell, D.B., Priddle, J., Ellis-Evans, J.C., 1999. Temperature Dependence
of Inorganic Nitrogen Uptake: Reduced Affinity for Nitrate at Suboptimal Temperatures in
Both Algae and Bacteria. Applied and Environmental Microbiology 65, 2577-2584.
Reynolds, C., 1992. Eutrophication and the management of planktonic algae: what
Vollenweider couldn't tell us, Eutrophication: research and application to water supply.
Freshwater Biological Association, Ambleside, UK, pp. 4-29.

Reynolds, C.S., 1984. Phytoplankton periodicity: the interactions of form, function and
environmental variability. Freshwater Biology 14, 111-142.

30


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

697

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

Roesch, A., Schmidbauer, H., 2014. WaveletComp: A guided tour through the R-package,
p. 38.

Romero, J.A., Comin, F.A., Garcia, C., 1999. Restored wetlands as filters to remove
nitrogen. Chemosphere 39, 323-332.

Salamalikis, V., Argiriou, A.A., Dotsika, E., 2016. Periodicity analysis of 06180 in
precipitation over Central Europe: Time-frequency considerations of the isotopic
‘temperature’ effect. Journal of Hydrology 534, 150-163.

Seitzinger, S.P., 1988. Denitrification in freshwater and coastal marine ecosystems:
Ecological and geochemical significance. Limnology and Oceanography 33, 702-724.

Sen, A.K., Kern, Z., 2016. Wavelet analysis of low-frequency variability in oak tree-ring
chronologies from east Central Europe. Open Geosciences 8, 478-483.

Somlyody, L., 1998. Eutrophication modeling, management and decision making: The Kis-
Balaton case. Water Science and Technology 37, 165-175.

Somlyody, L., Herodek, S., Fischer, J., Akadémia, M.T., Analysis, I.I.f.A.S., 1983.
Eutrophication of Shallow Lakes: Modeling and Management : the Lake Balaton Case Study
; Proceedings of a Workshop. International Institute for Applied Systems Analysis. )
Spinoni, J., Szalai, S., Szentimrey, T., Lakatos, M., Bihari, Z., Nagy, A., Németh, A.,
Kovacs, T., Mihic, D., Dacic, M., Petrovic, P., Krzic¢, A., Hiebl, J., Auer, I., Milkovic, J.,
§tepének, P., Zahradnicek, P., Kilar, P., Limanowka, D., Pyrc, R., Cheval, S., Birsan, M.-
V., Dumitrescu, A., Deak, G., Matei, M., Antolovic, I., Nejedlik, P., Stastny, P., Kajaba,
P., Bochnicek, O., Galo, D., Mikulova, K., Nabyvanets, Y., Skrynyk, O., Krakovska, S.,
Gnatiuk, N., Tolasz, R., Antofie, T., Vogt, J., 2015. Climate of the Carpathian Region in
the period 1961-2010: climatologies and trends of 10 variables. International Journal of
Climatology 35, 1322-1341.

Tanos, P., Kovacs, J., Kovacs, S., Anda, A., Hatvani, I., 2015. Optimization of the
monitoring network on the River Tisza (Central Europe, Hungary) using combined cluster
and discriminant analysis, taking seasonality into account. Environ Monit Assess 187, 1-14.
Tatrai, |., Matyas, K., Korponai, J., Paulovits, G., Pomogyi, P., 2000. The role of the Kis-
Balaton Water Protection System in the control of water quality of Lake Balaton.
Ecological Engineering 16, 73-78.

Torrence, C., Compo, G.P., 1998. A Practical Guide to Wavelet Analysis. Bulletin of the
American Meteorological Society 79, 61-78.

Vollenweider, R.A., Kerekes, J., 1982. Eutrophication of waters. Monitoring, assessment
and control. OECD Cooperative programme on monitoring of inland waters (Eutrophication
control). Environment Directorate, OECD.

Vorosmarty, C.J., Green, P., Salisbury, J., Lammers, R.B., 2000. Global Water Resources:
Vulnerability from Climate Change and Population Growth. Science 289, 284-288.

Wang, F., Wang, X., Zhao, Y., Yang, Z., 2012. Long-term Changes of Water Level
Associated with Chlorophyll a Concentration in Lake Baiyangdian, North China. Procedia
Environmental Sciences 13, 1227-1237.

Wetzel, R.G., 2001. Limnology. Academic Press, San Diego.

Wong, S.L., Clark, B., Kirby, M., Kosciuw, R.F., 1978. Water Temperature Fluctuations
and Seasonal Periodicity of Cladophora and Potamogeton in Shallow Rivers. Journal of the
Fisheries Research Board of Canada 35, 866-870.

WTWD, West-Transdanubian Water Directorate, 2012. Annual report on the results of the
water qualtiy analyses of the KBWPS (in Hungarian), p. 84.

31


http://dx.doi.org/10.1016/j.ecolind.2017.07.018

Ecological Indicators 83 (2017) 21-31,; http://dx.doi.org/10.1016/j.ecolind.2017.07.018

698 Appendices
out of phase in phase
+T{,"‘I‘2 JF:'T‘.""Z
y leading  +n \D Cj 0 x leading
T loa‘(lillg —T K) C\ 0 U lea‘dillg
-1t/2 -7/2
699
700 Fig. Al. The full set of possible phase-differences and their interpretation taken from (Roesch and Schmidbauer, 2014) based on

701 (Conraria and Soares, 2011), where the phase differences are shown as arrows in the image plot of cross-wavelet power. In the present
702 study the water quality parameter was always the first (x) while the meteorological parameters were the second (y) components of the
703 calculation. In a practical sense for an annual period, the upper left figure would indicate that the meteorological parameter is leading
704 the water quality one in antiphase and with about 2 months; upper right: water quality parameter leading the meteorological one with 2
705 months in-phase; lower right: water quality parameter antiphase leading the meteorological one with 2 months and lower left:

706 meteorological parameter leading the water quality one with about 2 months in-phase.
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709 Fig. A2. Centered 7 day moving average of the concentration of total suspended solids in the different habitats of the KBWPS for 1999
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Fig. A4. Time—frequency coherency images (left panel) and time-averaged cross-wavelet power (right panel) of soluble reactive

phosphorus and temperature at sampling location AD. For further details, see the caption of Fig. 4.
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