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1. INTRODUCTION

Despite the considerable percentage of inland waters in the temperate
zone land cover, their role in the global carbon balance is not clear and
the existing data suggest large type specific differences.

Respiratory CO, release from inland waters and the accumulation of
carbon in lake sediments are major processes in the global carbon cycle,
retaining more than half of the carbon flux from terrestrial sources that
otherwise would reach the sea. The strongly lake-type-specific balance
between primary production and respiration determines whether a lake
acts regionally as a net sink or source of CO,.

In the global change context even small changes in photosynthesis and
respiration rates and/or in the loadings of organic matter or nutrients
(e.g. phosphorus) may change the metabolic type of the lake and turn it
from autotrophic to heterotrophic system or vice versa.

Todays /7 situ sondes fitted with sensitive and accurate optical oxygen
probes have become a useful tool for estimating lake ecosystem
metabolism through high frequency continuous measurements. The sonde
method provides an alternative to more traditional methods of measuring
metabolism that only use discrete samples. Continuous sampling by sondes
overcomes many of the limitations of discrete samples and makes it
possible to measure metabolism in a wide variety of systems.

Long-term observations across many years define the range of natural
variability of ecological systems and provide a baseline from which to
assess whether a system has changed significantly (Blenckner, 2005).

Regular hydrological data on large and shallow (area 270 km? mean depth
2.8 m) Lake Vortsjirv have been collected for more than 80 years. Regular
measurements of nutrients and ecosystem components started in 1960s.
Lake Vortsjirv was intensively studied for more than 50 years before the
first monitoring buoy was deployed for high frequency measurements of
physical and chemical parameters. Phytoplankton primary production 7
sitn measurements with monthly frequency started in Vortsjirv already
in 1982 but the dataset has many gaps.

Present thesis summarizes for Lake Vortsjirv: the first data on seasonal
changes of the ecosystem metabolism based on high frequency
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measurements; the reconstruction of long term series of phytoplankton
primary production by bio-optical modelling; the incoming and outgoing
fluxes of carbon, nitrogen, phosphorus, and silicon; and gives an overview
of phosphorus retention in Lake Vortsjirv compared with 54 lakes and
reservoirs in different climate regions around the world.

11



2. REVIEW OF THE LITERATURE

2.1. Lake monitoring — manual vs. high-frequency automatic

Lake monitoring has become an essential part of lake management as
a tool to assess the health of the lake and to understand the impacts of
human activities as well as natural processes. In addition, monitoring is a
base for making good watershed management decisions and for evaluating
the effects of these decisions. The monitoring techniques range from
tests that can be performed occasionally by those with little training to
full-scale, professional analyses of the physical, chemical, and biological
aspects of a lake ecosystem.

Lake monitoring may provide eatly warning signs of ecosystem degradation
resulting from contaminant inputs, nutrient addition, sediment runoff,
and overuse of the resource. By monitoring the physical, chemical, and
biological status of a lake as well as the changes of ecosystem structure
and function can be detected quickly, and hopefully the harmful impacts

could be eliminated before their consequences become unmanageable
(Leiser ez al., 2005).

In order to perform efficient lake monitoring, at first the information has
to be collected on the status of the lake for further understanding the
changes. This, so called baseline inventory, should be done throughout
one year at least.

Manual lake monitoring is a manpower- and time-consuming issue
requesting specific conditions, e.g. good weather, as it is very complicated
to perform field measurements at stormy or rainy weather. Therefore,
hydrobiological monitoring typically has monthly, rarely weekly resolution
of water chemical, physical and biological data series and only the linear
changes between subsequent measurements could be assumed.

As the ecosystem processes and water quality changes are far quicker
than could be reflected by monthly and even weekly monitoring, only
high-frequency monitoring could provide a wealth of data on the natural
dynamics of water systems that is impossible to obtain using manual
monitoring (Fig. 2.1.1). It provides a much better picture of the true
changes in water quality, whereas regular monitoring could provide only
snapshots of a small number of moments in time (van den Broeke, 2007).

12
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Figure 2.1.1. Manual lake monitoring vs. high-frequency automatic lake monitoring,
Copyrights E. Heidok.

2.2. Organic matter production and decomposition in lakes

Primary production and respiration are the major metabolic pathways
by which organic matter is produced and decomposed. Gross primary
production (GPP) is the gross fixation of inorganic C by photosynthesis.
Community respiration (R) is the remineralization of organic C to CO,
by all organisms of the ecosystem. The net ecosystem production (NEP),
i.e., the difference between gross primary production and community
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respiration, (NEP=GPP-R), can be used to define the metabolic type
(net auto- or heterotrophic) of a lake. The potential of lakes to release
CO, is huge - from the estimated 1.9 Pg of carbon that inland waters
receive annually from the terrestrial landscape, less than half (0.9 Pg y™)
is delivered to the oceans whereas respiratory CO, release constitutes the
major part of this decrease (Cole ez al., 2007).

Recognising lakes as sites of intensive carbon processing, they are although
often disregarded in models of the global carbon cycle due to their small
percentage of the Earth’s surface area (Sobek ez a/., 2000). Several recent
studies have demonstrated that lakes are significant sources of carbon
dioxide and methane to the atmosphere (Huttunen ¢ a/., 2003; Jonsson
et al., 2003; Cole et al., 2007), and that they simultaneously bury more
organic carbon in their sediments than the entire ocean (Downing ez al.,
2008). Hence, lakes turn out to be disproportionately important sites of
carbon cycling relative to their small areal extent. Lakes and reservoirs
act as sentinels by providing signals that reflect the influence of climate
change in their much broader catchments (Williamson ez a/., 2008, 2009).
In the context of global warming caused by the increase of greenhouse
gases, it 1s important to know the role of each ecosystem type in the global
carbon budget. It has been increasingly acknowledged that in many lakes,
first of all in those located in cool-climate forested boreal regions, the
heterotrophic processes are dominating over autotrophic ones turning
the lakes into CO, sources (Algesten e7 al., 2003; Sobek ez al., 2003).

2.2.1. Primary production

Phytoplankton primary production (PP) represents the major synthesis
of organic matter in aquatic systems giving start to the food chains and
forming the basis of the ecological pyramid. The amount of primarily
synthesised organic matter indicates the trophic state of a waterbody,
while the efficiency of its subsequent transformation in food chains
results in a higher or lower fish production, and in a poorer or better
water quality. To study the carbon metabolism of a lake, the first and
the basic step would be the estimation of the amount of carbon fixed by
the ecosystem. The importance of PP studies is impressively reflected
in publication statistics of ISI Web of Science (ISI WoS), which showed
that lake primary production has been analysed in ca. 1850 publications
since 1990 with an increasing average yearly rate from ca. 60 until year
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2000 to ca. 100 afterwards. The annual citation rate of these papers has
exponentially increased from about 100 in 1992 to nearly 3300 in 2011.
To understand climate sensitivity of the carbon metabolism, long-term
changes of primary production need to be known. As stated already by
Jassby ez al. (1990), inter-annual changes of primary production remain
one of the least investigated areas in limnology and this situation has
not much improved during the last 20 years. The query on ‘long term
lake primary production’ resulted in only in 180 publications in ISI WoS
database since 1990. The average citation rate of one publication was
more than 28 showing the high importance of the studies on this field.

2.2.2. Lake metabolism

There are several techniques for measuring the metabolic balance
of natural waters. For lakes the most common method is based on
measurements of the temporal and spatial variability of dissolved O,
and/or CO, (Robertson ez al., 1993; Cole ez al., 2000; Hanson ez al., 2003;
Lopez-Archilla ez al., 2004; Depew et al., 2006; Stachr & Sand-Jensen,
2007; Coloso e# al., 2008; Effler ¢ al., 2008, Tsai ef al., 2008; Staehr ¢ al.,
2010a,b). High frequency (=1h") O, measurements enable calculating
the NEP (the difference between GPP and R) during the day and R
during the night, thus yielding all three components necessary for the
full budget. The probe method provides a useful alternative to more
traditional methods of studying metabolism based on discrete samples. As
shown by Stachr ¢ a/. (2012b), continuous measurements overcome many
of the limitations of discrete samples and make it possible to measure
metabolism in a wide variety of systems.

Lakes with high total phosphorus (TP) concentrations and low dissolved
organic carbon (DOC) concentrations tend to be autotrophic (NEP>0),
whereas lakes with low TP and high DOC tend to be heterotrophic
(NEP<0) (Hanson ez al., 2003). Cole et al. (2000) showed that a lake
has a net heterotrophic C balance at mean seasonal Chl z concentration
below 20 mg m™ and at GPP less than 1 g O, m” day"' or 140 mmol
C m* day' of, assuming a 200 day ice-free season, GPP below 330 g
C m? year. Brown-coloured lakes with increased humic matter or tannin
content, often associated with forested or peaty catchments, should display
stronger net heterotrophy than clear-water lakes (del Giorgio ez al., 1999;
Sobek ¢ al., 2005).

15



Lakes become net heterotrophic only because they receive large
allochthonous inputs of organic C which is respired in the lake. A review by
Andersson & Sobek (2006) showed that switching from net autotrophy to
net heterotrophy occurred at DOC concentrations higher than 4—-6 mg 17,
and del Giorgio et al. (1997) found that bacterial respiration (BR) tended
to exceed NEP in aquatic systems with NEP below 100 mg C 1" day™.
Net autotrophic systems produce significantly more organic material
than they degrade. The excess organic material may either be exported
to adjacent systems and/or accumulated within the system either in the
sediment or as dissolved organic matter in the water (Stachr ez a/., 2010b).

2.3. Nutrient and carbon fluxes through lakes

It has become increasingly important to quantify carbon and nutrient
fluxes in the environment owing to their role in the processes of global
warming, climate change, and eutrophication of water bodies. Generally,
global warming intensifies the hydrological cycle and increases the
magnitude and frequency of extreme climatic phenomena, including
heavy rain falls in most parts of Europe (Christensen & Christensen,
2003), which cause abrupt fluctuations in the discharges of rivers (Graham
et al., 2006). Concentrations of different substances in river water are
related to discharge but this relationship is commonly nonlinear (Volk
et al., 2002). High concentrations of dissolved organic matter may occur
during floods as well as in low water periods. Although the content of
dissolved organic matter is generally high in high water periods, the
highest concentrations have been measured at relatively low water (Royer
& David, 2005). The same phenomenon was also reported for mineral
substances and nutrients (Jarvet, 2003; Barlund ez a/., 2009).

2.4. Phosphorus retention in lakes

Human activities have markedly increased nutrient inputs from point
and diffuse sources to watersheds. A portion of those nutrients enters
to water bodies, degrading water quality and increasing nutrient input
and subsequent eutrophication of lakes. Some part of those nutrients will
flow out from lakes but a significant part of nutrients will stay.

16



Retention in lakes is of great importance when using a mass balance
approach to assess nutrient sources and retention on regional level.
Estimates of nutrient delivery from various sources will obviously be
affected by permanent or temporary retention. Nitrogen and phosphorus
in particular are usually subject to substantial retention. However, N and
P retention is highly variable in time and space and could range between
0% and 100% depending on the flow paths and watercourse characteristics
(e.g. presence of lakes in a drainage basin). Both the high nutrient load
and long retention time will cause and affect the eutrophication of lakes.

As a major paradigm of limnology, phosphorus (P) availability is regarded
as the most important determinant of productivity and water quality in
lakes and reservoirs (Schindler, 1977; Vollenweider & Kerekes, 1980;
Peters, 1986; Welch, 1992; Havens & Schelske, 2001). Phosphorus retention
(R,) is normally defined as the amount of externally loaded phosphorus
that is biogeochemically transformed, retarded and retained (largely
through sedimentation) within the water body (Dillon & Rigler, 1974;
Sondergaard ez al., 2001). The rate of phosphorus loss within lakes is
to a large extent related to the P loading rate and the depth of the lake
(Brett & Benjamin, 2008). Thus, the physical ‘structure’ of a lake can
also significantly influence its phosphorus concentration and retention
(Hakanson, 2005). In this context, natural lakes and reservoirs could
be considered similar, being driven in both cases by external factors
such as morphology, hydrology and climate (Wetzel, 2001). Various
formulations have been proposed for predicting P retention, mostly
from areal phosphorus and hydraulic loading rate, settling velocity of
phosphorus-containing particles, and mean depth (Brett & Benjamin,
2008). Predictive equations have been developed that link the phosphorus
retention coefficient to the hydrological properties or mean depth of the
water body (e.g. Kirchner & Dillon, 1975; Nurnberg, 1984; Hejzlar ez al.,
20006). Noges et al. (2007) showed an inverse relationship between the
relative depth (Z,) of the lake and the concentration of P in sediments,
assuming that the potential for internal phosphorus loading and the
resilience of ecosystem recovery after the removal of external phosphorus
sources in large and shallow lakes with small Z should be less than in
smaller and deeper lakes with greater relative depth. Accordingly, large
and shallow lakes with small Z  should have a lower phosphorus retention
capacity than smaller and deeper lakes with bigger Z._.

17



3. HYPOTHESIS AND AIMS OF THE STUDY

In the present thesis we have set the following aims:
1. Using the high frequency automatic monitoring data (I) to

a. reveal the metabolic type of Lake Vortsjirv as a
representative of large, shallow, unstratified, eutrophic
temperate lakes, and to determine its role in the regional
and global carbon budgets,

b. test the hypothesis of switching of the lake between net
autotrophy and net heterotrophy,

c. analyze the seasonal trends of gross primary production
(GPP), community respiration (R) and net ecosystem
production (NEP), and their environmental determinants
that can improve our understanding of how future climatic
conditions may impact the biological, chemical and physical
stability of lake ecosystems.

2. 'To summarise the long-term primary production measurements
in Vortsjarv in order to receive reliable daily, monthly and annual
PP estimates as the starting point in the lake’s carbon balance
calculations, and as the further basis for long-term studies of
the ecosystem metabolism and its climate sensitivity (II).

3. To determine the incoming fluxes of dissolved inorganic (DIC),
total (TOC) and dissolved organic carbon (DOC), nitrogen,
phosphorus, and silicon into Lake Vortsjarv via its four main
inflows, posing the following questions (III):

a. What is the magnitude of different fluxes?
b. Which substances does the lake accumulate or release?
c. Is there any seasonality in the fluxes of different substances?

4. 'To test the hypothesis, if large and shallow lakes with small
relative depth (Z,) have lower phosphorus retention capacity
than smaller and deeper lakes with bigger 7, (IV)

18



To examine differences of phosphorus retention among lakes
and reservoirs with various morphometric parameters (IV)

To assess the impact of relative depth of the lake on the
phosphorus retention capacities (IV).

19



4. MATERIAL AND METHODS

4.1. Study site

Lake Vortsjarv (58°16' N 26°02' E) is located in Central Estonia
(Fig. 1; I). Vértsjirv is a large (270 km?) shallow polymictic lake with a
maximum depth of 6 m and a mean depth of 2.8 m, which, according
to the classification by Lewis (1983) belongs to continuous rather than
discontinuous cold polymictic lakes. Measurements of water currents
carried out in 1995-1996 at 2 m depth at four stations in the lake (Kivimaa
¢t al., 1998) demonstrated that at moderate mean wind velocities (average
29 m ", maximum 13.2 m s™), the average current velocities ranged from
2.7 t0 8.6 cm s at various stations with peak values exceeding 200 cm s™.
Such strong wind induced currents mix the water horizontally resulting
in a relatively homogenous water environment in the lake proper with an
exception of the narrow, river-like southern end strongly affected by the
main inflow. Vortsjarv does not stratify: the mean difference between the
surface (0.5 m) and bottom (2.5 m) temperatures over the ice-free period
is approximately 0.1 °C with exceptional short term maxima reaching
4 °C on single calm days. We considered the effect of these single events
negligible on average gas exchange rates at monthly time scales. The lake
is eutrophic, characterised by the following mean concentrations: total
phosphorus (TP) 54 pg I, total nitrogen (TN) 1.6 mg I"', chlorophyll
a (Chl a) 24 pg 1" (Tuvikene ef al., 2004; Noges ef al., 2007). Due to the
influence of resuspended sediments, the Secchi depth is typically less
than 1 m during the ice-free period. According to Reinart & Noges
(2004), the water colour has an average value of 60 mg Pt 1". Water colour
has slight seasonal changes but there may be large differences between
years. The lake is ice-covered for more than four months (average 135
days) of the year. The unregulated water level, which has annual mean
amplitude of 1.4 m, the absolute range of 3.1 m, has proven by far the
most influential factor in the lake. By altering the sediment resuspension
rate, the variable water level affects the light climate (Noges & Jarvet,
1995), nutrient availability (Noges & Noges, 1999), and phytoplankton
abundance and composition (Noges ez al., 2003), both seasonally and in
the long term. The water level reaches its seasonal maximum usually in
April or May and declines steadily until the seasonal minimum, which
is typically in September.

Within the 50 km? (19% of the lake area) covered by aquatic macrophytes,
35 km? is accounted for by submerged species, 12 km? by emergents and
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3 km? by floating-leaved macrophytes (Feldmann & Miemets, 2004). Due
to high turbidity and strong wave induced turbulence, the submerged
vegetation dominated by Myrigphyllum spicatum 1.. is mostly sparse.

The 3100-km? catchment area of the large but very shallow Lake Vortsjirv
makes up about 7% of Estonian territory and, thus, may contribute
significantly to the Estonian natural CO, budget. Vortsjirv is strongly
impacted by the inflow of DOM and nutrients due to its large catchment
area (A) relative to lake volume (V) (Noges & Jirvet, 1998). The A/V
ratio of Vortsjirv (4.1 m™ at mean water level) is larger than that of other
well-studied large and shallow lakes such as Peipsi (1.9 m™) or Balaton
(2.7 m™") and much larger than in the large and deep lakes such as Ontario
(0.046 m™), Ladoga (0.08 m™), Onega (0.18 m™), and Vinern (0.27 m™)
(ILEC World Lake Database). A specific feature of Vortsjirv is the large
natural climate-related variability of water level with a long-term absolute
amplitude exceeding 3 m, which causes a more than 200% change in the
water volume (Noges e7 al., 2003). Our eatlier studies have shown that
the fluctuating water level in Vortsjirv resulting from meteorological
forcing and major climate trends in the Northern Hemisphere, has a
strong impact on the whole ecosystem (Noges, 2004; Jarvalt ez a/., 2005;
Feldmann & Noges, 2007; Zingel ¢f al., 2007). According to Toming e dl.
(2009), climate-related hydrological changes cause large variation also in
the absorption by coloured dissolved organic matter (CDOM) in Vortsjiry
(3.96 - 15.7 m™) that corresponds to DOC concentrations from 7 to
28 mg I''. Based on high DOC values, a net heterotrophic metabolism
could be assumed while rather high average Chl # (24 mg m~) and TP
(54 mg m~) might otherwise be expected to support net autotrophy.

4.2. Data collection

High frequency data for lake metabolism studies was collected from
30 April to 15 July in 2009 and from 20 April to 28 October in 2010 near
the lake’s deepest point. From 29 July to 11 August 2010, there are no data
because of malfunctioning of the buoy. High frequency instrumentation
and data collection are thoroughly described in paper I.

Phytoplankton primary production in Vortsjarv has been measured 7z situ
with "C-assimilation technique (Steeman-Nielsen, 1952) in 1982-1984,
1989, 1991, 1993-1998, 2000, 2003-2009. PP has been measured mainly
during ice-free periods from April to October with weekly to monthly
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intervals. In 1983, 1984, 1991 and 1995, PP was measured also in winter
under the ice. PP measurement techniques are thoroughly described in
paper II.

Water samples for nutrient flux analyses were collected from the lower
course of the inflows and from the outflow of Lake Vortsjarv (Fig. 1, IIT)
at weekly to monthly frequency in 2008 and 2009. Additionally, we used
the data of nutrient concentrations drawn from the National Monitoring
Programme. Details of sampling and analyses are thoroughly described
in paper ITL

Data on total phosphorus retention, internal/external loading, outflow
losses and morphometry for 54 lakes and reservoirs in different climate
regions around the world were compiled on the basis of published data
sources (Table 1, Fig. 1; I'V). Detailed methods are described in paper IV.

4.3. Lake metabolism and primary production modelling

Lake metabolism modelling was based on the algorithms published by
Cole e a/ (2000), some minor changes were made to adjust the model
to specific features of Lake Vortsjirv dataset (see material and methods
in paper I).

As the dynamics of lake metabolism indices (Fig. 2; I) followed shifted
sinusoidal patterns, we fitted a sinusoidal curve to these data with the
aim to quantify the phase shift between the series of GPP, R, and NEP
and to compare it with the environmental sinusoidal variables — PAR and
water temperature. Method is described in detail in paper L.

In parallel to 7n sitn measurements (IT), PP was estimated using a semi-
empirical model elaborated by Arst ez a/. (2008). We developed two versions
of the model: a spectral and an integral version. Detailed description of
model is presented in paper II.

4.4. Statistical analyses

Relationships between metabolic rates, measured and modelled PP,
physical, chemical and environmental factors (I-IV) were evaluated
using the basic statistics and multiple regression modules of Statistica

8.0 (StatSoft, Inc. 1984-2007).
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5. RESULTS AND DISCUSSION

5.1. Lake Vortsjirv is seasonally switching between
net autotrophy and net heterotrophy

5.1.1. Range, balance and sinusoidal seasonality
of ecosystem metabolism in Vortsjarv

In Lake Vortsjirv GPP and R showed a large day-to-day variability with
GPP mostly exceeding R in spring and early summer but remaining smaller
than R in autumn (Table 1; I). The average of all GPP measurements
exceeded slightly (but not significantly) that of R, but as the data was
seasonally unbalanced (more measurements in spring), no conclusion on
the metabolic type could be drawn on this basis. Due to the difference in
the measurement periods in two years, the inter-annual differences cannot
be assessed either and only the ranges of the values could be measured.

Days of net heterotrophy (NEP <0) occurred during all months, but
were most frequent during late summer and autumn (Fig. 2; I).
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Figure 5.1.1.1. Observed (, ) monthly mean values of respiration (R), gross primary
production (GPP) and net ecosystem production (NEP) with fitted sine waves ().
The curve NEP, shows the difference between GPP, and R . With modification
from paper L

The monthly averages of GPP, R, and NEP revealed a seasonal pattern
well described by a sinusoidal fit (Fig. 5.1.1.1) (Fig. 2, Table 2; I). Given
the good fit of the sine model to the metabolic variables (R* 0.84 for
GPP, 0.87 for R, and 0.93 for NEP), we analysed some of the model
parameters to have an insight to the seasonality and to compare it with the
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sine wave fits of irradiance and water temperature. Among the simulated
variables, NEP reached its seasonal peak in May, several weeks before the
summer solstice (Fig. 5.1.1.2) (Fig. 4; I). GPP peaked in July or August,
at approximately the same time with water temperature and 3-7 weeks
after the peak of solar irradiance. The peak of community respiration
was the last among the three and was reached in August, 1-4 weeks after
the peak in water temperature. The fitting curve for solar irradiance (QQ)
peaked in both years on June 20, practically at the summer solstice. The
curve fit for water temperature (T ) peaked 31 or 32 days later. Despite
markedly higher water temperatures in 2010 compared to 2009, (up to
8 °C in May and 4-6 °C in July — August, see Fig. 5; I), the timing of
the peak according of the fitting curve showed little change. The timing
of the simulated seasonal peaks of all three metabolic variables shifted
about 25 days earlier in the warmer 2010 compared to 2009 and showed
no obvious relationship to the timing of the Q and T peaks.
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Figure 5.1.1.2. Timing if the seasonal peaks of solar irradiance (Q), water temperature
(Tw), gross primary production (GPP), community respiration (R), net ecosystem
production (NEP) in Vortsjirv in 2009 and 2010 as derived from the fitting sine wave
parameters. The arrows help to visualize the behaviour of the variables. From paper I.

The values of the constant C of the sinusoids characterising the mean
levels of the metabolic parameters (in mmol O, m? d") were 104 for
GPP, 100 for R , and 0 for NEP, suggesting a balance (based on NEP)
or a slight net autotrophy (based on GPP and R) of the lake on an annual
scale. Converted to carbon units, the annual GPP estimate equalled
363 ¢ Cm?y". The dynamics of NEP was characterized by an autotrophic
period lasting from early spring until August or September and a
heterotrophic period for the rest of the year. The theoretical curve for
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NEP (Fig. 5.1.1.1) (Fig. 2; I) calculated as the difference between the
curves fits to GPP and R, matched well with the curve fitting the monthly
NEP values. As the amplitudes of the GPP and R curves were almost
equal, the sinusoidal behaviour of NEP was caused predominantly by
the phase shift between GPP and R (without this phase shift the NEP

curve would become flat).

5.1.2. Applicability of sinusoidal lake metabolism
model in a stratified lake

A trial to apply our sinusoidal model to the monthly metabolic data of
stratified Lake Frederiksborg Slotsse (Fig. 9; I), showed a 2-week lag
between GPP and R in 2003 similar to that found in Vortsjirv, that was
not observed in 2004. This fits well with the higher GPP and smaller
role of zooplankton grazing in 2003 described by Stachr & Sand-Jensen
(2007). Our model explained 76% of GPP, 61% of R, and 52% of NEP
monthly changes in this lake and suggested prevailing autotrophy from
the end of March to mid-September in 2003 and from the end of April to
the end of October in 2004 (mid-May to mid-September in the original
work). The best fitting sinusoids, however, were unable to follow the
high peaks of GPP and R in August or September, and the inter-annual
differences. Thus, the model seems to be fit for describing the metabolism
of turbid polymictic lakes like Vortsjarv which have seasonally smooth
changes in light and nutrient availability, and where strong light limitation
forces the dynamics of GPP, R and NEP to follow better the sinusoidal
changes of PAR and temperature. In stratified Frederiksborg Slotsso
(Denmark) the metabolic variables were strongly controlled by changes
in mixing depth, which determined nutrient availability by pulses and
fluctuations in the mean available light levels in the mixed layer (Stachr
& Sand-Jensen, 2007).

5.1.3. Regulation of ecosystem metabolism and
impacts of climate change

In Vértsjarv all metabolic variables showed positive relationships with
solar irradiance and water temperature, and negative relationships with
wind speed (U). GPP and NEP declined with seasonally declining water
levels whereas R increased (Fig. 6; I).
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Light limitation of phytoplankton growth is a common phenomenon
in Vortsjirv due to high plankton biomass, brownish water colour due
to elevated humic matter content, and a continuously large impact of
suspended sediments on light attenuation in the water during the ice-
free period (Reinart & Noges, 2004). As expected, GPP and NEP were
stimulated by increasing irradiance whereas wind suppressed production
processes likely by modifying the resuspension rate.

By autumn, a large amount of fresh sediment is produced. At the same
time the lake reaches its lowest water levels. Both factors contribute to high
rates of sediment resuspension, which increases linearly with decreasing
mean depth of the lake (James ez /., 1997). The increased concentrations
of particulate and dissolved matters raises the respiration rate causing a
decline in NEP. As the fresh sediment in Vortsjirv still contains intact
algal cells and degradation products of algal pigments (Freiberg ez al.,
2011), the observed increase of Chl « towards autumn is partially caused
by resuspension and cannot be fully be attributed to algal growth and
the reduction of zooplankton grazing pressure.

Increase in plankton respiration with increasing Chl ¢, TP, and DOC
concentrations has been recurrently reported. Pace & Prairie (2005)
analysed data from 70 different lakes, and found Chl « accounted for
71% and TP for 81% of the variance in community respiration, which
they considered a typical pattern of lakes where primary production is
strongly nutrient limited. In highly productive Frederiksborg Slotsse
(Denmark) GPP and R increased with increasing Chla, TP and DOC
(Stachr ez al., 2010b; 2012a). The rather low explanatory power of multiple
regression models in Vortsjirv (R? from 0.28 to 0.67) was most probably
caused by the absence of high resolution data on Chl 4, nutrients, and
DOC, the influence of which will be the focus of our future studies on
metabolic variables.

The best multiple regression models based on the frequently measured
variables (PAR, T , U) and daily measured lake mean depth (Zavg)
explained 67% of the variability in log GPP, 36% in log R and 28% in
NEP (Table 3: IT). Increasing water temperature had a strong positive
effects on GPP and R and a negative effect on NEP. GPP and NEP
increased with increasing PAR, but the latter was not included in the
best model describing respiration. Wind had negative effects on both
GPP and NEP. Although having a negative correlation also with NEP,
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wind speed was not included in the best model for NEP. The decreasing
average depth of the lake increased R and decreased NEP.

The factors governing GPP and R are partly overlapping. In our study,
increasing water temperature had strong positive effects on GPP and R
but a negative effect on NEP (Table 3, I). These results are fully in line
with the findings by Staehr ¢f a/. (2010a) for Danish stratified lakes. Similar
response of the metabolism of different types of lakes to temperature
implies that climate warming is likely to support net heterotrophy of
temperate lakes in general.

The intrinsic sensitivity of respiration to temperature was recently
shown across aquatic ecosystems of contrasting thermal history (Perkins
et al., 2012). The positive relationship between T and GPP arises from
the temperature dependence of R, which mathematically is one of the
summands in GPP (Eq. 6; I). Temperature per se is not considered a growth
limiting factor for phytoplankton, but may restrict or stimulate growth
through various mechanisms such as shifted timing of the ice breakup
(Adrian ef al., 1999; Weyhenmeyer e al., 1999) or zooplankton grazing
(Straile and Adrian, 2000), modified winter mixing in deep monomictic
lakes and its consequences to nutrient availability (Salmaso, 2002, 2005;
Straile ez al., 2003) or increased thermal stability of the water column
crucial for development of cyanobacteria blooms (Paerl & Huisman, 2008).
It is likely that the stimulating effect of T on lake heterotrophy can be
attributed to the stronger temperature dependence of R rather than GPP.

5.1.4. Global and regional comparison of lake metabolism

The published mean daily GPP and R values for lakes range over more
than five orders of magnitude (Fig, 5.1.4.1) (Table 4, Fig. 7; I) but are
strongly correlated (r=0.94; p<0.01) and thus line up rather nicely along
the 1:1 proportionality line. Among these 41 lakes located almost entirely
within the temperate zone and characterized by a median GPP of 30 mmol
O, m” d" and median R of 39 mmol O, m” d", Lake Vértsjirv occupies
a mid position among the lakes staying very close to the proportionality
line. Compared to the long-term primary productivity estimate of
208 ¢ C m? y! in Vortsjirv measured by the *C technique (II), the
annual GPP estimate based on high frequency metabolism measurements
(363 ¢ C m™y"') was considerably higher. This difference can be explained
by the fact that “C productivities lie between NEP and GPP values but
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are closer to NEP when long incubations are used and closer to GPP
when short incubations are used and (Dring & Jewson, 1982; Bender
et al., 1999).
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Figure 5.1.4.1. Scatterplot of published mean daily values of gross primary production
(GPP) vs. community respiration (R) in lakes. From paper L.

The rather good proportionality of GPP and R shows that the main
substrate for respiration in most lakes originates predominantly from
primary production within the lake. Still there are deviations to both
sides from the 1:1 line characterized by the GPP:R ratio ranging from
0.1 in Lake Hummingbird (MI, USA, Hanson ef a/., 2003) to 2.5 in Lake
Michigan (MI, USA, Ogdahl ez a/., 2010). Although the GPP:R ratio is
shown to be mostly a function of the lake trophic state (e.g. Cole e al.,
2000; Hanson et al., 2003) and/or DOC loading (Andersson & Sobek,
20006), the analysis of published data show that also lake morphometry
may play an important role in determining lake metabolism. Among
the 41 lakes, volumetric GPP and R decreased highly significantly with
the increasing mean depth of lakes (Fig. 8; I). A similar regularity was
described by Staehr ef a/. (2012a) in 25 Danish lakes, which the authors
explained by the generally lower trophic state of deeper lakes. In Vortsjirv
respiration increased with declining water levels also in the seasonal
cycle but GPP did not show any dependence on water depth (Fig. 6; I).
Among Danish lakes, GPP and R decreased also with increasing lake
area but this result was not found in the set of lakes analysed by us.
We found, however, highly significant positive relationships of GPP:R
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with lake area and volume (Fig. 8, I) showing that larger lakes tend to
be more autotrophic. The mean depth of lakes per se had no significant
effect on the auto-to-heterotrophy balance. The relative depth, which is
the maximum depth of a lake as a percentage of mean diameter (Wetzel,
2001) and characterises the potential of thermal stratification (Escobar
et al., 2009; Tiberti ez al., 2010) and phosphorus retention (IV), had a
significant impact towards heterotrophic conditions (decrease of GPP:R
ratio) and a tendency towards lower NEP. Obviously the trend of relatively
deeper lakes being more heterotrophic can be attributed to stronger
thermal stratification in these lakes that leads to phosphorus depletion
in the epilimnion during the growing season. In all relationships found
between lake morphometric and metabolic variables, Vortsjirv followed
the general patterns and was never among outliers. The balance between
annual GPP and R resulting in NEP=0, as found in Vortsjirv, is not very
common, as in 57% of the lakes included in Table 4 (I), annual NEP
was negative, and a similar proportion (58%) was found among Danish
lakes (Stachr ef al., 2012a).

During winter, the rate of photosynthesis in temperate lakes declines
and remains negligible in lakes that freeze over (Salonen ez a/., 2009).
Decomposition of the organic matter continues, however, and the
dissolved oxygen budget becomes negative in most lakes. Benthic oxygen
demand of about 10 mmol O, m* d, typical for highly eutrophic boreal
lakes (Malve ez al., 2005), would deplete dissolved oxygen from a 1 m
deep oxygen-saturated lake within 49 days. Anoxia formation and winter
fish kills in boreal shallow lakes including Lake Vortsjirv (Tuvikene e#
al., 2002, Jarvalt et al., 2005) are common and give clear evidence of
negative dissolved oxygen budgets. The ice breakup in spring brings
about a tremendous change in light conditions while the commonly high
transparency of water and the pool of re-mineralized nutrients enable the
formation of a virtually unlimited pulse of algal growth. The timing of
the vernal peak of phytoplankton is closely related to air temperature in
spring, which mostly determines the timing of the ice breakup (Noges
et al., 2010¢). It can be assumed that during the vernal phytoplankton
peak, most lakes become net autotrophic. Hence we can conclude that
most lakes, at least in the boreal zone, switch in early spring from net
heterotrophy to net autotrophy while the duration of the latter determines
whether the lake becomes auto- or heterotrophic on an annual scale.

The fact that most of the substrate for respiration (plant, animal, and
bacterial biomass, DOC) is produced within the lake during the annual

29



cycle and exists in the organic form for a certain time before being
re-mineralized, implies that seasonally the community respiration lags
behind the GPP cycle whereas the phase shift is equal to the dominant
mode of the organic matter turnover time in the food web. In Lake
Vortsjirv where the bulk of the plankton biomass is accounted for by
slowly growing ‘inedible’ filamentous cyanobacteria, R lags behind GPP
by two weeks, on average. For comparison, in the stratified Danish lakes
GPP and R followed each other more strictly over time as reflected
by NEP values near zero, GPP:R ratios near 1.0, and close positive
correlations of daily GPP and R (r >0.9, Stachr ez 4/, 2010b, ¢ 0.80 in
Vortsjirv), which the authors explained by relatively rapid respiration by
bacteria and zooplankton of the newly produced organic matter. Only
during development of algal blooms and their following collapse and
degradation, was the synchrony between GPP and R lost.

5.2. Primary production of Lake Vortsjirv
and its long-term changes

5.2.1. In situ measured primary production

According to the 18-year measurements, the mean daily integrated
PP was 558 mg C m™ day” with monthly means changing from about
25 mg C m? day"' in December and January to nearly 1300 mg C m™
day in June (Table 1; II). The scatter of single daily measurements in
each month was rather large characterised by standard deviations (SD)
making up from 49 to 184% of the monthly mean values. The daily
PP was relatively most variable in November and March due to the
onset and ending of the ice season. The maximum chlorophyll specific
production rate at light saturation varied from 0.1 to 14.7 mg C mg Chl
a ' h' being on average 2.06 £ 1.72 mg C mg Chl @ ' h-'. PP had a
pronounced seasonality in Vortsjarv, with two-third of the annual PP
produced during one-third of the year from May to August. The mean
daily PP from May to August formed on average 0.55% of the annual PP.
We used this ratio to calculate the annual PP for years with incomplete
data coverage. For the years to which both methods were applied, the
integrated values corresponded well to the calculated values (Fig. 1; II).
The measured annual average pelagic PP in Vortsjirv was 205 g C m™.
In the long-term, the measured PP had no significant trend either over
single months or in the annually integrated values.
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5.2.2. Modelled primary production and its
comparison with in situ values

The vertical profiles of measured and modelled PP corresponded
generally well with each other (Fig. 2, IT). Also the modelled integral PP
(PP, , mg Cm?h") values that were computed by integrating vertical PP
profiles over depth, were in good concordance with the measured PP,
values. For example, the profiles represented in Fig. 2 of paper II, gave
measured PP, values of 102 and 211 mg C m? h', and modelled PP_
values of 113 and 223 mg C m™ h'', respectively.

By the model we calculated PP, in total for 6011 ice-free days in the
28-year period from 1982 to 2009. The median values of modelled
and measured daily PP, values were quite close in different months
but the variation of the modelled values was smaller than that of the
measured values (Fig. 4; Table 1; IT). The average annual modelled pelagic
PP, in 1982-2009 was 200 g C m? year' (Table 1; II). Considering
approximately 4% underestimation of annual PP, due to ignoring the
under-ice production, the modelled average annual PP, in Vortsjarv
would be 208 (min. 144, max. 306) g C m™ year™, which is very close
to the average of the measured values (205 ¢ C m? year™). The yeatly
average modelled volumetric PP (PP, divided by the mean depth of the
lake) was 80 (min. 48, max. 148) g C m™ year (Table 2; II).

For the 18 years when PP_ was both measured and modelled, the results
were significantly correlated (R* = 0.32, P = 0.015) (Fig. 5; II), the
modelled daily PP, , however, exhibited significant linear increasing trends
in all ice-free months over the whole study period (Fig. 6; IT) while no
trend was detected in the measured PP values. The increase in modelled
PP, was caused by the strong significant trends in Chl # one of the
important input parameters, occurring from May to December over the
whole study period (Fig. 7; IT). The mean light intensity within the water
column (I ) calculated from Secchi depth and water level, showed a bell-
shape change over the years (Fig. 8A, IT) with average light conditions
for phytoplankton improving over 1980s and deteriorating again since
the first half of 1990s. The percentage of Chl @ in the total phytoplankton
biomass (Chl% B) had opposite dynamics with an increasing trend since
the beginning of 1990s (Fig. 8B; II).

The relationship between the annual PP, values, based on measurements
and modelling (R* = 0.32) was much weaker compared with the R* = 0.9
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reported in Arst ez al. (2008). However, in Arst ef al. (2008) the results were
obtained from 2-h measurement series of PP with full (without breaks)
complex of initial data for model calculations, that is not so for long-term
estimations. In general, there can be a number of errors included both in
the modelling and the measured data. Excluding other methodological
errors potentially included in the “C technique for measuring PP (see
overview by Marra, 2002), the sources of error in summarising the
measured data are included in the depth integration of the discrete vertical
measurements, the extrapolation of the PP values around noon to the
whole day (Richardson, 1991), but the major source of errors is included
in the interpolation of the highly variable but infrequently measured daily
PP values. The latter is largely avoided by modelling in which we used
the true monthly mean values of daily irradiances and only the values
of Chl 4, a less variable parameter compared to PP, were interpolated
between discrete measurements.

For the assessment of total PP of the lake and its long-term changes,
we further used the modelled PP values. Multiplying the annual areal
phytoplankton PP by the average lake area in each year, we got an estimate
of 56 559 (min. 41 013, max. 77 064) tonnes of carbon fixed annually
by phytoplankton primary production in Vortsjirv. Considering the
estimations that phytoplankton contributes 79% and macrophytes with
their epiphyton 21% to the total PP in Vortsjarv (Noges ez al., 2010b),
the total annual whole-lake carbon fixation of Vortsjarv resulted in
71 268 (min. 51 679, max. 97 107) tonnes (Table 2; II).

5.2.3. Long-term trend of primary production

There are two interrelated possible explanations for the long-term stability
of the measured PP on the background of increasing Chl a: (1) that
the increase in Chl  was an adaptive response of phytoplankton to a
deterioration of light conditions and (2) that some other factor caused
the succession of dominating species having different rates of chlorophyll
specific photosynthesis. Adaptation of phytoplankton to deteriorating light
levels may include photoacclimation of existing species or, if exposure
to dim light is prolonged, also succession of species in the favour of
more shade tolerant ones. A simple strategy to survive sub-optimal light
conditions is to increase the cellular content of light-harvesting pigments
in order to maintain productivity (Falkowski & Owens, 1980; Dubinsky
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& Stambler, 2009; Yacobi & Zohary, 2010). Phytoplankton species differ
largely by their ability to increase cellular chlorophyll content (Johnsen
& Sakshaug 2007). Experiments with Lzznothrix redekei (Foy & Gibson,
1982), the species that dominated in Vortsjirv in the beginning of our
study period, showed the species ability to more than triple its cellular
chlorophyll content under low light doses. In Vortsjarv the long-term
increase in cellular chlorophyll content observed in autumn was much
smaller but still significant and covered the period from 1988 onward
during which the proportion of L. planctonica among dominants was
continuously increasing. In order to explain the increase of Chl a by
a deterioration of light conditions, the latter has to be shown. Besides
the underwater light climate calculations based on Secchi depth (Fig.
8A; II), also some other arguments suggest that light conditions have
changed over the years: (1) although it seems a circular argument, the
significant increase in Chl « itself (Fig. 7; IT) must have had an effect
on light conditions and, hence, the increase in Chl « could be caused
by self-shading of phytoplankton; (2) a comparison of historical beam
attenuation measurements from 1913 (Mihlen, 1918) with those from
2000 to 2001, Reinart & Noges (2004) found that the absorption at
453 nm has significantly increased and therefore amount of dissolved
organic matter in water may be higher nowadays than it was in the
beginning of century. Given the general “browning” trends in many
lakes over the northern hemisphere (Jennings ez a/., 2010), an increase
of humic matter content in Vortsjirv over a longer period cannot be
excluded. An increase in water colour coinciding with high water levels in
1978-1979 has been suggested as the main cause for the eatlier switching
of phytoplankton dominants from Planktolyngbya limnetica (Lemm.)
J. Komarkova-Legnerova to Limnothrix redekei (Noges et al., 20104a;
Tuvikene ez al., 2010); (3) chemical oxygen demand (CODMn), a common
proxy for dissolved organic matter (IDOM), was significantly lower in the
period 1968-1977 compared with that in 1998-2008 and had a highly
significant increasing trend within both periods (Tuvikene ez a/., 2010).
Potassium permanganate, a much milder oxidizer compared to the more
often used potassium dichromate, is highly sensitive to variations in
dissolved organic matter, including humic substances (Xia ez al., 2005).
A correlations analysis between limnological variables in 102 Estonian
lakes (Milius & Starast, 1999) found the strongest correlation among all
analysed 14 variables between CODMn and water colour (r = 0.97) that
allows using CODMn as a proxy for water colour. As a conclusion, an
increase in Chl  and a decrease in chlorophyll specific production rate
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in response to deteriorated light conditions is the most likely explanation
to the different long-term trends in modelled and measured PP.
Figure 7 (II) shows that in the long-term, there was a breaking point
in the trend of the Chl # series in the beginning of 1990s and that the
biggest increase in Chl @ has taken place in autumn. A comparison of these
changes with the biomass dynamics of Lannothrix planctonica in Fig. 10 in
paper I (Noges ez al., 2004, updated) show a striking correspondence
suggesting strongly that the Chl # change was caused by the emerging
new dominant. Both Limnothrix species are considered true shade tolerants
(Chomerat ¢f al., 2007; Padisa’k ez al., 2009) and occupy generally a similar
niche in turbid polymictic lakes. Both species contain besides chlorophylls
also phycocyanin, an additional photosynthetic pigment that has been
shown as one of the main advantages in cyanobacteria in competition for
light in turbid environments (Tilzer, 1987). The only major autecological
difference between the two species in Vortsjarv was expressed in their
different seasonality and this may be the key to the observed inconsistency
between Chl « and PP changes. The biomass of L. planctonica increases
steadily during the vegetation period and, in the absence of major loss
mechanisms, builds up a considerable standing stock by autumn. This
standing stock is characterised by high Chl # which simulates a higher
modelled PP for this period as seasonal or species specific differences in
chlorophyll specific productivity are not included in PP model. It leads to
some change of the specific absorption coefficients of the phytoplankton
that was not taken into account in the model, which used the algorithm
by Bricaud ez /. (1995). The late autumn biomass was characterised also
by higher cellular chlorophyll content that explains the positive trend in
Chl a/B ratio over the period when the proportion of L. lanktonica
increased in the phytoplankton community, i.e. since the early 1990s.
This smooth succession of dominants could explain the absence of any
significant trend in annual PP values. Still the question remains, what
caused the succession between the two Lzznothrix species. Resource
limited conditions favour the species which has even a small advantage
in exploiting the limiting resource. Building up a higher biomass by
extending the growth period towards autumn may be a clear advantage in
light-limited conditions. The earlier dominant and present subdominant
L. redekei reaches its biomass peak in June but in summer its gas vacuoles
collapse and the cells autolyse. The regular collapse of gas vacuoles in
L. redekei in summer is a very common phenomenon not only in Vortsjirv
but has been mentioned also for Edebergsee, where trichomes with no
or only small gas vacuoles dominated at high light intensities (Meffert &
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Krambeck, 1977). Such collapse has not been described in L. planctonica,
which has much smaller gas vacuoles per se. A study of the filament
length structure in the two Lzznothrix species (Noges, 1999) suggested the
selective sedimentation of longer filaments of L. redekes with collapsed gas
vacuoles as the main loss factor of this species in summer. A CCA analysis
for 44-year data on species composition and environmental variables
(Noges et al., 2010a) showed that in Vortsjarv L. redekei was favoured by
increasing water level and L. planktonica by increasing temperatures in
summer and autumn. Trend analysis for the period 1961-2004 (Noges,
2009) revealed a highly significant (P > 0.01) upward trend for water
temperature in August with a significant (P > 0.05) stepwise increase
in 1989. Hence, we suppose that the initial breakthrough of Limnothrix
species in early 1980s was caused by the sudden deterioration of light
conditions following a water level increase in 1978/1979 (Noges & Jarvet,
1995; Noges e al., 2010a; Tuvikene ez al., 2010) while the consequent
gradual increase of the proportion of L. planktonica could be more related
to the late summer warming trend.

5.2.4. Primary productivity of Lake Vortsjirv in the global scale

In the global context, Vortsjirv occupies by its annual primary production
a medium position among the World lakes for which data on PP were
available for us (Table 3; Fig. 9; IT). Annual areal PP of Vortsjirv is very
close to that of the other large and shallow lake close by, Lake Peipsi,
but is also similar to the PP of much deeper large temperate lakes, such
as Erie and Ontario. According to the data presented in Table 3 (II), the
annual PP of 63 World’s lakes was significantly negatively correlated with
latitude (R* = 0.23, n = 63, P > 0.001). The strong effect of latitude (Lat)
on lake productivity was stressed also by Hiakanson & Boulion (2002)
and Boulion (2003). These researchers showed a strong and significant
decrease in phytoplankton primary production with increasing Lat, a
relationship that could be successfully used to predict PP of inland waters.
They found that 60% of the variation of annual PP could be explained
by Lat according to linear equation: PP = -130 * Lat + 8453 and even
74% using the exponential equation: PP = 647461 * exp(-4.29 * TranLat)
where TranLat = (90/(90 - Lat))"°. Data presented in Table 3 (II) showed
somewhat weaker relationship also with the transformed values (R* = 0.36,
n = 63, P > 0.001). Annual PP of Lake Vortsjirv calculated according
to the above described formulae of Hikanson & Boulion (2002) and
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Boulion (2003) on the basis of Lat and TranLat gave the corresponding
values of 880 and 480, which overestimate the real PP in the lake fourfold
and twice, accordingly. Basing on this simple comparison, it is evident
that besides global large-scale estimations, the direct measurements and
local modelling are indispensable to calculate the carbon budget and to
understand lake metabolism. Figure 9 in paper IT shows, however, that
Vortsjarv is located rather close to the nutrient-saturated production
boundary determined by Lat, where light limitation has the leading role.
Theoretically, its productivity could increase if the relative proportion of
chlorophyll among optically active substances (Chl 4, yellow substance and
suspended solids) would increase. On average, these three components
account almost equally for light attenuation in Vortsjarv (Noges, 2000).

5.3. Fluxes of carbon and nutrients in the
catchment-lake system of Vortsjirv

Already in the first hydrochemical comprehensive study of Estonian
water bodies by Simm (1975) it was shown that in our streams the content
of inorganic substances is relatively high and the amount of dissolved
organic matter never exceeds it. Because of the calcareous bedrock, the
continuously high dissolved inorganic carbon (DIC) concentration is a
characteristic feature of Estonian river waters. In the outflow of Lake
Vortsjarv, the mean concentration of inorganic carbon was twice as high
and in the inflows even 2.5 to 3.5 times higher as that of organic carbon
(Table 2; III). In the outflow of Vortsjirv, the Emajogi River, nutrient
and DIC concentrations were generally lower than in the inflows. Among
the inflows of Vortsjirv the lowest dissolved (DOC) and total organic
carbon (TOC) concentrations were found in the Tarvastu River and the
highest values occurred mostly in the Tanassilma River. The Ténassilma
River was the richest in phosphorus and the Tarvastu River, in nitrogen
(Table 2; III). In the rivers the concentrations of TN and Si were higher
in winter and lower in summer. The concentrations of TOC and DOC
were higher from June to January and lower from February to June.
The seasonal dynamics of DIC was quite indistinct except for a sharp
decrease after ice breaks — a phenomenon characteristic of all rivers
(Fig. 3; III). In 2008 the annual water discharge of the four inflows
exceeded the outflow while in 2009 the outflow was higher than the
inflows. A similar situation was observed for all studied substances (Table
3; IIT). In 2008, 21 400 t of TOC, 40 360 t of DIC, and 19 900 t of
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DOC entered the lake via the four studied rivers. In 2009 the respective
amounts were much lower, 18 300 t, 35 300 t, and 15 200 t. Similarly,
in 2008 the incoming amounts of nutrients were higher, 2270 t of TN,
49 t of TP, and 2500 t of Si, while in 2009 the respective amounts were
1500 t, 44 t, and 2400 t. Data from 2008 showed that the inflow of water
and the studied substances from the four main rivers alone were higher
than the respective amounts carried out of the lake. In 2009 the outflow
of water exceeded the inflow and this was also the case with TOC, DIC,
and DOC. However, the incoming load of nutrients was continuously
higher than the load of outgoing nutrients (Fig. 5; IIT).

The correlations between water discharge and loadings of substances
were stronger than between concentrations and loadings (Table 4; IIT).
In some cases, correlations between loadings and concentrations were
nonsignificant or even negative as in the case of DIC in the inflows.
There were significant negative correlations (from — 0.6 to — 0.84) also
between DIC concentrations and water discharges in the inflows. We
found strong positive correlations (>0.66) between water discharge
and nitrogen concentration. Correlations between water discharge and
phosphorus concentration were positive for some inflows, negative for
some, and non-significant for some.

The concentrations of TOC and DOC in the river system studied by us
were higher than those reported from a lotic system in Canada (Finlay
¢t al., 2010), from some streams in Germany (Sachse ez 2/, 2005), and from
lakes and rivers of Finland (Rantakari e# a/., 2004; Mattsson e# al., 2007)
and Poland (Siepak, 1999). Higher DOC concentrations were reported
in the streams from draining peatland systems in Scotland (Dawson
et al, 2004); however, a different determination method was used. The
concentration of DIC varied more in our study compared with the study
by Finlay ez /. (2010). The loads of DOC into Lake Vortsjirv via the four
main inflows estimated for the period 1990 — 2002 were 1320 — 4934 ¢y
(Tamm e al., 2008). Differences between our results and those reported
by Tamm ez al. (2008) are due to different estimation methods used. We
calculated the carbon load directly from carbon content, which is a far
more exact method than deriving it from the chemical oxygen demand.
According to our calculations, DOC loading was more than four times
higher than reported previously. However, the concentrations of TOC
and DOC in our study may be overestimated. In the analysis we used the
difference method of Dr. Lange TOC cuvette test and not the purging
method (Kraatz & Wochnik, 1998). The used method presumes that TIC
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concentration is smaller than TOC concentration while in our samples
TIC concentrations were higher than the respective TOC concentrations.
There is an assumption that total carbon analysis may overestimate the
organic carbon content in fresh waters in the presence of high DIC
(Findlay e al., 2010). In 1995 the estimated annual loadings of Vortsjirv
were 1930 t of N and 57 t of P (Noges e al., 1998) and the annual mean
values for 23 years (1980—2002) were 2752 t and 78 t, respectively (Jarvet,
2004a). In 1995, 986 t of N and 44 t of P were discharged from Lake
Vortsjarv via the outflow (Noges e al., 1998) and the respective values
for the 23-year period were 1729 t and 39 t (Jarvet, 2004a). Our results
are in good accordance with the findings by Noges ez a/. (1998) but show
somewhat lower figures than those reported by Jirvet (2004a). Here we
have to consider the fact that there was a downward trend in the nutrient
loadings and concentrations during two last decades (Jarvet, 2004a; lital
¢t al., 2010). In line with earlier findings (Noges ez al., 1998; Jarvet, 2004a),
Vortsjarv accumulated nutrients. We found that also Si has been retained
in the lake as in both years the inflow of all N, P, and Si from the four
tributaries exceeded their outflow.

Several studies have estimated only the concentrations of nutrients
and DOC in stream water, without taking intro account the hydrology
(Bernot ez al., 2006; Eimers et al., 2008; Goodale ¢z al., 2009; lital ez al.,
2010). Discharge, however, is the primary factor determining the fluxes
of nutrients and different carbon fractions into lakes. In 2008, when the
discharge was 12.5% higher compared to 2009, all studied fluxes were also
higher: TOC, 15%; DIC, 13%; DOC, 26%; TN, 34%; TP, 8%, and Si, 5%.
Our findings are consistent with those of Pastor ez a/. (2003) and Eimers
et al. (2008), who showed that changes in stream flow have an essential
impact on concentrations of chemical substances such as DOC. Like in
hard-water lakes in Canada (Finlay ez a/,, 2010), hydrologic inputs seem
to play a more important part in carbon fluxes than lake metabolism. It
was shown that in Finland weather-driven fluctuation in discharge is the
main reason for changes in nitrogen and phosphorus fluxes (Vuorenmaa
et al., 2002; Birlund ez al., 2009). Noges e al. (1998) pointed out that the
seasonal dynamics of the load of nutrients (N and P) from the catchment
of Vortsjirv depends on the hydrological load rather than on changes in
nutrient concentrations. Also the load of Si is strongly linked to water
discharge in the catchment of Vortsjarv (Noges ef al., 2008). The years
2008 and 2009 were different in respect of the hydrological regime of
Lake Vortsjiarv (Figs 2 and 4; III). In 2008, the outflow accounted for
only 91% of the four main inflows and water accumulated in the lake. In
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2009, the respective figure was 130%, indicating that more water flowed
out of the lake than entered it. The length of the ice-free period in the
two years was also different. In 2008, Vortsjirv froze only for a short
period in January, while in 2009 the permanent ice cover lasted until late
March. The difference between the inflow and outflow in late winter and
early spring was positive in 2008 but negative in 2009 (Fig. 4; III). In
the warm season differences in the discharges between the study years
were not so distinct. The difference was negative from May to August in
2008 and from May to September in 2009. This is in good concordance
with the annual mean water balance for Lake Vortsjirv, which is negative
for February, May, June, July, August, and September and positive for
the remaining six months (Jarvet, 2004b). As the discharge was the
more important component of the loading, it is clear why the fluxes of
substances differed between the study years.

5.4. Global analysis of the regulation
of phosphorus retention in lakes

Lake Vortsjirv is a highly eutrophic lake that receives nutrients from
the catchment area mainly via four main rivers. The nutrient transport
of each river reflects specific land use activities within the catchment;
meteorological and hydrological conditions, and biogeochemical processes
occurring in the soil, sediment and surface water. The results our ealrier
unpublished study showed that the annual P runoff into Vortsjirv
decreased significantly from 1990s.

Our analysis (IV) based on the data from 54 lakes and reservoirs
in different climate regions around the world revealed that on
average the natural lakes retained 47 + 28 (SD) % and the reservoirs
42 £ 22 (SD) % of external phosphorus loading. There was no statistically
significant difference between these mean R, values, so we treated lakes
and reservoirs together in our analysis. Phosphorus retention ca 28% in
large and shallow Vortsjarv that has very small relative depth remains
far below of the average level of this dataset (IV).

We also partially confirmed our hypothesis that waterbodies with greater
relative depth retain more external phosphorus than waterbodies with
lower relative depth, though this was corroborated only in waterbodies
that had either quite large surface areas (> 25 km2, Fig. 5B; IV) or short
hydraulic turnover times (<0.3 year, Fig. 6A; IV).
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CONCLUSIONS

A sinusoidal model fitted to primary production and respiration
(R) seasonality of Lake Vortsjiarv showed that the metabolism
of this lake switches between autotrophic and heterotrophic
types. The autotrophic period starting from early spring lasts
until August or September whereas during the rest of the
year heterotrophy prevails. On an annual basis, gross primary
production (GPP) of the pelagic part of Vortsjirv is balanced
or slightly exceeds R showing that from the CO, emission
point of view, the lake can be considered carbon neutral (I).

In Vortsjarv community respiration lagged behind GPP by
about two weeks which could be explained by the bulk of
the phytoplankton biomass accounted for by filamentous
cyanobacteria that were inedible for zooplankton, which
resulted in increased cyanobacteria biomass over the season,
and also by increasing sediment resuspension with decreasing
water levels towards autumn (I).

Stronger stimulating effect of temperature on R compared
to GPP suggests that climate warming is likely to support
heterotrophy in Vortsjirv (I).

In a set of 41 lakes, Vortsjirv followed the general relationships
between morphometric and metabolic variables and was never
among the outliers. The analysis supported earlier findings
about declining GPP and R with increasing lake depth but
also revealed a highly significant trend of larger lakes being
more autotrophic (I).

According to the long-term mean annual primary production
(PP) of 208 g C m™ Vortsjirv is located rather close to the
nutrient-saturated production boundary determined by latitude
where light limitation has the leading role. This assignment is
supported by the phytoplankton composition dominated by
eutrophic highly shade tolerant cyanobacteria species from
the genus Limnothrix (II).

The semi-empirical primary production model based
on continuous irradiance (PAR) measurements and
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10.

interpolated values for chlorophyll a (Chl @) concentration
and light attenuation coefficient simulated sufficiently well
the interannual changes in PP (II).

Increasing trend in the long-term modelled PP (induced by
increasing Chl ) was not supported by measured PP. This
controversy can be explained by an adaptive increase in
the cellular Chl « content in phytoplankton in response to
deteriorated light conditions, and the change of dominating
species from Limnothrix redekei to L. planctonica, the lower
chlorophyll specific productivity of which is not taken into
account in the model (II).

Lake Vortsjirv accumulated nutrients (nitrogen, phosphorus,
and silicon) irrespective of the positive or negative water
budget. When lake is gathering water, it also accumulates
carbon, while in years of negative water budget Vortsjarv
also leaks carbon through its outflow (III).

The smallest differences between the incoming and outgoing
nutrient and carbon fluxes occurred in the low water periods
in summer and winter (IIT).

Our analysis based on the data from 54 lakes and reservoirs
in different climate regions around the world revealed that
phosphorus retention (R,) in large and shallow Vortsjirv (ca
28%) was below the average R, in this set of the lakes (46%0)
(IV).
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