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INTRODUCTION

External nutrient loading is a permanently acting factor, which
determines the water quality of a water body (Rumyantsev ez a/, 2000;
Kondratyev, 2011). Large amounts of nutrients that enter a water body
are found in the biota, which snfer alia includes plankton, macrophytes,
fish, and contribute to the pool of recyclable nutrients. Generally, the
sedimentation represents a net loss of nutrients from the water column,
and these nutrients can be found in sediments. Hence, a steady increase
in biological production and decrease in lake depth over long time
scales could be expected (i.e., natural successional process or ontogeny;
Battarbee ¢7 al., 2005; Smith e7 al., 2006). However, it is external nutrient
loading from human sources (point and nonpoint) that typically results
in rapid increases in the rate of biological production and creates a wide
range of undesirable water quality problems in ecosystems (i.e., cultural
eutrophication or eutrophication; Battarbee et 4/, 2005; Smith et a/,
2000).

Finding ways to improve water quality in lakes that undergo cultural
eutrophication is considered to be one of the biggest challenges water
managers across the world have to face (Spears eza/, 2013). The problem is
reinforced by the fact that lakes may respond very slowly to the reduction
in external nutrient loading due to re-equilibration processes. For P, a
new state of equilibrium can be reached after 10-15 years (Jeppesen ez al.,
2005). During the period of recovery, sediment P that has accumulated
over periods of high external loading is released into the overlying water
column (Sas, 1989; Jeppesen ez al., 1991; Welch & Cooke, 1995; Granéli,
1999; Spears et al., 2012). Even in lakes that undergo no changes in
external loading, internal P loading can be the principal component of P
supply at maximal pelagic primary productivity during summer, as long
as the lake water stays turbid and eutrophic (Istvanovics ez al, 2004;
Sendergaard e7 al., 2013). Therefore, lake restoration that impacts upon
the retention capacity during summer might be needed over and above
that of a decrease in external loading (Sendergaard ez a/, 2013).

Wind-induced sediment resuspension may noticeably increase P release
via translocation of the sediment particles into the water column

(Sendergaard e al, 1992; Ekholm ez al, 1997). In fact, the effect of
sediment resuspension on P availability depends on the characteristics
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of the lake water, into which the sediment is stirred, and upon of the
sediments themselves. Nevertheless, high concentrations of TP and SS
in the water column have often been observed to associate with the
high rates of sediment resuspension (Kristensen ez al, 1992; Havens
et al., 2007; Niemisté & Horppila, 2007; James ez al., 2009; Huang &
Liu, 2009). Moreover, internal TP loading due to sediment resuspension
can exceed the external loading of this nutrient (Havens ef a/, 2007,
Niemisto e al., 2012). As a natural process, sediment resuspension has a
continuous impact on lake ecosystems, which occurs over long periods
of time (Weyhenmeyer, 1998). At the same time, nutrient enrichment
from human activities can significantly modify the amounts of material
that can be resuspended.

Given the projected changes of climate (IPCC, 2007), increasing
attention has been recently paid to the responses of ecosystems to
weather—related events (Pettersson ef al, 2010; Jennings ez al, 2012).
The levels of nutrient concentrations in lakes are influenced by many
weather factors, some of which may obscure and others amplify the
eutrophication processes. Generally, climate change has been thought
to intensify eutrophication symptoms through increasing the supply and
the internal recycling of nutrients (Jeppesen ez al, 2009, 2011; Moss e?
al., 2011).

Large lakes, which extend over areas of more than 10 km* (European
Parliament, 2000) and provide a wide range of services to society, are
unique ecosystems (Tilzer & Bossard, 1992; Noges ez al, 2007; May &
Spears, 2012). There are three main criteria that distinguish large lakes
from their smaller counterparts: 1) physically distinctive littoral and
pelagic zones; 2) a greater mixing depth; 3) the formation of areas with
different physical structures that cause patchiness in biological processes
(Tilzer & Bossard, 1992).

An understanding of the factors driving the water quality in the large
lakes, particularly those related to key elements of eutrophication such
as P, is critical to the protection and management of these waterbodies.
An essential body of information about such factors has been collated
and encompassed under the present study. This study is based on the
analysis of both short-term and long-term data that were collected mainly
from the large and shallow Lake Peipsi. High P concentration has been
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thought to be the main reason for the degradation of the water quality in
the shallow and eutrophic Lake Peipsi. The contribution of the riverine
nutrient loading (I), sediment resuspension (III) and weather factors
(ITI, IV) to the water quality has been ascertained. The Enonselki basin
of the large and shallow Lake Vesijarvi, which had been undergoing
eutrophication, was successfully restored in the 1990s by the reduction
in external nutrient loading and the efficient removal of fish. However,
recurring signs of the deterioration of the water quality triggered further
investigations of the gross sedimentation and sediment resuspension,
since changes in these bottom processes could be a causative factor (II).
Large and shallow lakes are expected to be particularly influenced by
the sediment resuspension (Bachmann e a/., 2000; Havens ez al, 2007,
Kelderman e al, 2012), but there is lack of empirical studies due to
the complexity of the measurements under field conditions. Therefore,
in-field measurements of sediment resuspension carried out in Lake
Peipsi for the first time contribute to the overall knowledge on unique
ecosystems, specifically large and shallow lakes.

To elucidate the relationship between catchment and the water quality in
Lake Peipsi, the transport of N and P via the main Estonian inflows to
Lake Peipsi sensu stricto was quantified for the years 1992-2007 inclusive.
These measurements enabled comparisons to be made with the
estimations of different researchers for the earlier years. Data obtained
on the major inflow were used to estimate the effect of the riverine
nutrient load on the in-lake nutrient concentrations (I). Sediment traps
were exposed to examine the temporal and spatial variations of gross
sedimentation and sediment resuspension in the Enonselkd basin of
Vesijirvi (from May to November in 2009; IT) and also in Lake Peipsi
(from May to October in 2011; III). Subsequently, the factors that
controlled these variations and the impacts of the sediment resuspension
were analyzed. In Enonselka, the effect of sediment resuspension (gross
sedimentation) on the water turbidity was investigated, and the internal
loading of SS was assessed (II). The relationships between sediment
resuspension and the concentrations of SS, TP and SRP in Lake Peipsi
were studied (IIT). Moreover, the internal loading of TP due to sediment
resuspension was determined (III). Additionally, the effect of T, L, V
and Vmax on the water quality variables was analyzed (IIT). A similar
method was applied for the long-term series of Lake Peipsi in order
to ascertain the contribution of the weather factors to the variations
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of TP concentrations (IV). These factors included T, L, V, Vmax, and
PAR, which are directly or indirectly related to weather and defined as
“weather factors” for practical purposes. Additionally, the sensitivity of
TP anomalies to each of the studied weather factors was quantitatively

estimated.
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1. REVIEW OF LITERATURE

1.1. Relationship between the catchment processes and the lake
water quality

The trophic conditions of lakes are largely determined by the processes
that occur in their respective catchment areas (Wetzel, 2001). Thus,
increasing inputs of P and N from a number of anthropogenic sources
have led to the Earth’s most widespread water quality problem, called
cultural eutrophication (Schindler, 2006, 2012; Moss et al, 2011).
However, the relatively rapid deterioration in water quality in response
to increased emissions from industrial and municipal point sources
and intensive agriculture does not automatically entail an equally rapid
improvement to decreased emissions (Grimvall ¢f a/, 2000).

The point source nutrient inputs to freshwaters have been successfully
reduced in many countries worldwide, but improvements in water quality
were in many cases attenuated, nullified or even reversed by nutrient
losses from diffuse sources (Kronvang ez al, 2005). Generally, the
hydrologically driven and therefore episodic and seasonal diffuse sources
are more difficult to control, compared with the more continuous,
concentrated and bioavailable P discharges from discrete point sources
(Edwards & Withers, 2007; Withers & Jarvie, 2008). However, even
large reductions in agricultural inputs in Eastern Europe following the
collapse of the Soviet Union have led to slow and limited declines in
nutrient levels in many rivers, particularly, in medium-sized and large
catchments (Grimvall ez a/, 2000; Stalnacke ef al, 2003, 2004). In the
case of N, the resilience to reductions in N applications was explained
by high groundwater nitrate concentrations resulting from previous
heavy use of fertilizers. For P, despite a decline since the 1980s, the
proportion of soils well supplied with P still remains quite high (varying
from 10 to 50% between countries) in Central and Eastern European
countries (Csatho ez al, 2007), and large accumulations of P will take
time to leach out. Long-term improvement in water quality was thought
to be achieved only by reducing diffuse P losses from agriculture in
these countries. However, “P legacy”, or the stores of P along the land-
freshwater continuum from past management activities (Kleinman ef .,
2011), has also been recognized as a priority concern in many other areas
of the world (Jarvie e al., 2013; Sharpley et al., 2013).
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Spatial variations in nutrient losses to water are usually attributed to
differences in climate, soil, hydrological conditions and agricultural
production (Kronvang ez al, 2007; Ulén et al., 2007). The scale of study
also has to be considered. Small catchments include the main processes
that govern P mobilization, source areas and hydrological pathways
(Kronvang ez al., 2007). Larger catchments include also buffers such as
lakes, reservoirs being, therefore, more prone than small catchments to
P transformation and retention processes in surface waters (Kronvang
et al., 2007).

Climatic conditions may overshadow the effect of changes in the
anthropogenic nutrient supply on water quality. For example, Grimvall
et al. (2000) demonstrated that a dry summer and autumn, as that which
occurred in Denmark in 1992, followed by an exceptionally wet winter
flushed nitrates from soil to water. Moreover, a long period of dry
weather (1995-1996) led to a substantial decline in both the amount of
nutrient transported to water and the concentration of the nutrient in
the receiving waters. Owing to higher runoff and increased non-point
loss of both N and P from agricultural areas, the total riverine loading of
nutrients into Danish freshwaters has not decreased during the period
following the implementation of the nutrient reduction management
measures (Kronvang ez al, 2005). Furthermore, climate change is
generally expected to increase the mobilization of nutrients in the future
(Jeppesen et al., 2009, 2011; Moss e# al., 2011).

The delay in response of lake water quality to reduced external nutrient
loading has also been well documented. A review of 35 case studies
showed that in-lake TN concentration responded to the decrease in TN
loading relatively rapidly i.e. <5 years (Jeppesen ef al., 2005). Decreasing
externalloading of TP reduced in-lake concentrations of the nutrient and
phytoplankton Chl 4, and also increased water clarity in most lakes, but
internal loading delayed the recovery for about 10-15 years (Jeppesen ez
al., 2005). The duration depends on the loading history and the capacity
of the sediments to retain P (Sendergaard ez o/, 2013). Biological factors
can also explain a delayed response to decreased external P loading, For
example, the probabilities of top-down control of the phytoplankton
will be reduced as long as there is a high predation pressure on the
zooplankton by the existing fish stock (Sendergaard, 2007). Moreover,
grazing by fish and birds can delay the reestablishment of submerged
macrophytes (Kohler ez al., 2005).
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Schindler (2012) emphasized that long-term, whole-ecosystem
experiments and case histories of lake recovery provide the only reliable
evidence for policies to reduce eutrophication. Numerous examples of
lake recovery globally, indicate the need for controlling P, because the long
periods of hysteresis were concluded to result from internal P loading,
high P in the catchment soils and slow recovery of fisheries (Schindler,
2012). Moss et al. (2013) suggested the restriction of phytoplankton
production by the severe control of just one nutrient, and for practical
ease, P is the best candidate. However, the effect of increased N loading
on macrophyte communities e.g. reduced plant diversity, changes in the
structure, loss of macrophyte communities, ensures the control of both
nutrients in shallow lakes and estuaries (Moss ¢# al., 2013). Nevertheless,
there is an increasing need to “close the human P cycle” given the two-
sided challenge of P sustainability, i.e., pollution on one hand, and
scarcity of P reserves on the other (Elser, 2012).

1.2. Internal nutrient loading

Lakes normally act as efficient nutrient traps in which much of the
external nutrient load is retained (Granéli, 1999). The majority of
N retained in lakes will be permanently removed via denitrification
(Seitzinger, 1988; Jensen ez al, 1990; Saunders & Kalff, 2001). Thus, in
terms of sediment-water exchange, and especially in the years after an
external nutrient loading reduction, the pool of accumulated P is of
major concern.

Contrary to a deep lake, sediment-released P in a shallow productive
lake readily enters the trophogenic zone during the growing season and
results in high concentrations in the lake water (Welch & Cooke, 1995;
Sendergaard ez al., 2003). In many shallow nutrient-rich lakes, therefore,
P concentrations in summer are considerably higher than in winter.
In winter the sediment has a significant capacity to retain P, owing to
lower temperatures, less sedimentation, reduced turnover of organic
matter and consequently lower oxygen and nitrate consumption (Jensen
& Andersen, 1992; Sondergaard ef al, 1999; Sendergaard, 2007). The
richer in nutrients the lake is, the relatively higher is the release from the
sediments during summer (Sendergaard ef a/., 2007, 2013). The release of
P from sediments, or internal P loading, has been shown to be particularly
pronounced during the first years after a reduction of external P loading
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(Sendergaard et al., 2005, 2013; Jeppesen ez al., 2005; Spears et al., 2012).
Further establishment of clear water conditions via biomanipulation or
enhanced abundances of submerged macrophytes can lead to decreased
P release during summer, and consequently improve the water quality.
Otherwise, P release is a permanent recurring phenomenon of shallow
eutrophic lakes during summer (Sondergaard ez a/, 2013).

The smooth changes in internal P loading can be regarded as a function
of different mobilization and transport mechanisms. The mobilization
has usually been related to anoxic conditions which trigger the reduction
of Fe(Il) to Fe(ll), resulting in the breakdown of Fe-P complexes
(Mortimer, 1941). Photosynthetically elevated pH can favour P liberation
from metal oxyhydroxides through ligand-exchange reactions (Andersen,
1975; Bostrom ez al., 1982; Koski-Vihild & Hartikainen, 2001; Niemisto
et al., 2012). Subsequent to being mobilized, P can be transported by
diffusion, gas ebullition or bioturbation. However, in wind-exposed
shallow lakes the most important transport mechanism is that of
sediment resuspension, which is characterized by significantly higher
fluctuations over temporal scales than the other transport mechanisms
(Sendergaard et al., 1992; Istvanovics et al., 2004; Havens et al., 2007).

1.2.1. Sediment resuspension as a mechanism of internal
phosphorus loading

Apart from the overall seasonal pattern, quantification of the internal
loading is confounded by episodic P release from the sediments
during resuspension events (Ekholm ez a/, 1997). Istvanovics e al.
(2004) emphasized the greater importance of studies on the sediment
resuspension dynamics with respect to P supply for phytoplankton,
compared to conventional studies on P mobilization and P release.
It is also noteworthy that sediment resuspension can influence the
whole ecosystem of a lake. Sediment resuspension may increase water
turbidity, and thus affect light penetration, nutrient fluxes, promoting
ultimately widespread and profound biological adjustments; e.g., the
phytoplankton and zooplankton community structure and abundance,
fish feeding, and growth of submerged macrophytes (Scheftfer, 1993;
Hamilton & Mitchell, 1996; Sendergaard ef al., 2001; Levine ez al., 2005;
De Vicente ¢z al., 2010).

17



Sediments are resuspended when bottom shear stress is sufficient to
disrupt the cohesion between the sediment particles and the forces
of gravity (Evans, 1994). This can be caused by wind-induced wave
disturbance, currents, turbulent fluctuations, seiches, intrusions of river
or groundwater, benthivorous fish or benthic animals (Weyhenmeyer,
1998; Niemisto, 2008). Sediment resuspension, usually represents the
majority of the total settling flux, can be therefore regarded as a natural
process with a continuous impact on lake ecosystems over long periods
of time (Weyhenmeyer, 1998). However, sediments can sometimes also
be disturbed by boat traffic (Weyhenmeyer, 1998).

Being a complex function of the wind speed, duration of disturbance,
effective lake fetch, sediment characteristics, and lake morphometry,
resuspension rates and also gross sedimentation rates are not constant
within a lake, but characterized by large temporal and spatial variations
(Hakanson & Jansson, 1983; Rosa, 1985; Evans, 1994; Weyhenmeyer
& Bloesch, 2001; Horppila & Niemistd, 2008). In shallow areas,
where sediments are often exposed to the wind-driven wave motions,
resuspension is greater than in deep areas (Bloesch, 1982; Evans,
1994). Near-bottom conditions in deep stratifying areas are favourable
for sediment accumulation (Hakanson & Jansson, 1983). Material
resuspended in shallower sites can be transported to these deeper areas:
such a phenomenon is called sediment focusing (Ohle, 1962; Likens &
Davis, 1975). However, considerable sediment resuspension can occur
in these areas of sediment accumulation due to internal seiches (Pierson
& Weyhenmeyer, 1994; Horppila & Niemisto, 2008).

Regardless of the mechanism behind the resuspension event, the effect
of resuspension on P cycling can be significant (Niemist6 ez a/., 2012).
Numerous studies include Lake Okeechobee (USA), Lake Taihu (China),
Lake Arreso (Denmark), Lake Kirkkojarvi (Finland) have demonstrated a
connection between high resuspension rates and high TP concentrations
of the lake water (Kristensen e# al., 1992; Havens et al., 2007; Niemisto
& Horppila, 2007; James ef al., 2009; Huang & Liu, 2009). Resuspension
events can enhance P release (Sendergaard e al, 1992; Koski-Vihild &
Hartikainen, 2001; De Vicente ¢z al., 2010), but P adsorption by particles
can also occur (Koski-Vihild & Hartikainen, 2000; De Vicente ef al.,
2010). For example, De Vicente ¢# a/. (2010) observed a different effect
of sediment resuspension on the concentrations of phosphates in two
adjacent shallow coastal lakes. Those authors attributed the differences
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to higher concentration of phosphates in water, as well as to more
abundant Fe oxyhydroxides and clay in the sediments of the lake in
which resuspended particles tended to remove phosphates from the
water column. However, the particles can lose their adsorption capacity
at high pH. This phenomenon is common in eutrophic lakes during
summer and was demonstrated in the Enonselka basin of Lake Vesijarvi
(Koski-Vihala ez al., 2001). Therefore, the resultant effect of sediment
resuspension on P availability depends on the characteristics of the
lake water, into which the sediment is mixed, and of the sediments
themselves. Resuspension can sometimes be regarded as a self-control
mechanism either removing P from the sediment column (De Vicente ef
al., 2010) or relaxing nutrient stresses (Istvanovics e al., 2004).

1.3. Weather conditions and the lake water quality

Recent studies on P have increasingly focused on the effects that year-
to-year variations in weather conditions have on both the supply and the
internal recycling of P (Pettersson ez al, 2010). It is noteworthy that these
effects depend strongly on lake type and local conditions (Blenckner,
2005; Dokulil e# al., 2010; Pettersson et al., 2010).

The significant effect of L fluctuations on P cycling has been addressed
in many studies, though the significance is strongly case dependent
resulting in positive (Havens, 1997; Havens e al, 2007) and negative
(Kristensen e al, 1992; Nagid ef al., 2001; Noges e al., 2003) effects.
Some lakes have demonstrated no changes in TP concentrations in
response to changes in L. (Hoyer e7 al., 2005; Garrison ¢t al., 2010). In the
large and shallow Lake Vortsjirv, more phosphates can be transferred
into the water column by wind-induced sediment resuspension at lower
L (Noges et al., 2003). At higher L in milder winters, significantly lower
phytoplankton biomass was associated with worse light conditions and
P availability and with the dominance of shade-tolerant filamentous
cyanobacteria, but no changes in external P loading, A significant
decrease in phytoplankton in wet conditions has been also related to
enhanced flushing events (Carvalho e7 a/, 2012), which are particularly
important for lakes with shorter residence times.

In the open area of the large and shallow waters of Lake Okeechobee,
higher TP concentrations of the water column at higher water levels
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have been explained by enhanced diffusion releases of P from sediments
during the calm summer season, and by higher sediment resuspension
during the windy winter season (Havens, 1997). Wind has been suggested
to be the main factor influencing year-to-year variations in pelagic TP in
Lake Okeechobee in addition to being clearly the main driving force
behind P dynamics over different (houtly, daily, and seasonal) time scales
(Havens ez al., 2007). Moreover, wind-induced sediment resuspension was
estimated to transport substantially higher amounts of P than diffusive
flux and external loading, when yearly data were analyzed. Similarly,
measurements in Lake Vortsjarv showed that the internal P loading on
one stormy day (in autumn, at extremely low L) was greater than the
annual external loading of this nutrient (N6ges & Kisand, 1999).

In addition to the influence of L, and wind activities on P cycling, the
contribution of T should be considered since this factor influences the
rate of all processes (chemical, physiological) in a lake (Sendergaard,
2007; Olrik ef al., 2012). T is commonly regarded as an important driver
of internal loading, through elevated microbial remineralization, the
resultant onset of anoxia, and increased diffusion rates (Sendergaard
et al., 2003; Spears et al., 2007, 2012). Thus, it is usually very difficult to
disentangle the particular impact of any individual factor for P dynamics
due to many other interacting inluences.
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2. AIMS OF THE STUDY

Lake Peipsi (Estonia/Russia) and Lake Vesijirvi (Finland) are examples
of the lakes that are undegoing eutrophication. Thus, it is of crucial
importance to understand the factors that contribute to the water
quality problems in these large lakes. In this study, the contribution of
riverine nutrient loads, sediment resuspension, and weather factors to
the variability of the water quality parameters has been examined. The
present study was mainly focused on the investigation into the dynamics
of P, since this nutrient has most often been regarded as the main reason
for the degradation of water quality.

This study aimed at the following objectives:

1) to explore the relationship between the catchment processes and the
water quality of the lake (I);

2) to elucidate the temporal and spatial variations of sediment
resuspension and gross sedimentation processes (I, ITI);

3) to determine the internal loading of TP and SS due to sediment
resuspension (1L, IIT) ;

4) to assess the water quality implications of sediment resuspension (I1,
III);

5) to estimate the effect of weather conditions on a) TP concentrations
using long-term datasets and by using advanced statistical methods (IV);
b) sediment resuspension and associated water quality variables using
the data collected during short-term in-field measurements analyzed by
advanced statistical methods (ITI).

The following hypotheses were tested:

1) There is a delay in the response of the lake water quality to the changes
in the nutrient loads.

2) The sediment resuspension of the shallow areas controls SS
concentrations and water turbidity in the entire Enonselka basin (the
most eutrophic basin of Lake Vesijarvi).

3)In Lake Peipsi, sediment resuspension is a factor sustaining
eutrophication.

4) TP anomalies (deviation of observed values from those predicted by
the year, the day of the year, and geographical coordinates, which are
fixed by study design) are caused by episodic weather conditions.

21



3. MATERIALS AND METHODS

3.1. Study areas
3.1.1. Lake Peipsi

Lake Peipsi (surface area 3555 km?) is the main study subject of this
thesis (I, ITI, IV). It is located on the border between Estonia and Russia
(Fig. 1). Lake Peipsi is the fourth largest lake in Europe and it extends
in the meridional direction for more than 150 km. The lake consists
of three parts with a water residence time of about two years (Jaani ez
al., 2008). The three parts differ in morphometry, hydrology, trophic
state, and composition of biota (Kangur & Mols, 2008). The northern
part, Lake Peipsi sensu stricto (Peipsi s.5.), is larger and deeper (2611 km?;
mean depth 8.3 m) than the southern parts, called Lake Lammijirv
(236 km?* mean depth 2.6 m) and Lake Pihkva (708 km?* mean depth
3.8 m). Nevertheless, the greatest depth (15.3 m) of Lake Peipsi has
been measured in Lake Limmijirv. According to the OECD (1982)
classification, the existing conditions characterize Lake Peipsi s.5. as a
eutrophic water body, whereas the trophic status of Lake Lammijarv
is close to hypertrophic and Lake Pihkva is regarded as a hypertrophic
basin (Kangur & Mols, 2008).

The majority of nutrients are carried into the lake by the rivers of
Velikaya and Emajogi: their catchment areas (25200 km? and 9740 km?,
respectively) cover almost 80% of the total drainage basin of Lake Peipsi
(Loigu et al., 2008). The catchment area is shared between Russia (58%0),
Estonia (34%) and the remaining 8% by Latvia and Belarus (Fig, 1; Jaani,
2001). The main land cover classes are forests (61%) and agricultural land
(28%; Mourad, 2008). The rest of the land cover consists of peat bogs
and builtup area. Major towns are Pskov in Russia (204 181 inhabitants;
source World Gazetteer, 2013) and Tartu in Estonia (97 117 inhabitants;
source Statistical Office of Estonia, 2013).
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Figure 1. Location of Lake Vesijirvi (top) and Lake Peipsi (bottom; the
catchment areas and all basins of the lakes are shown).

In the ice-free period (April till November), the temperature stratification
is unstable, and the lake is usually rich in oxygen. The lake has undergone
considerable natural fluctuations in water level: 3.04 m range over the
last 80 years, and 1.5 m annual mean (Jaani ez a/., 2008).

The sediment resuspension and gross sedimentation study was
conducted in Lake Peipsi s.5. and in Lake Limmijarv (IIT). Punning e#
al. (2009) discerned three areas of surface sediments in Lake Peipsi s..:
1) the accumulation area is marked by finely-grained sediments that
generally coincide with depth contours of 8 m; 2) the transportation
area is marked by mixed sediments of silty sands; 3) the erosion area
is marked by coarse-grained sediments, mainly sands that occur in the
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near-shore area and in the southern part of the lake. Those data that do
exist on Lake Lammijirv are contradictory, due to the lack of studies
and the complicated character of the lake bottom that is largely affected
by the water currents (Raukas, 2008).

3.1.2. Lake Vesijirvi

Lake Vesijirvi (110 km?) in southern Finland (61°01°N, 25°35E; Fig. 1)
comptises four basins. The study area (II), Enonselka basin (atea 26 km?,
mean depth 6.8 m, max. depth 33 m) with a water residence time of over
5 years, is the most eutrophic of the basins. It was severely eutrophic
in the past due to urban sewage pollution. The basin started to recover
after the sewage was diverted in 1976. However, cyanobacterial blooms
persisted, atleast partially due to roach [Rutzlus rutilus (L.)] stock-mediated
internal nutrient loading (Keto & Tallberg, 2000). Following the large-
scale biomanipulation in the 1989-1993 period, which involved the mass
removal of fish, the basin changed from a highly eutrophic and turbid
ecosystem to a mesotrophic one, with clearer water (Koski-Vihala ez al.,
2000). However, in the late 1990s new signs of deterioration, such as
higher turbidity, were detected. Hypolimnetic oxygen deficiency during
stratification was found to have increased in the 2000s, which reached a
depth of 7-10 m in 2002. In addition, cyanobacteria were again observed
to bloom (Nykinen ef al., 2010).

3.2. Sampling and data collecting
3.2.1. External loading of nutrients

In article I, the external loads of TN and TP from the rivers inflowing
into Lake Peipsi s.s. were estimated according to the method, described
by Jarvet (2001) and Jones (2007):

K" (C.O)—
Load = MQV , where
Zi:l Qi

K is conversion factor that takes account of the period of record, is
actual concentration at that instant for the relevant individual sample
(mg I'"), is instantaneous rate of discharge at time of sampling (m’s™),
n is the number of samples, is the mean discharge for the particular
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petiod of recording (m® s™). Observed monthly concentrations of the
nutrients and mean monthly values of the river water flow were used for
the calculation of nutrient flow weighted concentration, C (Jarvet, 2001;
Johnes, 2007):

o KXL€Q)
Z:lzl Qi

In those cases where the site of the water sampling did not coincide
with the gauging station, the water discharge for the sampling site was
calculated on the basis of the proportions of the catchment areas (e.g.,
Sileika et al., 20006). The loads calculated for the water quality sampling
sites were interpolated to the mouths of the studied rivers.

To compare nutrient export among basins, the annual export coefficients
were calculated by dividing the annual load value by the catchment area
size of the specified river.

Water quality data of the Estonian rivers discharging into Lake Peipsi s.5.
were gathered under the auspices of the Estonian national monitoring
programme from 1992 to 2007, whereby sampling occurred mainly
on a monthly basis. These data were obtained from the Estonian
Environment Information Centre. Data on mean daily discharges in the
studied rivers were obtained from the Estonian Institute of Meteorology
and Hydrology.

3.2.2. Gross sedimentation and sediment resuspension

Gross sedimentation and sediment resuspension were quantified with
the aid of cylindrical sediment traps (Fig. 2) from May to November
2009 at five sampling sites in the Enonselki basin (trap locations: Fig, 1
in IT), and from May to October 2011 at five sampling sites in Lake Peipsi
(trap locations: Fig. 1 B, C in ITI). The traps were designed (plastic tubes,
of 5.4 cm in diameter, 41 cm in height in Lake Vesijirvi (II); 4.4 cm in
diameter, and 44 cm in height in Lake Peipsi (ITT) to be suitable for lake
conditions and to avoid overtrapping and undertrapping of particulate
matter (Bloesch & Burns, 1980). The exposure time of the traps (14-
21 day intervals in II, 14-day intervals in IIT) was also within the limits
recommended for experiments on settling fluxes for organic material
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(Bloesch & Burns, 1980). Each sediment trap was replicated four times
and all were deployed at 2 m above the bottom of the lake. Additionally,
sediment traps were placed just below the thermocline (at 10 m depth)
at stratifying deep stations (numbered 2 and 3) of the Enonselka basin.

In the laboratory, the contents of the traps were dried at 60 °C for
approximately 3 days to obtain their constant dry weights. The organic
fraction of the entrapped material was determined by loss-on-ignition
at 550 °C. In Lake Peipsi (III), surface sediment samples (top-most O -
1 cm) were collected by a HTH gravity corer (Pylonex Termokonsult,
Umed, Sweden) and the constant dry weights and loss-on-ignition were
obtained. Additionally, the samples for determing the concentration of
SS were collected using a 2-litre Van Dorn sampler. These samples were
filtered through a Whatman GF/C filter (pore size 1.2 pm) and analyzed
for dry weight and loss-on-ignition.
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Figure 2. Sediment traps were used in the Enonselkd basin of Lake
Vesijirvi and in Lake Peipsi to quantify the rates of gross sedimentation
and sediment resuspension (photo by Aivar Roomet).
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Since the inflow of allochthonous particulate matter into Lake Vesijarvi
is negligible (Koski-Vihila e al., 2000), the method of Weyhenmeyer
(1997) was used for determining the amount of resuspended sediment
in the settling flux (IT). In this method, it is assumed that the main
sources of settling particulate matter (SPM) are sediment resuspension
and new production. The rate of sediment resuspension is estimated by
establishing a linear regression between the settling particulate organic
matter (SPOM) and the settling particulate inorganic matter (SPIM):

SPOM = k * SPIM + intercept

The amount of resuspended particulate matter is calculated by:
R = SPM - intercept, where

R = rate of sediment resuspension,

the intercept of the SPOM/SPIM regression line designates the amount
of newly-produced suspended particulate organic matter;

and SPM = gross sedimentation, i.e., the sum of SPIM and SPOM

For Lake Peipsi (III), the rate of sediment resuspension (K) was
calculated according to Gasith (1975):

R S(fs _fT)

=5 ———= where

(fR_fT)

S = the gross sedimentation,

J; = the organic fraction of S (the entrapped sediment),

Jyx = the organic fraction of the surface sediment,

J; = the organic fraction of seston suspended in the water.

The method is applicable for shallow water bodies and is considered to
be reliable when the organic matter content of the bottom sediment is
different from that of suspended seston (Blomqvist & Hakanson, 1981).

3.2.3. Internal loading of suspended solids and total phosphorus
due to resuspension

In Lake Vesijirvi, the spatial loads of SS generated by resuspension were
calculated by applying the mean resuspension rates at the shallow and the
deep stations for the corresponding percentage of the total lake area (II).
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In Lake Peipsi, the internal loading of TP due to resuspension was
calculated by multiplying the mean rate of sediment resuspension by
the mean concentration of TP in the surface sediments (Horppila &
Nurminen, 2003; III). The concentration of TP was determined from
each surface sediment sample dried at 60 °C by an inductively coupled
plasma mass spectrometer after wet combustion with nitric acid and
hydrogen peroxide.

3.2.4. Lake water quality parameters

During each sediment trap exposure period in Lake Peipsi, water
samples were taken for the determination of SS, SRP, TP and Chl «
(ITT). These samples were collected using a 2 litre van Dorn sampler that
was hauled vertically down each metre of the water column beginning
at the water surface to ensure that integrated water samples were taken.
The samples for SS were filtered through a Whatman GF/C filter (pore
size 1.2 mm). The concentrations of TP and SRP were determined
using an ammonium molybdate spectrophotometric method (EVS-
ES 1189). The SRP samples were initially filtered through a Whatman
mixed cellulose ester filter (pore size 0.45 mm). The samples for Chl
were filtered through a Whatman GF/C filter (pore size 1.2 mm) and
analyzed spectrophotometrically after extraction with ethanol.

In Lake Vesijarvi (II), the vertical profiles of turbidity were obtained
by using a YSI-6600-V2 (YSI Corporation, Yellow Springs, OH, USA).
Turbidity was measured by a YSI 6136 turbidity sensor connected to
a YSI-6600-V2 sonde. The turbidity values obtained with the sensor
(NTU) had been previously calibrated against the concentration of
suspended solids resulting in a significant linear relationship (Boss ez al.,
2009; Holmroos e# al., 2009).

The long-term data on TP for Lake Peipsi (archived data sets of
the Center for Limnology) were used for the analyses in I and IV.
Additionally, data on TN in the lake water were examined side-by-side
with external loading of TN (I). Water samples for nutrient analysis were
collected monthly, predominantly in the ice-free period (from April-
May to October-November) of 1985-2010 period. The number of the
sampling sites varied markedly over the period. Since 1992, most of the
data were collected at six stations in the pelagic zone of the Estonian
side of Lake Peipsi, by Tartu Environmental Researches Ltd. In the
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earlier period (in the 1980s), samples were collected and analyzed at the
Institute of Zoology and Botany in Tartu. Since 2001, generally twice a
year, in March and in August joint Estonian - Russian expeditions on the
whole lake have been conducted. Seasonal (monthly) water samples for
TP and TN analysis have been obtained from the surface layer of 0.1—
1.0 m. TP has been determined in the water samples by the ammonium
molybdate spectrometric method (EVS-ES 1189). TN was determined
using the method of Koroleff (1979).

3.2.5. Data on wind, water temperature, water level,
photosynthetically active radiation

For Lake Peipsi, the long-term (for the years 1980-2010; IV) and
short-term data (for the year 2011; III) for the mean daily values of
L, T, V, and PAR; (only in IV), and on Vmax were obtained from the
Institute of Meteorology and Hydrology of the Estonian Ministry
of the Environment. L, T, V, Vmax measurements were taken at the
Mustvee hydrometric station of Lake Peipsi (58°50" N, 26°57" E). PAR
was measured at the Toravere Observatory (at ground level), which is
located at a distance of 50 km from the shore of Lake Peipsi. Data on
wind speed (maximum and mean daily values) and wind direction in the
area of the Enonselka basin for 2009 (II) were obtained from the Laune
meteorological station (Finnish Meteorological Institute) that is situated
3 km from the study area.

The vertical profiles of temperature and oxygen were obtained using
a YSI-6600-V2 and YSI-6620 (YSI Corporation, Yellow Springs, OH,
USA) at each station where sediment resuspension was measured for
studies IT and III, respectively.

3.3. Data analyses

The effects of Estonian riverine loads on the nutrient concentration
in lake water was estimated on the basis of loads calculated for the
largest inflow into Lake Peipsi s.s., 1.e. the Emajogi River, and nutrient
concentrations that were measured in the sampling station in the lake
close to the river mouth (I, Fig. 1). The effects of season, year, and
their interactions were included into the linear model (sequential type 1
model, incremental improvements in the error of the sum of squares, as
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each effect was added to the model) before finding the effect of TN and
TP load on the nutrient in-lake concentration.

Between-station differences in the measured parameters (II, III) were
tested using analysis of variance for repeated measurements. Paired
comparisons were conducted with Tukey #tests and Bonferroni #tests
(SAS Institute Inc., 2008). All parameters were initially log-transformed
to normalize the obtained distributions. The relationships between
the water quality variables (the concentrations of SS, TP, SRP, Chl 4,
resuspension rates, turbidity; II and III) were studied with Pearson
correlation analysis.

In the study of Lake Vesijirvi (IT), mean turbidity values for the whole
water column of the shallow areas and also for the epilimnion and the
hypolimnion of the deep areas were estimated in the regression model.
In this model, the type of sampling site (shallow/deep), concentration
of S§, and day of the year were used as the regressors. Interpolation
methods were used to construct seasonal changes in mean water turbidity
at shallow and deep areas (SAS/GPLOT, SAS Institute Inc., 2008).

For Lake Peipsi, the influences of the weather factors on the potentially
weather-dependent variables were analyzed. Initially, we eliminated
the influence of the sampling site and time on the measured variables
(ITI, IV). For this purpose, the values of these variables were replaced
by residuals, i.e., the differences between observed values and those
predicted from the sampling site and time. GLM was used to predict
a value for a site on a given day of a year (ITI). For the long-term data
series of TP (IV), this was achieved by using the TPS interpolation
technique provided by the SAS TPS procedure (SAS Institute Inc., 2008).
This step can also eliminate part of the effect of weather factors due to
their potential correlation with the sampling site and time. The possible
effects of weather factors on the residuals were tested thereafter.

Since the weather factors varied greatly over time, but response is likely
to depend on the average weather conditions for some time, the values
of the weather variables were averaged over varying time intervals (TII:
from 1 to 8 days; IV: from 1 to 6 days), considering the time intervals
measured several days (ITI: from 0 to 10; IV: from 0 to 7) eatlier than the
sampling. In this analysis, the influences of weather factor terms were
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identified by two indices: the number of days for which the parameter was
averaged, and the delay of the mean effect of weather factor (expressed
by the number of days between the last day used for averaging, and the
sampling day). These averaged and shifted weather factors were used as
predictors of the residuals of the studied water variables in a stepwise
regression analysis (IIT). The critical significance level of p = 0.001 was
used for both including a weather factor term in, or excluding it from the
model after the inclusion of the next significant term. The contribution
of each newly added term to the model improvement was measured
with the partial R? (i.e., the increase of R’ due to the addition of the
current term to the model). Selection of new terms continued until no
more terms were significant at p < 0.001.

In the analyses of the long-term series of TP (IV), the effects of the
weather factors (with different time-windows and backward time shifts)
were estimated by using the SAS GLM procedure that predicted the
residuals with the aid of a model that contained all the weather factors
and also their 2nd order product terms. Only days of temperatures over
12 °C were considered. These days were analyzed in three groups: all the
days, days before the 180th Julian day and days after that day. Therefore, for
the final analysis, the total data set included only 1175 TP measurements
(of 1862 real TP measurements) for the 1985-2010 period. The effect
of a weather factor was defined as follows: the predicted percentage
change of the TP concentration, when the factor is increased by one
unit above its mean value, whilst the other factors are kept constant at
their mean values. Technically, the effects were determined using the
‘Estimate’ command in the GLM procedure. Further, the effect of each
factor was multiplied by the standard deviation of the factor in the period
under study. This standardization of the factors enabled the removal of
the scale effects and allowed the comparison of the sensitivity of TP
anomalies against different factors.
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4. RESULTS

4.1. Effect of the riverine nutrient loads on the water quality in
Lake Peipsi (I)

The mean annual load of nutrients that was discharged to Lake Peipsi
5.5. by the Estonian rivers that were studied during the time period of
1992-2007 was estimated to amount to 5600 tons of N and 179 tons
of P. The Emajogi River contributed approximately 86% of the N and
91% of the total Estonian riverine P load. TN export coefficients varied
from 4 to 8 kg N ha' yr'. The range of TP losses was from 0.12 to
0.21 kgha' yr'. The highestlosses of TP in the study area were calculated
for the catchment of the Emajogi River.

Means of nutrient concentrations in lake water in the two periods
of 1985-1990 and 1992-2007 that were characterized by different
loading were compared. The mean annual in-lake concentration of TN
(630 mg N m?) over the 1992-2007 period was significantly lower
(@ = 0.006) than in 1985-1990, when the value amounted to
687 mg N m”. The concentration of TP also differed significantly
(p < 0.001) between the two periods: 39 mg P m? in 1992-2007 as
opposed to 30 mg P m™~ in 1985-1990.

The local impacts of changes in N loads on the lake water quality were
detected. TN concentration in lake water close to the Emajogi River
mouth was significantly influenced (p = 0.002) by the N input from
the river (I, Fig. 7). For TP, the effect of the load on the concentration
was not statistically significant (I, Fig. 8). However, a marginal decline
in TP concentration in the lake water had occurred since 1998
(R? = 0.38, p < 0.05), when the Tartu wastewater treatment plant was
modernized to comply with regulatory authority standards.

4.2. Gross sedimentation and sediment resuspension (1I, III)

The highest rates of gross sedimentation were measured in the deepest
areas of both Lake Peipsi (station numbered 16) and the Enonselki basin
(stations numbered 2, 3; Table 1). In the deep stratifying areas of the
Enonselki basin, the gross sedimentation rates measured in the upper
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traps (located at the depth of 10 m) differed statistically significantly
(» < 0.001) from the lower trap measurements and were in the same
range as those found for the near-bottom traps of shallow areas (with
depth < 10 m). The values for the gross sedimentation in the shallow
areas of the Enonselki basin were generally lower than in those of Lake
Peipsi. The rates measured in Lake Laimmijarv were higher than the rates
measured in Lake Peipsi s.5.

In Lake Peipsi s.s., the sedimentation rates increased over the ice-free
period and reached their highest values in September (III, Fig. 4). In
contrast, no clear seasonal variations were observed in Lake Limmijarv:
in its shallower part (station numbered 17), the rates varied between
36.3 and 64.2 g dw m™ d, and the highest values were recorded in
September-October. The maximum value (94.6 ¢ dw m™) of the deeps
of Lake Limmijirv (station numbered 16) was measured in the middle
of August. Generally, a steep increase in the rates was observed in June
in the deep areas of the Enonselki basin. Thereafter, the rates decreased,
reaching their minimum values in August. In the deep areas (stations
numbered 2, 3) and in the shallow areas (stations numbered 1, 4, 5)
of the Enonselka basin and at the major areas of Lake Peipsi (stations
numbered 2, 4, 11, 17), the highest (p < 0.001) values for sedimentation
rate were observed in September and October.

The resuspension rates (Fig. 3) followed the same seasonal pattern as the

gross sedimentation, and constituted most of the gross sedimentation

(53.8 — 99.7%).
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Table 1. Gross sedimentation rates and the percentage of the sediment
resuspension from the gross sedimentation measured with the aid of
sediment traps during studies in the Enonselkd basin of Lake Vesijirvi
(IT) and in two basins of Lake Peipsi (III).

: Gross .
ks Sl T et Revpnion
Enonselka
8,7, 6m 1,4,5 2m ab. 2.8-28.1 83-99.3
30, 28 m 2,3 10 m b.s. 2.2-21.6
2,3 2m ab. 10.9-64.7 94.1-99.7
Peipsi s.5.
8,10,10 m 2,4, 11 2m a.b. 0.9-57.2 53.8-91.2
Lammijarv
7 m 17 2m a.b. 36.3-64.2 78.7-92.9
14 m 16 2ma.b. 60-94.6 78.2-94.6

a.b. — above bottom

b.s. — below surface

Traps were located just below the thermocline (10 m below the lake
surface area) and 2 m above the lake bottom in the deep areas of the
Enonselki basin.
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Figure 3. Sediment resuspension rates with 95% confidence limits over
the study period a) in Enonselki at the shallow (stations 1, 4, and 5) and
deep areas (stations 2 and 3); b) in Lake Peipsi s.s. (stations 2, 4, and 11)
and Lake Limmijirv (station 17), and at the deepest station of Lake

Peipsi (16), which is located in Lake Lammijarv.
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4.3. Internal loading of TP and SS due to sediment resuspension
(11, III)

Most of the total SS load in the Enonselkd basin originated from the
shallow areas (Table 2), which covered the major part of the lake area
(83%, including the vegetated littoral areas).

Table 2. Spatial distribution of suspended solids loads due to sediment
resuspension in the Enonselka basin of Lake Vesijarvi in 2009

Mean load Coverage Load from Percentage of

(g dw m=d?) area the area  the total load
) @d)
Shallow areas 10.1 83 218 066
Deep areas 24.6 17 110 34
Whole basin 328 100

Estimations of TP loads caused by resuspension showed about a
three-fold difference between two adjacent lakes. Based on the mean
resuspension rate (Lake Peipsi s.5.: 13.5 g dw m™ d'; Lake Limmijirv: 52
g dw m? d") and the mean TP concentrations of the surface sediments
in the accumulation area (Lake Peipsi s.e.: 1756 mg P kg' dw; Lake
Limmijirv: 1349 mg P kg' dw), the internal loading of TP due to
resuspension can amount to 8.6 g P m?y" in Lake Peipsi s.5. and up to
25.6 g P m?y! in Lake Limmijirv.

4.4. Water quality implications of sediment resuspension (1I, III)

Both studies in the Enonselki basin of Lake Vesijarvi (IT) and in Lake
Peipsi (IIT) revealed an association between the resuspension/gross
sedimentation rates and water turbidity. Turbidity values in the shallow
stations of the Enonselkd basin, in the epilimnion and hypolimnion of the
deep stations, correlated well with the concentration of SS (r= 0.86, p < 0.001;
r=10.89, p < 0.001; » = 0.72, p <0.001, respectively) in the corresponding
areas (II). Moreover, the mean turbidity values for the epilimnion of deep
stations correlated strongly with those for the shallow stations (» = 0.96;
< 0.001). In the epilimnion of the deep stations and at the shallow stations
the first peak of turbidity was detected at the beginning of May (3.9 and 4.7
NTU, respectively), and the second, higher peak occurred in September (5
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NTU). In the hypolimnion of the deep stations, elevated turbidity values
were observed at the end of June (7.8 NTU) and in September (5 NTU);
the lowest values were measured in the middle of August (1.8 NTU; II,
Fig, 6). The differences in the turbidity values in the hypolimnion and in the
epilimnion of the deep stations were statistically significantly dependent on
the date of the sampling (p < 0.001).

In Lake Peipsi, the changes in SS concentration (ITI, Fig. 5) were
synchronous with those of sediment resuspension (III, Fig. 4). In Lake
Peipsi s.5., SS concentration increased over the study period, attaining
highest values in the autumn. Moreover, parallel fluctuations in the
concentrations of SS, TP and Chl # were observed (ranges: from 3 to
13 mg I''; from 52 to 106 pg I'; from 10.6 to 40.7 ug I, respectively).
Significant correlations were obtained between SS and TP (r = 0.86,
p < 0.001), TP and Chl a (» = 0.85, p < 0.001), and Chl « and SS
(r = 0.87, p < 0.001) in Lake Peipsi ss. In Lake Lammijirv, the
concentration of SS peaked first at the beginning of August (22 mg 1),
and then another sharp increase occurred in the autumn (10 October:
30 mg I"). The concentration of SS correlated well with the
concentration of TP (» = 0.81, p < 0.001), whereas neither of them
correlated with Chl a. No significant correlations were found between
SS and SRP, which vatied from 2 to 43 pg I''in Lake Peipsi s.s., and from
6 to 36 ug I''in Lake Lammijarv (III, Fig. 5).

4.5. Effect of weather factors on sediment resuspension and
water quality variables (III, IV)

Analysis of both short-term (III) and long-term (IV) data of Lake Peipsi
revealed a significant effect of weather conditions on the sediment
resuspension/gross sedimentation (III), the variables of the Gasith

equation (ITT), and different water quality variables: the concentrations
of TP (ITI, IV); SS (III); SRP (III).

Wind speed was estimated to be the best predictor of sediment
resuspension, as well as of the other parameters used in the Gasith
equation, and SRP in the corresponding regression model (ITI, Table
1); therefore, wind was the most important factor behind variations of
these studied variables. Moreover, long-term data analysis showed that
V contributed predominantly to the deviations in TP from the pattern
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obtained by the geographical coordinates, the year, and the day of
the year, or TP anomalies. After standardization, the effect of the V
factor (IV; Table 1) appeared to be of the highest magnitude (before
180™ day: -30.6%; after 180" day: 32.1%). V was also associated with
frequent switches between increasing and decreasing TP values, though
it appeared mainly as a negative driver of TP anomalies in the season
prior to 180™ day, and as a positive driver in the subsequent season (IV).
The stepwise regression analysis used in the study of the short-term
data revealed that V improved the prediction of the concentrations of
TP, SS, and Chl # (see increase of the corresponding model R? by partial
R?in Table 1, III), whereas L was selected to be the best predictor of
the variables.

The residual analysis, based on the long-term TP data (IV), showed that
increases in L relative to what was expected for the specific year, the day
of the year and sampling site resulted in a decrease of TP concentration,
regardless of whether the period before or after the 180" Julian day
was considered. The decreases in TP were estimated to be about 0.14%
(Table 1, IV) when L increases by one unit (cm) from its mean value
providing that the other factors are kept at their mean values. The effects
of T and PAR on TP concentrations were found to depend on the
season regardless of whether they were positive or negative.

The analysis of raw short-term data (III) of Lake Peipsi generally showed
that the highest rates of sediment resuspension (gross sedimentation),
and also the highest concentrations of TP, SS and Chl « were measured
at the period of the exceptional wind events. These exceptional wind
events included the occurrence of the highest frequency of wind speeds
> 10 m s'; maximum wind speed (16 m s™) in 2011 and decreased water
level (150 cm measured at 28 m a.sl). In the Enonselki basin of Lake
Vesijirvi, elevated rates of the sediment resuspension, values of turbidity
coincided with the periods of disturbance in thermal stratification, when
winds from a northerly direction prevailed (II).
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5. DISCUSSION

5.1. The relationship between the catchment processes and the
lake water quality (I)

The estimates of the Estonian riverine nutrient loads flowing into Lake
Peipsi s.5. for the 1992-2007 period were of similar magnitude to those
reported for the years following a decline in agricultural activity (i.e.,
1992-2004 Noges et al, 2007; 2001-2005 Loigu et al., 2008). Since the
period of high agricultural activity passed, TN loads from the Estonian
part of the catchment decreased substantially whereas the decrease in
TP loads was less pronounced (Table 5, I). Due to the soil’s capacity
to retain nutrients, the leaching of nutrients can continue for a long
time after reduced fertilization applications are implemented (Riike e7
al., 2003; Stalnacke ez al., 2003; lital ez al., 2005, 2010; Jarvie et al., 2013;
Sharpley e# al., 2013). The difference in response between N and P can
be ascribed to the greater susceptibility of P to be retained within the
hydrological pathways between the soil surface and the lake (Mourad ez
al., 2000; Sharpley et al., 2013).

The decrease of TN concentrations in the lake water between two
periods (1985-1990 and 1992-2007) was in agreement with a decline
of TN loads flowing into Lake Peipsi s.s. Surplus inorganic N is mainly
lost to the atmosphere via denitrification; thus, the annual mean in-lake
concentration of N has been reported to respond rapidly in general (in
less than 5 years) to a reduction in TN loading (Jeppesen et al., 2005).
Therefore, the quick response in TN concentration to changes in TN
loading from the Emajogi River flowing into Lake Peipsi s.s. (I, Fig. 7)
compares well with other studies.

In contrast to the rapid changes in TN concentrations, TP concentrations
in the lake water were not as sensitive to year-to-year changes in riverine
TP loads (I, Fig. 8). Based on a twofold difference in TP concentrations
in Lake Peipsi that was observed between the cool and wet 2004 and the
warm and dry 2005, weather variations were previously suggested to be
of major importance in controlling the interannual variations of the in-
lake TP concentrations (Kangur ez al., 20006).

On the long-term scale, a reduction of TP loads from the Estonian part
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of the catchment into Lake Peipsi s.5. was accompanied by an increase
of TP concentration (I). Such hysteresis can result from internal loading,
as it has been well documented for many other lakes that displayed a
delay in response to reduced TP loading (Jeppesen ez al., 2005; Spears ez
al., 2007; May et al., 2012). Moreover, lower water levels in combination
with higher summer temperatures created more favourable conditions
for internal nutrient loading in 1992-2007, as opposed to the years
1985-1990 (Haldna e7 al., 2008).

Calculations made by Rumyantsev ez o/ (2005) found that the mean
annual TP load flowing into Lake Peipsi s.5. was 280 tons via the rivers of
the Russian part of the catchment and the water flow from Lake Pihkva
during the 1992-2003 period. Thus, the total annual TP loads into Lake
Peipsi s.5. were comparable to those obtained for the 1980s (Table 5, I).
Additionally, there is indirect evidence of increased TP loads emanating
from the Russian part of the catchment. Increasing differences in TP
concentrations between the northern and southern parts of Lake Peipsi
indicates increasing inputs of TP from the south (Kangur & Méls, 2008).

5.2. Gross sedimentation, sediment resuspension: spatio-
temporal variations

As in many other lakes (Weyhenmeyer, 1998), sediment resuspension
constituted the majority of gross sedimentation in Lake Peipsi and in
the Enonselkd basin of Lake Vesijarvi. The total amount of settling
resuspended sediment differed between the lakes studied, which can be
explained by the differences in their respective DRs (i.e., the square root
of the lake surface area in square kilometres divided by its mean depth in
meters; Hakanson, 1982). The high DR value of Lake Peipsi (Lake Peipsi
5.5.: 0.2; Lake Lammijarv: 5.9; the whole of Lake Peipsi: 8.4) suggests that
100% of the lake bottom will be affected by the resuspension process.
In contrast, less extensive influences of the wind-induced wave action is
expected on the lake bottom of the Enonselka basin of Lake Vesijirvi,
which has a DR of only 0.75, i.e. less than 33% of the bottom area was
affected (Hikanson & Jansson, 1983).

The highest values of sediment resuspension were obtained from the
deepest sites in both lakes (IL, ITI). At first sight, this seems to contradict
the common knowledge that shallow areas are more susceptible to
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wind-induced waves and water currents, and therefore subject to more
sediment resuspension, than deep regions (Rosa, 1985; Hilton ez al.,
1986; Evans, 1994). However, sediment resuspended in shallow areas
has also been reported to be transported and deposited into the deeps
of the lakes (Hilton e# al, 1986; Koski-Vahala ef al., 2000; Horppila &
Niemist6, 2008; Punning ez a/.,, 2009; Niemisto ez al., 2012). Generally, the
importance of a thicker water layer above the sediment trap and steep
slopes near the trap has been emphasized for sediment focusing at the
deep areas (Terasmaa, 2005). However, specific operating mechanisms,
described in detail by Hilton ez a/. (1986), can also be involved at a specific
site and at different times of the year.

More dynamic transport of sedimentary particulate organic matter in
the water column would stimulate the overall mineralization process
(De Vicente 7 al., 2010). Hence, the lowest values of sediment organic
content were measured at the deepest site of Lake Peipsi, located in Lake
Lammijarv (IIT). In this part of Lake Peipsi, the role of water currents
for sediment redistribution has been suggested to be important (Raukas,
2008). Supporting evidence for the horizontal transport of sediments in
the Enonselké basin was provided by the similarity in resuspension rates
and turbidity values between the upper traps of the deep stations and
bottom traps of the shallow stations (II).

Although wind exposure has been considered to be a key factor that
affects the mixing processes in lakes (Havens ez a/, 2007; Kelderman
et al., 2012), it is sometimes difficult to obtain significant correlations
between sedimentation (resuspension) rates and wind speeds (Koski-
Vihild ef al, 2000). No exceptional wind speeds occurred during the
periods (June, September) when the highest resuspension rates were
measured in the Enonselki basin (II). However, temporal variations in
resuspension rates in the Enonselkid basin were attributed to changes in
wind direction. For instance, northerly winds prevailed in June whereby
the wave action was higher than at the same wind speed of south-
westerly winds (IT). In autumn, the convective mixing was likely to create
favorable conditions for direct wind and wave activities through thermal
destratification in Enonselka (IT). In Lake Peipsi, temporal variations in
sediment resuspension were associated with the maximum daily wind
speeds (IIT). Wind activity was most pronounced at the lowest water
level, which occurred in autumn (September).
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In both lakes studied, there was some evidence that phytoplankton
contributed to the variations in resuspension rates (II, ITI). The peaks
of resuspension rates in June and in September, in the Enonselkd basin
concurred with the highest values of SPOM. These were preceded by
maxima of primary production whereby the two highest values of the
intercept of the SPOM/SPIM regression line occurred in May and
August in the Enonselki basin (II). Thus, strong phytoplankton blooms
modified the surface sediments to become more organic and looser,
L.e., more prone to resuspension, a phenomenon also described in other
studies (Sendergaard ef al, 1992; Niemisto et al., 2008). Increases in the
organic content of surface sediments in addition to the organic content
of entrapped material during the summer were also observed in Lake
Limmijarv (IIT). However, in Lake Peipsi s.s5. the organic content of
surface sediments showed no seasonal variations, and a steep decline in
the organic content of trapped material followed the midsummer peak.
Both these phenomena have been attributed to sediment resuspension
(Niemistd, 2008; IIT).

5.3. Sediment resuspension as a regulator of water quality

Resuspension controlled water quality in the Enonselkd basin (II)
and in Lake Peipsi (III), bringing substantial amounts of SS into the
water column, which was also a conclusion made in many other studies
(Kristensen et al., 1992; Sendergaard et al, 1992; Istvanovics et al.,
2004; Havens ez al., 2007). Changes in SS concentration in Enonselka
were coupled to those in water turbidity, which together can be largely
explained by corresponding changes in wind, stratification conditions,
and sediment properties (II).

More than 66% of the total load of SS in Enonselki originated from the
shallow areas, as the trap contents of the deep areas were found to consist
mainly of material that had been initially resuspended in the shallow
areas (IT). Littoral vegetation, particularly the submerged macrophytes,
may significantly reduce sediment resuspension and erosion in some
shallow areas (Horppila & Nurminen, 2003, 2005; Kaitaranta e# /., 2013).
Nevertheless, the effect of macrophytes in Enonselka was suggested to
be low: the coverage by submerged macrophyte species was estimated
to be less than 5% at the time of the study (Niemisto ef a/., 2012). Thus,
sediment resuspension in the shallow areas of Enonselkd governed the
particulate matter fluxes and water turbidity in the whole basin (II).
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In Lake Peipsi, sediment resuspension increased the concentrations
of SS, which was accompanied by an increase in TP concentrations
occurring towards autumn (III). This was also confirmed by the fact
that variations of TP and SS concentrations were driven by the same
factors of wind speed and water level, as for sediment resuspension and
gross sedimentation (III). Moreover, the contribution of fresh organic
material accumulating onto the sediment during summer phytoplankton
blooms appeared to be high, as indicated by the similarity in patterns of
resuspension and concentrations of SS, TP and Chl « in Lake Peipsi s.s.

Many researchers in this field have emphasized a positive dependence
between high resuspension rates and high TP concentrations in shallow
eutrophic lakes (Kristensen ez a/, 1992; Istvanovics ef al., 2004; Havens
et al., 2007). Moreover, the TP input into the lake water appeared to be
dominated by sediment resuspension in Lake Peipsi. The values for the
internal TP loading due to resuspension (8.6 g P m?y™! in Lake Peipsi
s..and 25.6 g P m?y ! in Lake Lammijirv) were approximately 100-fold
those (108-fold in Lake Peipsi s.s. and 111-fold in Lake Lammijirv) of
the external loading values (III). Similar trends have also been reported
for other large and shallow lakes (Lake Taihu, Lake Okeechobee; Havens
et al., 2007). In the Enonselkd basin of Vesijirvi, internal loading of TP
due to resuspension was estimated to be 62-fold that of its corresponding
external loading value (Niemisto e a/, 2012). This high ratio indicates a
great potential for the recycling of material that enters the lake through
external loading (Ekholm ez a/., 1997).

Resuspension events can enhance the export of biologically available
P from the sediments to the overlying water. No correlations between
SS and SRP were observed in Lake Peipsi (III), which suggests the
importance of some other factors that determine P availability after
resuspension. These other factors could include the retention capacity
of the resuspended particles in addition to the prevailing biological and
physico-chemical conditions (Sendergaard e al, 2003, Niemisto ez al.,
2012). Nevertheless, the significant effect of wind on the concentration
of SRP in Lake Peipsi suggested a rather direct influence on the pool
of mobile P in the sediments, which was estimated to be large. This
pool of mobile P includes loosely-adsorbed and pore-water inorganic P,
redox-sensitive fraction of P bound to oxides of reducible metals, and
nonreactive P (Kapanen, 2012).
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5.4. The effect of weather conditions on the water quality

The P found in a lake at any given time is the result of complex
equilibria between external and internal loading, together with physical
and biological processes that occur in the sediment and in the ovetlying
water (Jennings e al., 2003). The interplay of these factors also determine
the seasonal dynamics of TP concentration in Lake Peipsi, which was
demonstrated to be typical of many shallow, eutrophic lakes in which
sediment release rates are high (IV). The year-to-year deviations in
TP concentration from the general seasonal pattern, which was well
predicted by the geographical coordinates and the day of the year, or the
TP anomalies (Fig. 4, IV), were attributed to the anomalies in weather
factors (IV).

Due to their high DRs, large and shallow lakes are expected to be
especially influenced by wind-induced waves (Bachmann ez a/, 2000;
Havens ¢f al., 2007; Kelderman ef al,, 2012). Wind was found to be a
major factor in controlling the TP anomalies on the long-term scale in
Lake Peipsi with its DR of 8.4 (Table 2; IV). This result confirms the
conclusion made previously by Spears & Jones (2010), who suggested
that wind effects might supersede the temperature effects in large
shallow lakes with a high fetch.

Study III revealed that TP concentrations were impacted by V via
sediment resuspension, which also increased the concentration of
SS and Chl «# in the water column of Lake Peipsi. The wind effect on
sediment resuspension, along with the corresponding changes in the
water quality, was particularly pronounced at low L in late summer-
early autumn, when increases of the concentrations of SS, TP and Chl
a, in Lake Peipsi s.5. were detected (III). However, higher water levels
in May reduced the ability of wind to disturb sediment surfaces (III).
The importance of L, along with V, in impacting upon the water quality
variables in Lake Peipsi has also been demonstrated by the regression
analysis of the short-term data (Table 2; ITI). Similarly, Noges & Kisand
(1999) observed that severe storms can entrain substantial quantities of
sediments accompanied by a deterioration of the water quality in the
large and shallow Lake Vortsjirv at low L. It is probable that similar
mechanisms were behind the impact of L on the variations in TP
concentrations in the long-term, as a negative dependence was found
between these variables (IV). Moreover, the interaction between L and
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V revealed from a sediment-trap field survey (IIT) provided a possible
explanation for a mainly increasing effect of wind on TP values in the
petiod after the 180" Julian day, and reducing influences in the preceding
period, when long-term data were analyzed (IV).

In contrast to the L factor, T and PAR demonstrated the seasonal
switch (season before of after 180th Julian day) between increasing and
decreasing effects on TP concentration (IV). This observation confirmed
the conclusion made by Carvalho ¢z a/. (2012), who found that seasonal
changes in weather variables may have both positive and negative impacts
on water quality. Higher water temperatures can be associated with an
increased release of nutrients from the sediments into the water column
(Pettersson ef al., 2003; Spears ¢f al., 2007). Thus, an increase of T and a
decrease of L canaffect water quality simultaneously triggering anincrease
of TP concentrations in the water column. Similarly, the concurrence of
lower water levels and higher summer water temperatures in the years
2000-2003, compared to the years 1985-1988, was previously concluded
to cause higher TP concentrations in Lake Peipsi (Haldna e /., 2008).
On the other hand, warmer spring temperatures have been suggested
to have a positive effect on Daphnia densities and cause reduced Chl
concentrations in spring (in May and June) in Loch Leven in Scotland,
where phytoplankton contributes significantly to the overall budget of
TP (Carvalho e al, 2012). Analogous mechanisms could result in the
negative effects of higher spring T on TP concentration in Lake Peipsi,
where Blank ez a/. (2009) reported the biomass of cladocerans correlated
positively with the sum of daily water temperatures in spring (April,
May, June over the 1997-2007 period). It is also likely that the negative
effects of late summer or early autumn PAR on TP concentrations can
be associated with the compounding influences of other factors, which
correlated with PAR. In general, previous studies have revealed changing
annual relationships (both positive and negative) between PAR and
phytoplankton in Lake Peipsi (Laugaste ez a/., 2001).
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CONCLUSIONS

The core findings of the thesis are:

1)

2)

On the catchment-lake scale, the natural mechanisms that
regulate the surplus of N work efficiently. On the other hand,
only a small decrease in P loading from the Estonian part of
the catchment followed the dramatic reductions in the use of
fertilizers and livestock production in addition to improved
wastewater treatment. Moreover, no significant changes in TP
concentrations in Lake Peipsi 5.s. occurred on the long-term scale
i.e. since the 1990s. On an annual basis, the in-lake concentrations
of TP were insensitive to the changes in TP loading through the
major inflow. The hysteresis can be attributed to high P levels
in the catchment soils, unchanged external loading from shared
parts of the catchment, and internal loading (I).

a) Sediment resuspension constituted the majority of the gross
sedimentation irrespective of whether the lake was stratifying
or not (II, ITI).

b) The spatial differences of the gross sedimentation and sediment
resuspension were determined by the lake morphometry. Sediment
resuspended in shallow areas of a lake was transported to the lake
deeps, resulting in the highest trap yields (II, ITI).

©) The temporal dynamics of resuspension were driven by wind
events (I, ITI). In Enonselkd, the wind direction was important
(II). Moreover, sediment disturbance was enhanced during
autumnal overturn (II). In Lake Peipsi, the periods of extreme
winds, i.e. the occurrence of Vmax > 10 m s, determined the
variations of sediment resuspension rates during the study period.
The effect of extreme winds on resuspension was particularly
pronounced at low water level (IIT). Additionally, increases in
resuspension were associated with the large pools of organic
material formed during strong phytoplankton blooms (II, IIT).
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3)

4

5)

a) Resuspension, particularly in the shallow areas, triggered the
internal loading of SS, which resulted in high water turbidity in
the Enonselkd basin of Lake Vesijarvi (IT). This may be associated
with the recurring signs of ecosystem deterioration exhibited since
the late 1990s. Macrophyte-based management of the shallow
areas could contribute to the restoration of the whole basin.

b) The long sampling period and the measurements taken from
a comprehensive array of different sampling sites enabled the
determination of a reliable mean estimate of internal TP loading
due to sediment resuspension in Lake Peipsi (IIT). Resuspension-
mediated internal loading of TP dominated over the external
loading. Therefore, the present study provided the first empirical
evidence for the high potential for recycling of P, originally
brought into the lake by external loading (III). This emphasizes
the particular need for the control of external P loading (I, IIT).

Sediment resuspension impacted upon the water quality through
its significant influence on the loading of SS, turbidity, TP, and
Chl & (I1, IIT). Moreover, the results obtained from Enonselka
indicated that sediment fluxes from the shallow areas may govern
the water quality of the whole lake.

a) The study of the long-term series of TP measurements revealed
the significant contributions of water temperature, water level,
photosynthetically active radiation, wind speed to the TP
anomalies (IV). The variability of these weather factors causes the
temporal and geographical deviations of the TP dynamics from
the expected pattern. Our quantitative estimations of the impacts
of different weather variables on TP help to predict changes in
the water quality under different scenarios of climate change.

b) The attempt to estimate the effect of the individual weather
factors on the variations in TP concentrations showed that
highly episodic and anomalous wind events are the main cause
for deviations from the predictable patterns (IV). Extensive
resuspension measurements, carried out for the first time in Lake
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Peipsi, demonstrated that the wind affected TP concentration in
the water column through the sediment resuspension (III).

©) As a higher frequency of extreme wind events can be expected
in the future due to the climate change, severe implications on
the lake ecosystems may follow due to the increase of internal P
loading (ITI, IV).

The thesis was a significant step in understanding the factors that
effect the water quality in large shallow lakes. Apart from showing the
indisputable importance of studied factors, the thesis also stresses the
need for further research. More field experiments are needed for the
elucidation of the mechanisms behind our findings, including sediment
P release conditions, sediment trap winter-measurements, interaction
between physico-chemical and biological processes. The results of such
experimental studies and consideration of additional factors would
provide a solid base for the comprehensive models, which would serve
as a significant tool for water managers.
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SUMMARY IN ESTONIAN

Looduslike ja inimtekkeliste survetegurite toime vee kvaliteedi
muutlikkusele suurjiarvedes

Inimtegevuse tagajirjel rikastuvad veekogud toiteainetega, mis toob
endagakaasa primaarproduktsiooni tdusu ning vee kvaliteedi halvenemise.
Eutrofeerunud jirvede vee kvaliteedi parandamine on praegusel ajal
veekaitse ks peamisi tlesandeid kogu maailmas. Takistab aga asjaolu,
et veebkosiisteemide vastusreaktsioon toiteainete koormuse muutustele
on tihti ajalise nihkega. Setetesse talletunud toitesoolade vabanemise
tottu vette voOib fosfori (P) viliskoormuse alandamine avalduda
jairvevee kvaliteedi paranemises alles aastakiimnete piérast. Jarvesette
P kittesaadavuse suurenemine on ka setete stohhastilise iseloomuga
resuspensiooni ks paljudest voimalikest mojudest veedkosiisteemidele.
Uldiselt peetakse ka kliima soojenemist itheks teguriks, mis vdimendab
eutrofeerumist. Seega kujuneb jirvede vee kvaliteet paljude looduslike
ja inimtekkeliste survetegurite koosmdjul ning nende faktorite moju
selgitamine on esmatihtis keskkonnakaitselisest seisukohast.

Kiesolevas t60s uuriti jogede reostuskoormuse, setete resuspensiooni
ning ilmastiku moéju jirvevee kvaliteedi muutlikkusele. Peamiseks
uurimisobjektiks oli Peipsi jirv, kus tdhtsaimaks keskkonnaprobleemiks
peetakse vee korget P sisaldust ja sellest tulenevaid negatiivseid
muutusi veeOkosiisteemis. Seepirast on antud t&0s erilise tihelepanu all
tlalpool loetletud faktorite moju selle jirve vee P kontsentratsioonile.
Kvantitatiivselt hinnati P kontsentratsiooni tundlikkust ilmastikutegurite
suhtes, mida on siiani vihe uuritud. Esmakordselt uuriti Peipsil
katseliselt setete resuspensiooni. Kuigi suuri madalaid jirvi peetakse
eriti mojustatuks setete tuuletekkelise resuspensiooni poolt, jadvad
empiirilised andmed tihti puudulikeks keeruliste uurimistingimuste tottu.

Vordluseks wuuriti tugevalt eutrofeerunud Vesijirve osa, Enonselkd
(Soomes), mille vee kvaliteet paranes 1990. aastatel tinu toiteainete
viliskoormuse alandamisele ning kalade viljaputgile. 2000. aastatel
tiheldati seal taas vee kvaliteedi halvenemist, mis ajendas settimise ja
setete resuspensiooni kui selle potentsiaalse pohjuse uurimist.
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Kiesoleva t66 eesmirgid olid:

1) hinnata Eesti-poolsete jogede reostuskoormuse moju Peipsi
Suurjirve vee kvaliteedile (I);

2) selgitada settimise ja setete resuspensiooni ajalist ja ruumilist
muutlikkust Enonselkds ja Peipsis (I, ITI);

3) hinnata resuspensiooni tekitatud holjuvaine (SS) ja tldfosfori
(TP) sisekoormust (IT, ITI);

4) hinnata setete resuspensiooni moju Enonselki ja Peipsi  vee
kvaliteedile (II, IIT);

5) hinnata ilmastiku moju vee kvaliteedile a) kasutades pikaajalisi
andmeridu TP kontsentratsioonide kohta (IV); b) kasutades
lihiajalisi (ithe aasta jooksul saadud) andmeid vee kvaliteedi (TP;
SS, SRP ja Chl a kontsentratsioon) kohta (III).

Hinnati Eesti poolelt Peipsi Suurjirve suubuvate j6gede tildlimmastiku
(TN) ja TP koormust ajavahemikul 1992-2007 ja vorreldi seda
varasemate andmetega. Jogede toiteainete koormuse moju jirve vee
kvaliteedile vahetult joe suudme ees analiiisiti Emajoe niitel, mille
suudme vahetus liheduses asub iks seirepunkt jirves (I). Settimise
ja setete resuspensiooni ruumilis-ajalise muutlikkuse médramiseks
paigaldati setteloksud Enonselka (maist novembrini 2009; II) ning Peipsi
jarve (maist oktoobrini 2011; III). Selgitati resuspensiooni varieeruvust
kontrollivaid ~faktoreid ning resuspensiooni moju vee kvaliteedi
mitmetele niitajatele. Enonselkds mairati setete resuspensiooni mdju
vee higususele ning hinnati ka SS sisekoormust (II). Peipsis uuriti
seoseid setete resuspensiooni ning SS, TP ja SRP kontsentratsioonide
vahel (IIT). Samuti hinnati esmakordselt resuspensiooni tekitatud
TP sisekoormust Peipsis (ITI). Analutsiti ka ilmastiku (veetase ja
veetemperatuur, tuule kiirus) moéju jirve vee kvaliteedile (IIT). Peipsi
pikaajaliste andmeridade statistilist analiitsi rakendati ilmastiku panuse
selgitamiseks TP kontsentratsioonide varieeruvusse (IV). TP vairtuste
tundlikkus ilmafaktorite suhtes kvantifitseeriti (IV).

Kiesoleva t66 pohitulemused:

1) Uleliigse N eemaldavad looduslikud protsessid (nt. denitrifikatsioon)
toimivad efektiivselt N allika ja pinnaveekogu vahel ning ka
jarv ise on paindlik N sissekande suhtes. Vastupidi, tiheldati
vaid vihest Eesti-poolsete jogede fosforikoormuse muutust
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2)

3)

pollumajandustegevuse vihenemise jirel 1990. aastate alguses,
ning Peipsi vee P kontsentratsioon alates 1990., pikemaajalise
perioodi keskmisena, ei muutunud oluliselt. Aastakeskmine jirve
vee TP kontsentratsioon ei reageerinud aastast-aastasse muutuvale
P reostuskoormusele. Voimalikeks pohjusteks voivad olla pinnase
korge P-sisaldus, korge toiteainete sissekanne Venemaa-poolselt
valglalt ning P suurenenud vabanemine setetest e. sisekoormus (I).

a) Setete resuspensioon moodustas valdava osa kogu settimisvoost,
soltumata sellest, kas oli tegemist kihistunud v6i kihistumata
jarve voi selle osaga (II, III).

b) Setete resuspensiooni (settimisvoo) ruumiline varieeruvus soltus
peamiselt jirve morfomeetriast. Jirve madalates piirkondades
resuspendeerunud sete liikus stigavamate alade suunas, mis
poOhjustas seal moddetud suuruste korgeimaid vaidrtusi (11, ITI).

©) Setete resuspensiooni ajaline diinaamika oli seotud tuule méjuga
(IL, ITI). Kihistuse hiirimine suve esimesel poolel (mil domineeriv
tuule suund tagas suurema jooksumaa ning seega voimsama
lainetegevuse) ning kihistuse puudumine siigisel suurendasid
jarve setete tundlikkust tuule méju suhtes Enonselkis. Peipsis
seostusid setete resuspensiooni muutused tugevate tuulte (> 10
m s”) esinemissagedusega. Nende moju oli eriti tugev madala
veetaseme korral (III). Lisaks oli resuspensiooni diinaamika
seotud veeditsengu tagajirjel tekkinud orgaanilise aine varuga
(I1, III).

a) Madalate alade setete resuspensioon oli SS sisevoogude ning
suurenenud veehagususe pohjuseks (IT). Antud nihtust voib
seostada Enonselkis ka vee kvaliteedi halvenemisega alates 1990.
16pust. Voib kaaluda selle jirve tervendamist makrofiititide abil.

b) Pikk mo6tmiste periood ning proovivotupunktide varieeruvus
voimaldas hinnata resuspensiooni tekitatud TP sisekoormust
Peipsis (III). Seega saadi esimene empiiriline tdend selle kohta,
et valglalt périt P taasringluse potentsiaal Peipsis on viga korge:
resuspensiooni tekitatud TP sisekoormus iiletas tunduvalt
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viliskoormuse vddrtust. Antud tulemus réhutab eelkoige
viliskoormuse piiramise vajalikkust (I, ITI).

4) Setete resuspensioon reguleeris vee kvaliteeti, m&jutades SS
(voi vee higususe), TP ja Chl « kontsentratsiooni (I, ITI).
Vesijarve uuringud niitasid, et jarve madalamates piirkondades
resuspendeeritud setete imberpaiknemine voib kontrollida kogu
jarve vee kvaliteeti.

5)
a) Uuritud ilmastikuniitajad (veetase ja vee temperatuut,
paevakeskmine ja maksimaalne tuule kiirus, fotosiinteetiliselt

aktiivne kiirgus) osutusid olulisteks vee kvaliteedi surveteguriteks
(IIL, IV).

b) TP kontsentratsiooni muutused olid eriti tundlikud tuule kiiruse
muutuste suhtes (IV). Ulatuslikud resuspensiooni méotmised,
mida tehti Peipsis esmakordselt, néitasid, et tuule moju vee
kvaliteedile avaldub just setete resuspensiooni kaudu (IIT).

¢) Vastavalt saadud uuringutulemustele (III, IV) véivad
kliimamuutuste tagajirjed veedkoststeemidele olla dramaatilised.
Ekstreemselt korge tuulekiiruse juhtude sagenemine, mida
prognoositakse seoses kliimamuutustega, voib esile kutsuda P
sisekoormuse suurenemist tulevikus.

Kiesolev t66 on oluline samm suurte jirvede vee kvaliteeti mojutavate
faktorite viljaselgitamisel. Lisaks uuritud faktorite (toiteelementide
vilis- ja sisekoormus, setete resuspensioon, ilmastikutegurid) tihtsusele
rohutab see ka uuringute jatkamise vajadust. Esmatihtis oleks katseliste
uuringute tegemine, mis voimaldaksid seletada ka kiesoleva t66
tulemusi: tuleks uurida toitesoolade setetest vabanemise tingimusi, setete
resuspensiooni talvel ning fiitisikalis-keemiliste ja bioloogiliste protsesside
interaktsioone. Eksperimentaaluuringute tulemused ning lisafaktorite
arvessevott oleksid oluline baas rakendusmudelite valjaarendamiseks.
Need mudelid voimaldaksid omakorda paremat veekasutuse ja -kaitse
planeerimist.
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