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3. Abstract

This thesis focuses on phyto- and bacterioplankton, and protozoans in five small brown-water lakes in
southern Finland, and the role of nutrients and zooplankton in controlling their abundance, biomass
distribution and production. Evidence of resource-based “bottom-up” and consumer-driven “top-down”
effects is derived from the results of two lake liming experiments, one whole-lake food web manipulation
experiment, and small-scale nutrient enrichment bioassays.

The first three studies examine the responses of plankton to lake liming in two lakes. The results indicate that
biological responses to chemical manipulation can be small. The slight effect of liming on the ecosystem of
L. Iso Valkjirvi was likely related to the chemical conditions during the acidified phase of the lake, and to
high biological resistance, which resulted from a dense population of European perch (Perca fluviatilis) both
during acidified and limed period. In the fishless L. Pussijarvi, the effects of liming on water chemistry were
discernible only for one year due to the short water retention time. The distinct annual fluctuations in species
dominance of phytoplankton in the control lake, Ruuttanajirvi, could be partly related to variations in
weather, relative availability (stoichiometry) of nutrients, and possibly to variations in zooplankton
community structure. The fourth study describes the ecosystem responses to an unexpected fish kill in the
control side of the divided L. Iso Valkjarvi. After the collapse of the perch population, some changes in the
plankton community could be related to the altered food web structure. However, the highest increase in
nutrient concentrations, and bacterial and protozoan zooplankton abundance were recorded in the
hypolimnion, and they likely resulted from “bottom-up” forces, i.e. decomposition of fish carcasses and the
consequent release of organic matter and nutrients.

The last two studies and unpublished results from a brown-water lake, Valkea-Kotinen, showed that
phytoplankton production can be limited by nitrogen (N) rather than phosphorus (P) in brown-water lakes.
Moreover, the food web manipulation study in a highly humic L. Mekkojérvi showed that the nutrient
stoichiometry of the zooplankton assemblage might determine the nutrient that potentially limited
phytoplankton production. During the dominance of the large herbivorous cladoceran, Daphnia longispina,
which consisted most of epilimnetic particulate P, phytoplankton production was mainly stimulated by P
enrichments. After the removal of Daphnia from the lake, potential nutrient limitation of algae shifted
towards N limitation. The changes in nutrient limitation appeared thus to be associated with the food web
structure. The results of bioassays from L. Valkea-Kotinen suggest, however, that phytoplankton did not
necessarily experience in sifu nutrient limitation in these lakes. In this context, the possible role of diel
vertical migrations and mixotrophy of phytoplankton in acquiring nutrients is discussed. Contrary to the
findings of algal nutrient limitation, bacterioplankton production was exclusively P limited in L. Valkea-
Kotinen. Enrichment bioassays on plankton respiration in L. Mekkojérvi implied that in addition to P labile
organic carbon may limit bacterial growth in brown-water lakes despite high amounts of allochthonous
dissolved organic carbon.

The lakes with a few or no planktivorous fish were characterised by large-sized zooplankton species. On the
contrary, the lakes with dense fish populations (mainly European perch, Perca fluviatilis) had on the average
a smaller zooplankton size distribution. This was reflected to the vertical distribution of phytoplankton
biomass in the water column. In lakes with large cladocerans, the phytoplankton biomass was low in the
epilimnion, which suggests a strong impact of zooplankton grazing on algae in the systems with no
planktivorous fish. This could also be seen after the introduction of a new trophic level, planktivorous
whitefish (Coregonus lavaretus) fingerlings, to L. Mekkojarvi. Several cascading effects were observed in
the lake: a replacement of Daphnia with rotifers, an increase in phytoplankton production and biomass, an
increase in protozoan biomass, and the already mentioned potential shift in phytoplankton nutrient limitation.

The results of these studies suggest that lower levels of the food web in brown-water lakes were affected
both by resource availability and predator-prey interactions. It was shown that in the absence of fish, large
Daphnia could have a central role in food web interactions. Daphnia could strongly regulate phytoplankton
and protozoan abundance, and contribute markedly to nutrient cycling. The results also suggested that the
ecosystem response to perturbations may vary due to complex trophic interactions and potential
compensatory responses.



4. Introduction

Brown-water lakes are common in temperate
and cold regions in the boreal zone
(Kortelainen 1999a). In such lakes, dark water
colour results from humus originating mainly
from terrestrial ecosystems. In Finland and
Sweden, the high percentage of peatlands and
coniferous forests explains the abundance of
brown-water lakes (Kortelainen 1999a).
According to Finnish Lake Survey carried out
in 1987, in 91% of Finnish lakes total organic
carbon (TOC) concentration was >5 g'm "
(Kortelainen & Mannio 1990). On a global
scale, the number of brown-water lakes is vast
when the lakes in Canada and Taiga region in
Russia, as well as tropical blackwaters, are
taken into account.

Special characteristics of brown-water lakes
were already noticed in the beginning of the
20™ century (Naumann 1921, Jirnefelt 1925,
Thienemann 1925, Birge & Juday 1927).
However, not until the last 20-30 years has
there been a considerable increase in the
understanding of the biogeochemistry and
ecology of brown-water lakes (Salonen et al.
1992a, Hessen & Tranvik 1998, Keskitalo &
Eloranta 1999, Wetzel 2001). Major findings
have been e.g., the understanding of the
central role of allochthonous dissolved
organic carbon (DOC) in fueling the upper
trophic levels via the bacterioplankton-
protozoan link (e.g., Salonen & Hammar
1986, Tranvik 1988, 1990, Jones 1992,
Hessen 1998), a consequent net heterotrophy
of brown-water lakes (Salonen et al. 1983, del
Giorgio & Peters 1993, Jansson et al. 2000),
and the role of photochemical degradation on
the fate of allochthonous DOM (Gjessing &
Gjerdahl 1970, Granéli et al. 1996, Vihitalo
et al. 2000).

4.1 Environmental conditions in brown-water
lakes

Brown-water lakes have some physical and
chemical features divergent from those in
clearwater lakes, which can affect the growth
and distribution of plankton organisms.

Brown-water lakes are characterised by high
concentrations of dissolved organic material
(DOM) of allochthonous origin, which
together with iron (Fe) explain their high
water colour (Gjessing 1976, Pennanen &
Frisk 1984, Meili 1992). Dark water
effectively absorbs solar radiation and results
in a steep thermal stratification and high
thermal stability, in particular in small and
sheltered lakes, and an increased extinction of
light (Eloranta 1978, 1999, Jones & Arvola
1984, Bowling 1990). Besides the reduced
light intensity, the penetrating light differs in
quality from that of clearwater lakes with a
dominance in the red part of the spectrum at
deeper depths in brown-water lakes. In small
and sheltered brown-water lakes, hypolimnion
may become anoxic during stratified periods
due to the decomposition of DOM (Salonen et
al. 1984a).

During summer stratification, epilimnetic
waters of these lakes generally have low
concentrations of mineral nutrients, whereas
the underlying hypolimnion is typically richer
in nutrients (e.g., Jones 1998). In the boreal
region, small brown-water lakes may stratify
in the spring immediately after the ice melts
which leads to an incomplete mixing of water
and a consequent temporary meromixis
(Salonen et al. 1984a). This increases nutrient
deficiency by preventing the supply of
hypolimnetic nutrients to the epilimnetic
waters which would otherwise occur during
spring circulation. Nutrient availability is
further complicated by the metal binding
properties of humic substances and the
interaction of humus-Fe complexes with
phosphate (Francko & Heath 1983). Humus-
metal-P complexes reduce the availability of
free P, but on the other hand P can be released
from these compounds under P deficiency
(Jones et al. 1988, De Haan et al. 1990) or by
UV light (Francko & Heath 1983, Vihitalo et
al. 2002) which may buffer, together with the
enzymatic cleavage of biopolymers (Miinster
& De Haan 1998, Miinster 1999), against
nutrient deficiency in the system (e.g.,
Jansson 1998). DOM-Fe-PO4 complexes can
thus be considered as reservoirs of potential P



for the plankton (Jones 1998). DOM also
reduces the precipitation of phosphate with Fe
and other metals (Jones et al. 1988). A
significant part of the DOM is composed of
dissolved humic substances with high
concentrations of organic acids which results
in the naturally low pH and buffer capacity of
brown-water lakes (Kortelainen & Mannio
1990, Lydersen 1998). On the other hand,
dissolved humic substances also markedly
contribute to the buffer capacity, which can
resist anthropogenic acidification
(Johannessen 1980, Kortelainen 1999b).

4.2 Food webs of brown-water lakes

Food webs are strongly driven by
allochthonous organic carbon in brown-water
lakes (Fig. 1, Jones 1992, Kankaala et al.
1996, Hessen 1998, Arvola et al. 1999a,
Jansson et al. 2000). Autochthonous
production alone cannot sustain the
production at higher trophic levels in these
lakes (Jones & Salonen 1985, Jones 1992,
Hessen 1998), although its importance
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increases with increasing eutrophication
(Arvola et al. 1999b). Small brown-water
lakes may have simple food webs (e.g.,
Salonen et al. 1992c). The short food chain
length in some small brown-water lakes
evidently results from the size of the lakes,
because with inreasing lake volume (but not
necessarily ~ with  increasing  primary
productivity) the food web complexity
increases in aquatic ecosystems (Post et al.
2000, Wetzel 2001, see also Persson et al.
1996). Although it appears that predator-prey
interactions and cascading effects in brown-
water lakes are likely comparable to the ones
in clearwater lakes (Arvola et al. 1999a),
carbon metabolism based largely on
allochthonous carbon and the overall
importance of the microbial loop are typical
properties of food webs of brown-water lakes
(Fig. 1, Hessen 1998).

High bacterial biomasses have been reported
from brown-water lakes (Hessen 1985,
Tranvik 1988), where allochthonous DOM is
the dominating carbon source for pelagic
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Figure 1. A4 generalised planktonic food web of lakes including the detritus based food chain (allochthonous
DOM-bacteria-microzooplankton) which in general is the major pathway of carbon flow in brown-water

lakes. Modified from Jones (1992) and Porter (1996).



bacteria (e.g., Tranvik 1988). The important
role of bacterioplankton in brown-water lakes
is also indicated by high plankton respiration
(Salonen et al. 1983, 1992c, Hessen 1992, del
Giorgio & Peters 1993). Bacterial biomasses
can be an order of magnitude higher in the
hypolimnion than in the epilimnion (Arvola et
al. 1992). This very likely results from anoxic
conditions and consequent low bacterivory
(Pedros-Alid et al. 2000). In the hypolimnion,
large-sized phototrophic bacteria typically
form dense, but thin, layers at depths with
sufficient irradiation (Salonen et al. 1992c).
These bacterial layers provide extra food for
migrating ~ zooplankton  (Salonen &
Lehtovaara 1992) and protozoa. Based on the
carbon stable isotopic study of small forest
lakes, metanotrophic bacteria of the anoxic
hypolimnion might, however, be a more
important C source for zooplankton than
phototrophic bacteria (Jones et al. 1999).

Primary production is typically limited to the
upper few meters of the water column in
brown-water lakes due to strong light
attenuation (Arvola et al. 1999b). On the other
hand, primary production in the uppermost
layers of brown-water lakes is not so severely
inhibited by UV light as in clearwater lakes
(Jones 1998). Despite their characteristic
physical and chemical features, phyto- and
zooplankton community structures in brown-
water lakes seem to be rather similar to that in
clearwater lakes (Jones 1998, Arvola et al.
1999b, Sarvala et al. 1999). It appears that
plankton community structure is less
dependent on water colour (the amount of
humic substances) per se, but some related
features such as low pH, reduced toxicity of
metals, anoxia or absence of fish can affect
plankton species composition and dominance
(Jones 1992, 1998, Sarvala et al. 1999).
Flagellated phytoplankton species have been
reported to be abundant in brown-water lakes
(Ilmavirta 1988, Jones 1991), because they
are able to optimise their vertical distribution
in relation to the available resources (light and
nutrients). However, the dominance of
flagellates is not a universal feature of brown-
water lakes, because the same can also be

found in clearwater lakes (e.g., Arvola et al.
1999b). Although brown-water lakes have no
characteristic phytoplankton species
composition, cryptomonads and
chrysophyceans often form high biomasses in
these lakes (Jones 1998, Arvola et al. 1999b,
and references therein). Cryptomonads seem
to be ubiquitous in lakes (e.g., Stewart &
Wetzel 1986), but their dominance in brown-
water lakes might be related to their diel
vertical migrations which allow the species to
retrieve nutrients from nutrient-rich deeper
water layers (Salonen et al. 1984b, Jones
1991, Ojala et al. 1996). The abundance of
chrysophycean species may result from a high
availability of chelated iron and other
essential micrometals in humic waters (Jones
1998), and the fact that many chrysophycean
species are mixotrophic (Jansson et al. 1996,
Jansson 1998). Bergstrom et al. (2001) have
suggested that mixotrophic flagellates
dominate in small brown-water lakes because
their facultative auto- and phagotrophy allow
them to outcompete purely autotrophic
species during nutrient limited conditions (cf.
also Salonen & Jokinen 1988, Caron et al.
1990, Jansson 1998).

Most zooplankton species typical to brown-
water lakes can be found in all kinds of waters
(Sarvala et al. 1999). The large-sized
herbivorous cladoceran, Daphnia longispina,
is often the dominating zooplankton species
in Finnish small polyhumic lakes with few or
no fish (Sarvala et al. 1999). Daphnia can
outcompete  other members of the
zooplankton community by efficient filter-
feeding, and it also affects the abundance of
its single-celled prey (e.g., Gilbert 1988,
Arvola & Salonen 2001). It is also possible
that Daphnia suppress rotifer populations by
mechanical interference (Gilbert 1988). D.
longispina can feed on a wide range of
organisms in brown-water lakes (Kankaala
1988). Arnott & Vanni (1993) found no
competitive suppression of small zooplankton
by the large Daphnia in the field
manipulations in fishless bog lakes in
northern Wisconsin and Michigan, USA.
Instead, the dominance of D. pulex was



strongly related to abiotic conditions (pH) and
predation of small zooplankton by Chaoborus
and Diaptomus. Protozoan communities have
seldomly been studied in brown-water lakes
(Sarvala et al. 1999). The role of protozoans
is, however, significant in the carbon cycling
of the pelagial region of brown-water lakes,
because a large part of bacterial production
based on allochthonous carbon is respired or
channelled to the upper trophic levels through
the microbial loop (e.g., Porter 1996,
Kankaala et al. 1996, Hessen 1998).

European perch (Perca fluviatilis), northern
pike (Esox lucius) and crucian carp
(Carassius carassius) typically dominate the
fish communities of small headwater lakes in
Finland (Rask et al. 1999). The species can
tolerate well organic acidity and they can
thrive in brown-water lakes despite the lack of
cool and well oxygenated water. In small
forest lakes of southern Finland, such as the
lakes studied in this thesis, European perch
can be very abundant (Rask 1991,
Lappalainen et al. 1988). In such lakes, small
cladoceran species like Bosmina and
Ceriodaphnia often dominate zooplankton
(Sarvala et al. 1999 and references therein).
Headwater lakes may be devoid of fish due to
environmental factors (e.g., acidity or anoxia;
Lappalainen et al. 1988, Rask et al. 1999) or
dispersal barriers. In lakes with no fish,
invertebrate predators such as phantom midge
larvae  (Chaoborus), = water  boatmen
(Corixidae) or backswimmers (Notonectidae)
replace fish as the top predators (e.g.,
Eriksson et al. 1980, Stenson et al. 1978,
Arnott & Vanni 1993).

4.3 Resource-based and consumer-driven
control in pelagial ecosystems

Primary producers in aquatic ecosystems are
affected by resources (“bottom-up” effects)
and consumers (“top-down” effects) (Fig. 2,
McQueen et al. 1986, 1989). Although there
seems to be different “schools” among
researchers, these two  controlling
mechanisms function simultaneously in lakes
(Vanni 1996), but depending on the system

their importance may vary (e.g., Hansson
1992, Saunders et al. 2000).

4.3.1 ”Bottom-up” effects

Besides light, nutrient availability is the
primary “’bottom-up” force that influences
primary producers in the pelagial region of
lakes (Fig. 2). The “bottom-up” effect can be
seen strongest at trophic levels close to
primary producers, and it gradually levels off
and becomes unpredictable when moving
towards the upper trophic levels (McQueen et
al. 1986, 1989). In aquatic ecosystems,
phosphorus (P) and nitrogen (N), and silica
for diatoms, are the nutrients which most
potentially limit phytoplankton (Hecky &
Kilham 1988). The nutrient that limits the
reproductive rate of a population may also
vary between different algal species (Sommer
1989, and references therein). P is typically
the limiting nutrient in lakes, (Schindler
1977), though in tropical lakes (Henry et al.
1985, Hecky et al. 1993) and evidently in
brown-water lakes (Table 1, Jansson 1998,
Saunders et al. 2000) N limitation can be
frequent. The nutrient that limits algal
production may, however, vary temporally
and spatially in lakes depending on the input
of N and P from the catchment, sediment and
atmosphere (e.g., Levine & Schindler 1992)
and nutrient recycling in the lake (D.E.
Schindler et al. 1993, Vadstein et al. 1993,
1995). Besides the major nutrients, some trace
elements may also limit algal growth. For
instance, the availability of Fe is a potential
limiting factor of the primary production in
brown-water lakes (Jones 1992, and
references therein). The availability of
dissolved inorganic carbon (DIC) rarely limits
the pelagial primary production (Schindler et
al. 1972b), because lakes are typically
supersaturated with carbon dioxide (Cole et
al. 1994). In particular, the potential for C
limitation of phytoplankton is unlikely in
brown-water lakes due to high community
respiration (Salonen et al. 1992c¢, Hessen
1992), methane oxidation (Hessen 1998), and
photochemical mineralisation of DOC
(Vihitalo et al. 2000).
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Figure 2. Mechanisms of “top-down” effects of fish and “bottom-up” effects of nutrients on phyto- and
bacterioplankton in lakes. Arrows indicate the effects of planktivorous fish relative to situations in which
planktivorous fish are rare. Modified from Vanni & Layne (1997).

Growth rates of bacteria are likely affected by
organic and inorganic substrates in aquatic
ecosystems, while the bacterial abundance
and cell-size distribution are often related to
bacterivory (Cole et al. 1988, Pernthaler et al.
1996, Pedros-Alio et al. 2000, Hahn & Hofle
2001). Autochthonous DOC often forms a
basis for bacterial growth in the pelagial of
lakes and oceans (Cole et al. 1984, Simon et
al. 1992). Allochthonous DOC provides an
additional and evidently dominating C source
for bacteria in brown-water lakes (Sorokin
1972, Tranvik 1988, 1992, Jones 1992,
Jansson et al. 1999). Although most of
allochthonous DOC is unavailable for bacteria
in brown-water lakes, the available labile
fraction of allochthonous DOC can be an
important C source for bacteria because of the
high total concentration of DOC (Tranvik
1992, 1998, Miinster et al. 1999). Until
recently, the availability of organic (labile) C
was considered to exclusively limit
bacterioplankton in aquatic ecosystems.

However, recent studies indicate that mineral
nutrients, rather than organic C, often limit
bacterial growth (Table 1, Coveney & Wetzel
1992, Hessen et al. 1994, Le et al. 1994, Elser
et al. 1995, Jansson et al. 1996, Carlsson &
Caron 2001). High amounts of allochthonous
DOC may even increase a potential for the
mineral nutrient limitation of bacteria in
brown-water lakes (Tulonen 1992; but see
also Tranvik 1998). In addition to its
concentration, the molecular weight structure
of allochthonous DOC also influences
bacterial growth (Table 1, Tranvik 1990,
1998, Jansson et al. 1999, Bergstrom &
Jansson 2000, Tulonen et al. 2000, Vihitalo
et al. 2002).

4.3.2 ”Top-down” effects

The “top-down” effect of predators on the
lower trophic levels is regarded as another
significant factor in structuring communities
in lakes (McQueen et al. 1986, Vanni et al. 1990).



Table 1. Experimental results on the nutrient limitation of bacterio- and phytoplankton in humic waters.

Reference

Experimental design, study area

Main results

Bacterioplankton

Arvola et al.
1996

Arvola &
Tulonen 1998

Bergstrom &
Jansson 2000

Hessen et al.
1994

Jansson et al.
1996

Jones 1992,
and references
therein

K. Salonen
(unpubl.)

Tranvik 1990

Tulonen et al.
1992

Tulonen et al.
2000

Vihatalo et al.
2002

Enclosure experiments with added humic
matter and/or P in a humic lake, Padjarvi,
(southern Finland).

Enrichments of the humic L. Mekkojarvi
(southern Finland) inflow water or deionised
water with Jaworski’s medium with/without P.

Bacterial production in L. Ortrisket (northern
Sweden) in relation to the runoff and river
transport of humic material.

Enrichment experiments with humic water
from L. Skjervatjern and L. Kjelsésputten
(south-eastern Norway).

Enrichment experiments with humic water
from L. Ortréasket.

Review: Impact of humic substances on
bacterial growth.

Nutrient enrichment experiments with humic
water from L. Mekkojérvi.

Experiments with water from ten lakes with
differing humic content (southern Sweden).

Experiments with fractionated humic water
from L. Mekkojarvi.

Humic water from the aphotic zone of L.
Padjarvi. Impact of temperature, P and auto-
and allochthonous DOM.

Experiments with humic water from L.
Valkea-Kotinen (southern Finland) exposed or
non-exposed to solar radiation.

Phytoplankton

Arvola et al.
1996

Arvola &
Tulonen 1998

Chow-Fraser
& Duthie
1987

Cottingham et
al. 1998

Jones 1990

Jansson et al.
1996

Enclosure experiments with added humic
matter and/or P in L. Pé&jérvi.

Enrichment with Jaworski’s medium with or
without P to the humic inflow water of L.
Mekkojérvi or deionised water.

Enrichment of a dystrophic basin, Lower Baie
Philippe, of L. Matamek (Quebec, Canada)
with P and N.

Enrichments of three humic lakes with N and
P (Wisconsin, USA).

Studies of N:P stoichiometry, P uptake, and
nutrient enrichments using water from three
humic lakes (southern Finland).

Enrichment experiments with humic water
from L. Ortrésket.

Bacterial production primarily limited by
autochthonous DOM. Combined additions of humic
matter and P also stimulated production.

Growth rate, cell numbers and biomass higher in water
with allochthonous DOM. Additions of P and/or other
mineral nutrients substantially stimulated bacteria.

Lake water bacteria were stimulated by the riverine
input of "fresh”, less refractory, allochthonous DOC
during high flow events.

Bacterial production and community respiration
increased after the combined additions of glucose and
mineral nutrients. A strict C limitation unlikely.

Bacterioplankton production was P limited for most of
the ice-free period.

Increased or unaltered bacterial growth and bacterial
degradation of humic substances after enrichments
with P and N.

Bacterial growth stimulated by combined additions of
P and N. No effect after single nutrient additions.

High molecular weight (MW) fractions of DOC were
more available to bacteria than low MW DOC. In
humic lakes, high MW DOC contributed more to
bacterial growth than in clearwater lakes.

Bacterial numbers, biomass and growth rates higher in
cultures with added P and N.

Highest increase in bacterial growth after a single or
combined addition of allochthonous humic water and
P.

Bacterial production and biomass higher in waters
exposed to solar radiation due to increased P, N and C
availability.

Primary production primarily P limited throughout the
ice-free period.

Primary production increased after additions of P or
other mineral nutrients. Algae grew better in a medium
prepared for humic than for deionised water.

Phytoplankton biomass increased, but less than
predicted from the documented relationships. No
changes in the algal species composition.

Increased phytoplankton production and biomass and
species replacements (e.g., increase in cyanobacteria).

No in situ P deficiency of plankton. Additions of N or
Fe did not stimulate P uptake. In isolated samples, P
limitation developed rapidly.

Mixotrophic phytoplankton was N limited, while the
autotrophs were co-limited by P and N.




The common view of the ’top-down” effect is
that the abundance of the uppermost trophic
level controls the abundance of the
intermediate levels, thus relieving primary
producers from grazing control (Kitchell &
Carpenter 1993). Accordingly, fluctuations in
top predator populations can cascade through
the food web to alter nutrient cycling, algal
biomass and primary production (Fig. 2,
Vanni & Layne 1997, Carpenter et al. 2001).
It appears that large Daphnia is a key
component for an efficient signal transfer
between the top and the base of the food web
and vice versa (McQueen et al. 1986,
Carpenter & Kitchell 1988). In oligotrophic
waters, the top-down” effect has been
suggested to be efficient at the zooplankton-
phytoplankton interface (McQueen et al.
1986).

Several studies have shown the impact of fish
on the plankton community structure in lakes
(Hrbacek et al. 1961, Brooks & Dodson 1965,
Stenson et al. 1978, Reinertsen et al. 1990,
Holopainen et al. 1992, Mittelbach et al.
1995). Large =zooplankton species are
vulnerable  to  visual  predation by
planktivorous fish, and therefore the lakes
with abundant planktivorous fish populations
are composed of small-sized zooplankton
species. In lakes, where planktivorous fish are
controlled by piscivores or if the lake is
devoid of fish, large zooplankton can
dominate and the proportion of smaller
zooplankton 1is typically low due to the
predation by invertebrates (Arnott & Vanni
1993) and/or resource competition (Sarvala et
al. 1999). Trophic cascades can also move
sideways in the food web because several
organisms occupy more than one trophic level
(omnivory, life history omnivory) (Pace et al.
1998, Persson 1999). Based on the
assumption of a more heterogeneous food
base (autochthonous and allochthonous
carbon), del Giorgio & Gasol (1995) have
suggested that ’top-down” effects and trophic
cascades are better buffered in brown-water
lakes than in more productive clearwater
lakes.

At microbial level, heterotrophic
nanoflagellates are the main grazers on
bacteria in aquatic ecosystems (Porter et al.
1985, Sanders et al. 1989, Hahn & Hofle
2001). In lakes, ciliates (Sherr & Sherr 1987,
Langenheder & Jirgens 2001), mixotrophic
flagellates (Jones 1994, Jansson et al. 1999)
and certain cladoceran species, like Daphnia
(Kankaala 1988, Jirgens et al. 1994,
Langenheder & Jiirgens 2001), can also
markedly contribute to the grazing on
bacteria. Besides bacterivory, Daphnia can
indirectly affect the bacterial communities via
grazing on phytoplankton and protozoa
(Salonen et al. 1992c, Jiirgens et al. 1994,
Glibert 1998) or through nutrient excretion
(see below).

In addition to direct predator-prey
interactions, the upper trophic levels may
affect the nutrient availability of primary
producers via the stoichiometry of consumer-
driven recycling (Sterner & Hessen 1994,
Sterner et al. 1997, Elser & Urabe 1999).
Despite that fish appear to make in general a
relatively small contribution to P regeneration
in lakes (Hudson et al. 1999), nevertheless
they may recycle large amounts of P (D.E.
Schindler et al. 1993, Vanni et al. 1997) and
sometimes even dominate the nutrient cycling
(Kitchell et al. 1975, Brabrand et al. 1990,
Polis et al. 1996). As already mentioned, the
macrozooplankton community structure can
be modified by fish predation. Although the
nutrient stoichiometry of  different
zooplankton species varies little (molar C:P
ratios from ca. 100 to ca. 200) in relation to
that of bacteria or algae (Fig. 1 in Sterner et
al. 1998), there are still important differences
in the C:N and C:P stoichiometry between the
zooplankton species (Sterner & Hessen 1994,
Elser & Urabe 1999). Large herbivorous
cladocerans have in relative terms more P in
their body mass than copepods, whereas
copepods have proportionally more N. This in
turn affects the ratio of excreted nutrients.
Large Daphnia have high body P levels
(Andersen & Hessen 1991) and they can
contain most of the P in the organisms
(Salonen et al. 1994). Thus, Daphnia may be



considered as a sink of P, in particular under
P deficiency, because they release
proportionally less P than many other
zooplankton species (Urabe 1993, Sterner &
Hessen 1994). The role of protozoan
zooplankton is central in nutrient recycling,
since their weight-specific excretion rates for
remineralised nutrients are higher than those
of herbivorous metazooplankton (Caron &
Goldman 1990). However, microzooplankton
may also act as nutrient sinks in the absence
of zooplankton predators (Lyche et al. 1996).

Altogether, the nutrient regeneration by
consumers depends on the elemental
composition of their prey, nutrient

requirements of the predator, and the structure
of the food web (Caron et al. 1988, Jiirgens &
Giide 1990, Sterner & Hessen 1994, Glibert
1998, Elser & Urabe 1999).

4.4 Food webs of acidified and limed lakes

Atmospheric loading of sulphate and nitrate
has acidified lake and river ecosystems in
sensitive areas in Fennoscandia, Central
Europe and North America (Rodhe et al.
1995). Key processes governing soil and
water acidification and their reversibility are
reasonably well known (e.g., Reuss et al.
1987, Skeffington 1992), as well as the
chemical and biological impacts of
acidification on freshwater ecosystems (e.g.,
Muniz 1991, Bell & Tranvik 1993, Havas &
Rosseland 1995). The harmful effects of
anthropogenic acidification mainly result
from decreased pH (increased H' toxicity)
and increased levels of labile aluminium (Al)
species which negatively affect e.g.,
osmoregulation, reproduction and juvenile
survival of many freshwater species. This
results in reduced species diversity in all
trophic levels of the aquatic ecosystem and
the replacement of acid-sensitive species with
more resistant ones. The disappearance of top
predator species, such as fish, can greatly alter
the structure and functioning of acidified
freshwater ecosystems (e.g., Henrikson et al.
1980, Eriksson et al. 1980, Webster et al.
1992, Appelberg et al. 1993, Poysd et al.
1994, Appelberg 1995). Brown-water lakes
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naturally have lower pH levels than the
respective cleawater lakes (Kortelainen &
Mannio 1990) and the organisms living in
humic waters can better withstand the low
pH, because humic substances reduce the
toxic effects of Al (Hornstrom et al. 1984)
and contribute to the buffer capacity
(Lydersen 1998, Kortelainen 1999b). This
largely explains the higher species diversity in
acidic humic waters as compared to acidic
clearwater lakes (Raddum et al. 1980, Sarvala
& Halsinaho 1990).

Acidified freshwaters have been limed in
large-scale in Sweden and Norway, and to a
lesser extent e.g., in Finland, UK, Central
Europe and North America to preserve
biodiversity and to mitigate the harmful
effects of acidification, in particular, on
valuable fish species (salmonids) and crayfish
(Henrikson & Brodin 1995b). The effects of
liming on a lake ecosystem can be complex,
because liming affects directly and indirectly
the physical, chemical and biological
variables of lakes (Henrikson & Brodin
1995a). Further, some of the effects are short-
lived (Hultberg & Andersson 1982, Jarvinen
1993), while long-term effects may reveal
themselves after a lag period of several years
(e.g., Appelberg 1995). It appears that the
long-term impact of liming is mostly
determined by biotic factors (competition and
predator-prey  interactions)  within  the
framework of post-liming abiotic conditions,
and the biological communities of the limed
waters will rarely, if ever, fully reach their
pre-acidification state (Appelberg 1995).
Liming of lakes has often coincided with the
introduction of fish. Introduction or natural
re-colonization of fish during the post-liming
period increases the number of trophic levels,
modifies predator-prey interactions, and may
lead to cascading trophic interactions (cf.
chapter 4.3.2). In fact, (re-)introduction of
fish species immediately after lake liming
complicates the interpretation of the pure”
liming effects, because many of the observed
changes evidently result from fish
manipulation and consequent changes in the
food web interactions.



Freshwater ecosystems in Europe and North
America have started to recover from
acidification after reductions in acidic
deposition (Jarvinen & Rask 1996 and
references therein, Stoddard et al. 1999). As
with freshwater acidification and liming, the
studies of chemical and biological recovery
from acidification offer aquatic scientists a
possibility to study also the biogeochemical
cycles and food web interactions. The studies
of recovery from acidification suggest that
freshwater ecosystems will be rarely restored
completely, and this often takes a long time
due to the complex chemical and biological
interactions (Schindler et al. 1991, Gunn et al.
1995, McNicol et al. 1995, Sampson et al.
1995, Havas et al. 1995, Stoddard et al.
1999). First, it takes time before populations
respond to the altered water chemistry
(Skeffington & Brown 1992). Second,
although a partial recovery of the lake
ecosystem will certainly occur, the extirpation
of organisms during acidification from key
niches may prolong the recovery time
(Schindler 1990). Third, biological resiliency
may prevent or slow down the establishment
of circumneutral inferior competitors if the
community composition has reached a new
steady state during the acidic conditions (e.g.,
Herrman & Svensson 1995).

5. Objectives of the study

This thesis focuses on plankton communities
of small boreal brown-water lakes and aims:

1) to estimate the role of phosphorus,
nitrogen and labile organic carbon in limiting
bacterio- and phytoplankton, and to study
whether the changes in the food web structure
can affect nutrient regeneration.

2) to estimate the role of zooplankton in
controlling the abundance and vertical
biomass  distribution of phyto- and
bacterioplankton and protozoan communities
in lakes with or without planktivorous fish.
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3) to estimate the response of plankton to pH
related changes following lake liming.

This is done wusing results of nutrient
enrichment bioassays, lake liming
experiments and food web manipulation
experiments. In addition to the results of the
original papers, additional unpublished data is
included in the thesis.

6. Material and methods
6.1 Study sites

The studied lakes are small brown-water lakes
located in the Evo State Forest Area, Lammi,
southern Finland (Fig. 3, Table 2, I-VI). The
lakes are headwater lakes surrounded by
coniferous forests with patches of deciduous
trees and some peatland area. They have an
inlet and an outlet with the exception of L.
Valkea-Kotinen which lacks an inlet, and L.
Iso Valkjéarvi which is a seepage lake. During
the summer, the lakes are thermally strongly
stratified and their hypolimnia are anoxic. The
lakes are typically ice-covered from late-
October/November to late April/early May. In
the study region, the daily mean air
temperature and precipitation in June-August
are 14.843.3 °C (+1x standard deviation) and
2.3+5.2 mm, respectively (1964-1998;
meteorological station of the Finnish
Meteorological Institute at Lammi Biological
Station ca. 20-25 km from the study lakes).

Lake Pussijdrvi

L. Pussijérvi is an acidic lake with a short
water retention time (Table 2, I). The shores
are overgrown by Sphagnum peat mosses
forming characteristic mats around the lake,
wherefore there is no shallow littoral area
(Fig. 3). Due to the small surface area,
sheltered position and dark water colour the
lake can occasionally be spring meromictic.
The lake has no fish.

Lake Ruuttanajdrvi
L. Ruuttanajérvi has a neighbouring drainage
area with L. Pussijarvi (Fig. 3, I). The lake



has a dense population of European perch
(Perca fluviatilis; 51.7 kg-ha ', Lappalainen et
al. 1988). Spring circulation may be
incomplete in L. Ruuttanajérvi. The
catchment area of the lake has experienced
soil fertilization due to forestry before late
1970’s which explains the relatively high
concentrations of phosphorus in the lake and
in the incoming water (Table 2).

Lake Iso Valkjdrvi

L. Iso Valkjérvi is an oligotrophic clearwater
lake. However, the tree felling done in the
catchment area in the mid 1980’s increased
water colour and the concentrations of total
nutrients in the lake (Jarvinen & Rask 1992).
In the year of 1980, the epilimnetic water
colour averaged 10 gPtm > (Arvola 1986),
whereas in the beginning of this study in the
year of 1990, when the lake was mesohumic,
it was around 60 gPtm > (Table 2, Rask
1991, II-IV). The lake may be temporarily
meromictic in  spring (Jones  1990).
Macrophytic vegetation is dominated by

Nuphar lutea and mats of Warnstorfia sp. at

the bottom of the lake. The Ilake is
characterised by the dominance of the
flagellated alga, Gonyostomum  semen

(Raphidophyceae; cf. Table 4). The lake has a
natural population of European perch and
northern pike, whereas whitefish (Coregonus
sp.) were introduced to the lake in small
quantities more or less regularly since the late
1970’s till the late 1980’s. The lake is known
to have been circumneutral in the late 19"
century based on the abundant roach (Rutilus
rutilus) catches recorded by the Evo State
Fisheries and Aquaculture Research Station
(Jarvinen & Rask 1992). Acid-sensitive roach
completely disappeared from L. Iso Valkjarvi
some 30 years ago.

Lake Mekkojdrvi

L. Mekkojarvi is a small, shallow, acidic and
highly humic lake (Fig. 3, Table 2, V-VI).
Floating Sphagnum and Warnstorfia mosses
surround the shoreline of the lake and there is
no shallow littoral area. The lake has a steep

L. Mekkojarvi (4) L. Valkea-Kotinen (5)

H
20m

L. Iso Valkjarvi (3)

Limentro

Figure 3. Location of the study lakes and their bathymetric maps. Filled circles indicate the main sampling

points. Note the difference in scales.

12



Table 2. Characteristics of the study lakes. Selected mean epilimnetic water properties are presented for the

summer period (June—August).

Pussijarvi' Ruuttanajirvi® Iso Valkjérvi® Iso Valkjérvi Iso Valkjarvi Mekkojarvi® ~ Valkea-
Control side* Limed side* Kotinen®
Surface area km’ 0.029 0.01 0.039 0.016 0.022 0.004 0.041
Catchment area km’ 0.10 0.14 0.17 0.07 0.10 0.07 0.30
Maximum depth m 8.0 11.2 8.0 5.0 8.0 4.0 6.5
Mean depth m 6.6 4.9 34 2.9 3.8 2.0 2.5
Volume m’ 19000 47000 131200 47400 83800 8000 104000
Thermocline depthm  1-1.5 1-2 2-3 2-3.5 2-3.5 0.6-1.1 2-2.5
Anoxia below m 1.5-2 2-4 3 34 3.5-4 1.0-1.5 2.5-3
pH 4.8 5.6 5.2 5.8 6.9 5.6 5.2
Alkalinity eq m° —0.006 0.040 —0.007 0.019 0.230 0.087 0.003
Colour g Pt m> 150 200 60 50 60 310 120
DOC g m° 14 17 8 7 8 20 11
Tot-P mgm° 18 54 18 21 15 14 18
Tot-N mg m> 740 880 450 470 460 520 460
PO4-P mg m> 4.5 18 1.1 1.5 1.1 1.3 <2
NOs+NO,-Nmgm~> 20 23 6 9 7 10 7
NH,-N mgm* - — —~ 7 7 2 12
Chl-a mg m’ 5 16 18 23 10 8 23
Dominating Daphnia Bosmina B. longispina  B. longispina B. longispina Daphnia Holopedium
zooplankton species longispina longispina Ceriodaphnia  Ceriodaphnia Ceriodaphnia longispina  gibberum
Keratella  D. cristata quadrangula  quadrangula quadrangula K. cochlearis B. longispina
cochlearis  Ceriodaphnia  D. longiremis D. longiremis D. longiremis Ceriodaphnia
Polyarthra quadrangula  Kellicottia Kellicottia Kellicottia quadrangula
spp. Polyarthra bostoniensis ~ bostoniensis  bostoniensis Kellicottia
spp. bostoniensis
Fish species and their - Perch +++  Perch+++  Perch+++ Perch+++ Pike + Perch +++
abundance: low + Pike + Pike + Pike + Tench (+)  Pike (+)
high +++ Whitefish + Whitefish + Whitefish +
Treatment Liming - Division into - Liming Fish -
two parts Fish death introduction

11986-88, 0-1 m; > 1986-1988, 0-1.5 m; * 1985-1990, 0—1 m;

2m; " 1986 & 1988.

thermal and chemical stratification, and the
trophogenic layer is typically limited to the
uppermost 0.5—-1 m (Salonen et al. 1992b, c,
V-VI). With an exception of a few northern
pike, which prey on amphibians and aquatic
insects, and possibly some tench (7inca
tinca), the lake has been without fish before
the 1994 whitefish introduction (chapter
6.2.3). This is reasonable, because the lake
may become totally anoxic during the ice-
covered period with an exception of a limited
area close to the inlet of the lake (K. Salonen,
unpubl.). In the summer, zooplankton
biomass is almost exclusively formed by the
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41991-1995, 0-2.5 m; > 1994, 0—1 m; ° 1990-1998, 0—

herbivorous cladoceran Daphnia longispina
(Kankaala 1988, Salonen & Lehtovaara 1992,
V), which may constitute up to 85% of the
particulate P in the epilimnion of the lake
(Salonen et al. 1994).

Lake Valkea-Kotinen

In addition to the results of the original papers
I-VI, the thesis includes unpublished data of
nutrient enrichment bioassays I carried out in
L. Valkea-Kotinen in 1995-1996. L. Valkea-
Kotinen is a steeply stratified acidic pristine
humic lake located in the Kotinen nature
reserve (Fig. 3, Table 2, 1. Bergstrom et al.



1995, Keskitalo et al. 1998, Rask et al. 1998).
The catchment area of the lake consists of old
virgin forest and small areas of peatland,
which have been unaffected by man for at
least 100 years. The lake experiences no local
pollution, but it is influenced by the
deposition of long-range  atmospheric
pollutants (Keskitalo & Salonen 1998, Rask
et al. 1998). Like L. Iso Valkjérvi, L. Valkea-
Kotinen is characterised by the dominance of
Gonyostomum semen (cf. Table 4). The lake
has a dense population of European perch,
2455-4930 ind.-ha ', and a population of
northern pike (Rask et al. 1998).

6.2 Experimental designs
6.2.1 Liming

L. Pussijarvi

One week before the melting of ice at the end
of April 1987, powdered limestone (CaCOs;
80 % of particle size of <74 um) was spread
on the ice of L. Pussijarvi (I). A band of
CaCOs; of 1-2 m in width was also spread on
the shoreline of the lake. The total dose of
850 kg corresponded to an addition of 45
g‘CaCOymf3 . The aim of the treatment was to
increase pH above 6.0. Due to a short
retention time of the lake and constant acidic
input from the untreated catchment area, the
effects of liming on water chemistry could be
discerned only in the year of the liming (I).

L. Iso Valkjérvi

L. Iso Valkjéarvi was divided watertightly into
two equally sized parts with a polyethylene
wall immediately following the ice melt in
early spring 1991 (Jarvinen & Rask 1992).
The western part of the lake was limed with a
finely ground limestone powder (CaCOs) in
late May 1991. The dose of 3050 kg
corresponded to an addition of 364
g:CaCO3m > (Weppling et al. 1992). The
powder had a CaCO; content of 96.1%, the
most important impurities being magnesium
(1.8%) and silica (1.5%). The aim of the
treatment was to increase pH and alkalinity of
the limed part to 6.5-7.0 and 020-025 meql ',
respectively, for at least 3-5 years. The
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original polyethylene wall leaked neutralised
water from the hypolimnion of the limed part
to the control part of the lake in early spring
1992 (II). To avoid any further leakage
between the lake parts, an additional
polyethylene wall was installed next to
original one in August 1992 (Fig. 3). The
duration of CaCOs treatment has lasted longer
in the water chemistry than what was
originally targeted (Jarvinenetal. 1995, unpubl.).

6.2.2 Nutrient enrichment bioassays

L. Mekkojdrvi

In situ nutrient enrichment bioassays with
200-um screened epilimnetic (0—0.5 m) water
were conducted weekly in 20-ml or 50-ml
bottles both before and after the introduction
of fish to the lake (see 6.2.3) in June—August
1994 (V-VI). Phosphate-P, ammonium-N and
labile organic carbon (glucose) were added
separately and in all combinations in a 2x2x2
factorial design to final concentrations of 1.6
umol-P1"!, 25.0 pmol'N-I"", and 41.7 pmol-C11",
respectively. Additional enrichments with
nitrate-N and urea (CO(NH;),) were
conducted during the study. Primary
production and plankton respiration were
generally measured 1 and 5 days after the
beginning of the experiments (**C and DIC
methods, respectively; Table 3).

L. Valkea-Kotinen

In situ nutrient enrichment bioassays with
200-um screened epilimnetic (0—1 m) water
were conducted weekly in June-August 1995
and three times in 1996 (M. Jarvinen & K.
Salonen, unpubl.). Phosphate-P, ammonium-
N and glucose were added separately and in
all combinations in a 2x2x2 factorial design to
final concentrations of 0.62 pmol-P-1"!, 10.0
umol-N‘1"!, and 41.7 pmol-C-1"", respectively.
After nutrient additions, 1-litre open
containers were pre-incubated for 2-d in the
lake under a UV-cutting transparent shield.
After this, duplicate subsamples of 20-ml
were taken from the containers to acid-purged
and combusted (450 °C, 4 h) scintillation
vials for the determination of primary
production (**C method, 4-h incubation under



constant light; Schindler et al. 1972a,
Keskitalo & Salonen 1994) and bacterial
production (14C-leucine method, 1-h incubation;
Kirchman 1993), respectively. In addition, the
in vivo fluorescence of the sample water was
determined with a Turner 10-AU-005 field
fluorometer (CS5-60 excitation filter, 2—64
emission filter, daylight white lamp, a red
sensitive photomultiplier) at the beginning
and at the end of the experiments.

6.2.3 Fish manipulations

L. Mekkojdrvi

One thousand individuals of whitefish
fingerling of the year (0+) 4—6 cm in length
were introduced to L. Mekkojérvi in mid-July
1994 (V-VI). The 1idea behind the
planktivorous fish introduction was to
biologically remove the large-sized and
dominating Daphnia longispina from the
lake, and to follow the responses of the
ecosystem to the changed food web structure.
Anoxic water below the depth of 0.6-0.9 m
restricted the distribution of whitefish to the
uppermost water layer. Three weeks after the
introduction of fish, all Daphnia disappeared
from the lake (V). Two mesocosms of a
diameter of 2 m were installed to the lake
before the fish introduction for radiotracer
studies of P cycling (K. Salonen, unpubl.). In
the mesocosms, Daphnia remained the
dominating zooplankton species throughout
the summer, which indicates that the
disappearance of the species in the lake
resulted from predation by the introduced
planktivorous fish (V).

L. Iso Valkjérvi

The perch population of L. Iso Valkjéarvi was
mostly composed of fish of the abundant
1988 year-class (Rask 1991, 1V). An almost
complete killing of the perch population took
place in the control part of L. Iso Valkjarvi in
September 1992, which decreased the density
of perch from 1800 ha ' to <50 ha ' (IV). This
likely resulted from the so-called mixing zone
effect (Rosseland et al. 1992): an
unfavourable interaction of low pH, calcium
and  labile  aluminium in  certain
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concentrations, which is detrimental to fish.
In L. Iso Valkjarvi, the fish kill was also
related to autumn turn-over and consequent
changes in the Redox potential and the
concentration of iron (Fe) (IV). The
unexpected fish kill disturbed the original
experimental design, but it offered a
possibility to estimate the controlling role of
perch in the ecosystem of the lake.

6.3 Physical, chemical and biological
determinations

The methods used in the studies I-VI are
summarized in Table 3.

7. Results and discussion
7.1 Plankton community structure

Phytoplankton species composition in the
studied lakes (Table 4, Figs. 67 in I, Table 1
in II) was typical for boreal brown-water
lakes (e.g., Ilmavirta 1983, Eloranta 1995,
Jones 1998, Arvola et al. 1999b, Lepistod
1999). Cryptomonads and chrysophyceans
were abundant, while the contribution of
diatoms to the total algal density and biomass
was typically low. However, the biomass
dominance of the acidophilic diatom
Asterionella ralfsii in L. Pussijarvi (I), the
increased biomass of the diatom Fragilaria
ulna m. “acus” after liming in L. Iso
Valkjarvi (1), and the abundance of
Rhizosolenia longiseta in L. Valkea-Kotinen
(Table 4, A.-L. Holopainen, unpubl.)
indicated that turbulent mixing was sufficient
for diatoms even in these small and rather
sheltered lakes. It is possible that diatoms are
lacking from many brown-water lakes simply
because of low silica concentrations (Arvola
et al. 1999b). For instance, F. ulna probably
increased following liming in L. Iso Valkjirvi
due to impurities of Si in the added CaCOs
(theoretical ~ enrichment 550 mg-Si'm°;
Weppling et al. 1992) and reduced acidity
(IT). A similar increase in Si concentration
and Fragilaria nana (Synedra nana)



Table 3. Summary of the methods used in papers I-VI.

Measurement

Method

Reference

Temperature and oxygen
Light penetration

pH *

Alkalinity *
Conductivity *

Water colour *

Inorganic carbon
Organic carbon *
Nitrate+nitrite *
Ammonium *

Inorganic phosphorus *
Total nitrogen and
phosphorus *
Particulate nitrogen and
phosphorus *
Dissolved total nitrogen
and phosphorus *
Chloride and sulphate *
Iron*

Total-aluminium *
Calcium, Magnesium,
Sodium, Potassium *
Chlorophyll

Bacterioplankton

Phytoplankton density
Phytoplankton biomass
Protozoans

Metazooplankton

Plankton respiration
Primary production

Bacterial production

Phosphomonoesterase
activity

Nitrogen and phosphorus
in zooplankton *
Nitrogen and phosphorus
in fish *

YSI temperature and oxygen probe, in situ measurement
Secchi disc, Li—Cor, LI-190Sa quantum sensor

Orion Research 701 or SA 720 pH meter

Gran titration

Conductivity meter

0.2-pm or GF/C filtration, absorption at 420 nm, Platinum-
cobalt standards; Hitachi 101 or Shimadzu UV-2100
spectrophotometer

Acidity infrared method; Universal carbon analyser
Combustion infrared method; Universal carbon analyser
Cadmium reduction method; AKEA autoanalyser
Modified phenate method; Shimadzu UV-2100
spectrophotometer

Molybdate method; AKEA autoanalyser

Alkaline persulphate digestion; AKEA autoanalyser

Filtration onto preignited Whatman GF/F filters, alkaline
persulphate digestion; AKEA autoanalyser

Preignited Whatman GF/F filtrates, alkaline persulphate
digestion; AKEA autoanalyser

Dionex 20011 ion chromatograph

Varian Techtron 1000 atomic absorption spectrophotometer
Catechol violet reagent

Varian Techtron 1000 atomic absorption spectrophotometer

Ethanol extraction at room temperature; Shimadzu UV-240
or UV-2100 spectrophotometer, or Hitachi F—4000
fluorescence spectrophotometer

Epifluorescence microscopy, acriflavine staining;
measurement of biovolume from cell dimensions,
conversion to carbon biomass

Settling chamber technique

Wet weight from algal biovolumes measured for the
dominant species or given in the literature

Settling chamber technique, counting of cells from half

of the bottom of the chamber

50-um plankton mesh net, preservation with formaldehyde
or chilled sugar-formaldehyde solution, rotifers: inverted
microscopy, crustaceans: dissection microscope, C content
by high temperature combustion or values from literature
Increase in DIC in dark bottles; Universal carbon analyser
Hc method; Wallac 1210 Ultrobeta or Wallac 1400
Scintillation Counter

Incorporation of *C leucine; Wallac 1400 Scintillation
Counter

Increase in fluorescence during 10 min incubations with
4-methyl-umbelliferyl-(4MUF)-phosphate at 15 °C; Hitachi
F—4000 fluorescence spectrophotometer

Drying at 60-65°C, persulphate digestion; AKEA
autoanalyser

Dried pulverised samples mixed with deionised water,
persulphate digestion; a mortar and pestle, an electrobalance,
AKEA autoanalyser

Wetzel & Likens 1991
Li—Cor 1982
APHA 1985
Mackereth et al. 1978
APHA 1985

Salonen 1981
Salonen 1979
Wood et al. 1967
Solérzano 1969

Murphy & Riley 1962
Koroleff 1983

Koroleff 1983
Koroleff 1983

APHA 1985
APHA 1985
Dougan & Wilson 1973
APHA 1985

Lorenzen 1967, Jespersen
& Christoffersen 1987

Bergstrom et al. 1986,
Tulonen 1993

Utermohl 1958

Naulapédéd 1972, E. Willén
et al. 1985, Tikkanen &
Willén 1992,

Utermohl 1958, 11T

Prepas 1978, Keskitalo &
Salonen 1994, Latja &
Salonen 1978, McCauley
1982, Hakala 1971
Keskitalo & Salonen 1994
Schindler et al. 1972a,
Keskitalo & Salonen 1994
Kirchman 1993, Tulonen
1993

Hoppe 1983

Miinster et al. 1989

Koroleff 1983

Koroleff 1983

* = determinations generally made by the laboratory staff of the Lammi Biological Station.
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abundance was found after liming of L.
Gardsjon, Sweden (Larsson 1988). Rask et al.
(1993) reported increased numbers of diatoms
in a small brown-water lake, Nimeton, in
southern Finland after clear cutting and slash
burning of the catchment area of the lake.
Decrease in the shelter from wind increased
mixing in this formerly meromictic lake, but
it is likely that besides the increased
turbulence, also the increased nutrient load
favoured the diatoms.

Except for the drastic short-term decrease of
the biomass of phytoplankton and protozoans
immediately after the lime addition (II,
Jarvinen 1993), and the increased abundances
of F. ulna and the cryptomonad Rhodomonas
lacustris, liming of L. Iso Valkjirvi did not
noticeably  affect  the  phytoplankton
community structure (II) or the protozoan
zooplankton (III). This likely resulted from
the relatively high concentration of DOC in
the lake (cf. Table 2) which can buffer against
the negative effects of acidity (e.g.,
Hornstrom et al. 1984, Larsson 1995), the
ambient low concentration of labile Al (II, IV,
Mannio 1993), the rather ’high” pH level (5—
5.5) during the acidic phase (Rask 1991), and
from the fact that liming caused only minor

changes in nutrient concentrations (II,
Jarvinen et al. 1995). Furthermore, the
zooplankton = community  structure  and

biomass were affected little by liming albeit

@® Oocystis O Rotifera O Crustacea

Zoopl. (ind. x105 m-2)

Oocystis (cells x104 ml-1)

June

July

Aug.

Figure 4. Cell numbers of Oocystis lacustris and
the total abundance of rotifer and crustacean
zooplankton in L. Ruuttanajdrvi during the
summer of 1986. Zooplankton data from paper 1
and Kuoppamdki (1990).
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some pH related replacements between acid-
tolerant and acid-sentive species were
observed (Kuoppamiki 1993a, b, II-III). In L.
Mekkojéarvi, the total biomass of the
phytoplankton increased after the food web
manipulation, whereas the species
composition remained similar during the
study period (V).

In the studied lakes, the phytoplankton
community typically included several
mixotrophic chrysophycean and

prymnesiophycean species (Table 4) capable
of phagotrophy (Sanders et al. 1989, H. Jones
et al. 1994). Flagellated cryptomonads and the
raphidophyte, G. semen, which migrate
diurnally in the water column (e.g., Salonen et
al. 1984b, Salonen & Rosenberg 2000), were
also abundant in the lakes (Table 4). The role
of mixotrophy and diel vertical migrations
(DVM) in the nutrient dynamics of brown-
water lakes is discussed in more detail in
chapters 7.2 and 7.3.1.

Seasonal dynamics of plankton and
phytoplankton species dominance varied
between the study years in L. Ruuttanajirvi
(Fig. 7 in I). In 1986, the chlorophyte
Oocystis lacustris increased exponentially
since the end of June and the species
exclusively dominated algal density (24000—
66000 cells ml™" in the epilimnion in July—
August) and biomass during the rest of the
summer. Before this in June, the desmids
belonging to the genera Closterium, typical to
humic waters (e.g., Tikkanen & Willén 1992),
formed high biomasses (I). Qocystis
abundance was not related to the mineral
nutrient stoichiometry in the epilimnion
(linear regression analysis after log-log
transformations: F=0.035, p=0.854, n=12).
Instead, the onset of the Oocystis dominance
coincided with the change in the zooplankton
community structure (Fig. 4). Qocystis
abundance correlated positively with the total
abundance of macrozooplankton (Cladocera +
Cyclopoida; F=42.030, p=0.000, n=12) and
negatively with rotifers (F=21.903, p=0.001,
n=12). Hessen and Lydersen (1996) suggested
that the positive relationship between



Oocystis and the cladoceran Holopedium
gibberum in a Norwegian brown-water lake,
Skjervatjern, possibly resulted from the
benefit Oocystis derived from grazing and gut
passage (Porter 1975). In the following years,
Oocystis density was negligible in L.
Ruuttanajérvi and cryptomonads were mainly
dominating the phytoplankton biomass (Table
4, Fig. 7 in I). However, a strong bloom of the
cyanobacteria  Anabaena  circinalis  was
observed in the lake in July 1987 (I). This was
likely favoured by the low inorganic N:P ratio
in the epilimnion (Fig. 5), because then N-
fixing cyanobacteria can have a competetive
advantage over other algal groups (Smith
1983). The low N:P stoichiometry of L.
Ruuttanajérvi water in 1987 could be related
to annual and seasonal differences in
precipitation. The autumn of 1986 and the
summer of 1987 were wet, which increased
the loading of P from the P-fertilized
catchment to the lake (M. Jarvinen, unpubl.).
During the year of 1987 the inlet of the lake
was flowing throughout the summer, while in
1986 and 1988 it ran dry for several weeks
(data not shown). This cyanobacterial bloom
is just one example of how year-to-year
variations in weather may modify the
dynamics of plankton in lakes (e.g., Schindler
et al. 1996, George et al. 2000, Gerten &
Adrian 2000). In eutrophic lakes, the success
of cyanobacteria has also been related to their
resistance against zooplankton grazing (e.g.,
Gragnani et al. 1999). The role of ’top-down”
effects on cyanobacteria was likely small in
L. Ruuttanajérvi, because the zooplankton
community was always dominated by small
cladocerans and rotifers in the years of 1986-
1988 (I). Nevertheless, grazing by small-sized
zooplankton could not prevent the biomass
increases of the grazing resistant and less
edible Closterium, Qocystis and Anabaena
(e.g., Reynolds 1984, Harris 1986, Sterner
1989).

7.2 Vertical distribution of plankton
Vertical  distribution of  phytoplankton

biomass differed between the lakes with or
without planktivorous fish, which might result
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from the differences in their zooplankton
community structure. In lakes with no
plantivorous fish (Pussijarvi and Mekkojarvi),
the zooplankton community was composed of
larger-sized species albeit the proportion of
small-sized rotifers in the metazoan
zooplankton abundance was high in L.
Pussijarvi (Table 2, I, V). In these lakes, the
phytoplankton biomass was low in the
epilimnion, but it increased close to the
thermocline and in the hypolimnion (Fig. 6,
Fig. 4 in I). The lakes with planktivorous fish
populations were characterised by smaller-
sized zooplankton species (Table 2, I-II, K.
Salonen, J. Keskitalo & A. Lehtovaara,
unpubl.) and they had a more even
distribution of phytoplankton biomass in the
water column (Fig. 6). This suggests that in
the absence of fish predation zooplankton
grazing can effectively control phytoplankton
biomass in the epilimnion. This is reasonable,
because the =zooplankton grazing rate is
directly related to biomass (e.g., Peters &
Downing 1984). Low phytoplankton biomass
in the upper water layer of the limed side of
L. Iso Valkjirvi indicates, however, that also
other factors, such as light climate (Fig. 2 in
II, see also below), can shape the
phytoplankton biomass distribution. The role
of zooplankton in shaping algal biomass is
discussed in more detail in chapter 7.4 in

connection with the L. Mekkojarvi fish
manipulation experiment.
m N:Pratio O Anabaena
S 21 -3 &
£ £
S 14 L2 O
s <
i) L
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Figure 5. Biomass development of the

cyanobacteria Anabaena circinalis and the
inorganic nitrogen to phosphorus (N:P) ratio in
the epilimnion of L. Ruuttanajdrvi in June-
August 1986—1988.
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Figure 6. Mean (+standard deviation) biomass of phytoplankton at different depths in the lakes with no
planktivorous fish and in lakes with abundant planktivorous fish population during June—August (n=7-27).
Broken lines indicate the approximate position of the thermocline. Phytoplankton data of L. Valkea-Kotinen

by A.-L. Holopainen (unpubl.).

The chlorophyte Chlamydomonas sp. and the
prasinophyte Scourfieldia cordiformis were
not present in the epilimnion of L. Pussijarvi
except in early spring, but their abundance
was high in the hypolimnion (I). S.
cordiformis has a similar vertical distribution
in L. Mekkojédrvi (Arvola et al. 1992, M.
Jarvinen unpubl.). In the literature,
Scourfieldia has been reported to prefer cold
and humic water (e.g., Ettl 1983, Tikkanen &
Willén 1992). However, the results of
Salonen et al. (1992b, c) from the experiments
with L. Mekkojidrvi water suggest that the
hypolimnetic occurrence of Chlamydomonas
and Scourfieldia might also be related to
zooplankton grazing because both species
were present in 1 m’ containers with warm
(10-16 °C or >20 °C) epilimnetic water if
Daphnia were removed. Chlamydomonas and
Scourfieldia may derive benefit from their
stay in the hypolimnion, close or below the
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compensation depth for photosynthesis,
through the improved nutrient availability and
reduced zooplankton grazing (Arvola et al.
1992).

The raphidophyte G. semen was dominating
both during pre- and post-liming periods in L.
Iso Valkjarvi (II). The diurnal vertical
distribution of the species varies in lakes due
to migration (e.g., Cowles & Brambel 1936).
G. semen prefers low levels of irradiation
(Sorensen 1954, Eloranta & Riike 1995),
which probably explained the deeper
occurrence of the species in 1992 in the limed
side of L. Iso Valkjirvi where transparency
was greater than in the control side (Fig. 2 in
II). The light intensity of 75-95 umol m* s '
can be high enough to halt the upward
migration of G. semen (Eloranta & Réike
1995). Corresponding light intensity was
measured in 1992 in the control side of L. Iso



Valkjérvi at the depth of ca. 2 m and in the
limed side about 1 m deeper (M. Jarvinen &
K. Kuoppamiki, unpubl., Fig. 2 in II).
Salonen and co-workers have studied the diel
vertical migration of G. semen in L. Valkea-
Kotinen (Salonen et al. 1993, Salonen &
Rosenberg 2000). They suggest that the
species acquires nutrients from nutrient-rich
water layers by vertical migration. Such
beneficial hypolimnetic nutrient retrieval by
migration has also been reported for other
algal species (Salonen et al. 1984b, Watanabe
et al. 1991). Salonen and co-workers also
hypothesised that the low concentrations of
phosphate and ammonium in the anoxic
hypolimnion of L. Valkea-Kotinen might
result from the nutrient uptake by G. semen
and other = migrating algae (e.g.,
cryptomonads). The nutrient data from L. Iso
Valkjarvi supports the hypothesis; despite
anoxia, which should result in the release of P
and N from the sediments (e.g., Wetzel 2001),
the concentrations of inorganic nutrients in
summer were low in the hypolimnion of the
lake during the dominance of the migrating G.
semen and cryptomonads (Fig. 7, Rask 1991,
M. Jérvinen & K. Kuoppamiki, unpubl.).
Kopacek et al. (2000) have related the low
hypolimnetic concentrations of P to low pH
and a consequent Al inactivation of P in the
water column and sediments in a mountain
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lake, Plesné, in the Bohemian Forest, Czech
Republic. It is unlikely that this would be the
mechanism behind the low P concentrations
in the hypolimnion of Lakes Iso Valkjérvi and
Valkea-Kotinen, because the lakes are located
in a region which is less affected by acid
precipitation and their total Al concentrations
are several-fold lower than those reported for
L. Plesné (Kopacek et al. 2000). Further, in
contrast to the situation in L. Ple$né the
concentrations of NH4-N were low in the
anoxic hypolimnion of Finnish lakes which
cannot be explained by metal binding.
Accumulation of P and N in the hypolimnion
during winter anoxia (M. Jarvinen, unpubl., J.
Keskitalo, unpubl., Fig. 7) when the biomass
of migrating algae is negligible also suggests
that migrating algae might be responsible for
the low hypolimnetic nutrient concentrations
in the summer, albeit the potential role of
phototrophic bacteria in the upper parts of the
hypolimnion cannot be overruled. The
dominance of migrating phytoplankton
species, such as G. semen and cryptomonads,
in brown-water lakes suggests that DVM is an
important strategy in acquiring mineral
nutrients in these lakes (e.g., Salonen et al.
1984b, 1993, Jones 1991). In addition,
vertical migrations to deeper water layers at
night time reduce the grazing mortality of
phytoplankton (Lampert 1992). DVM might
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Figure 7. Concentrations of inorganic phosphorus and ammoniun-nitrogen in the hypolimnion of the control
side of L. Iso Valkjdarvi in 1991-1993, and the total biomass of migrating algae (Gonyostomum
semen-+cryptomonads). The high nutrient concentrations during the winter of 1992—1993 resulted from the
fish-kill in autumn 1992 and a consequent decomposition of fish carcasses (cf. IV, chapter 7.4).

21



also explain why phytoplankton do not
necessarily experience in sifu nutrient
limitation in brown-water lakes (cf. V,
chapter 7.3.1).

Bacterial numbers and biomass typically
increase with depth in brown-water lakes with
anoxic hypolimnion (e.g., Kuuppo-Leinikki &
Salonen 1992). This was also observed in
both sides of L. Iso Valkjarvi (M. Jarvinen &
K. Kuoppamédki, unpubl., III) and in L.
Pussijarvi (Fig. 8 in 1), whereas in L.
Ruuttanajérvi bacterial numbers showed little
vertical and seasonal variation (Fig. 8 in I). In
L. Pussijarvi, bacterial numbers varied
between the years in all depths being highest
in the year of the liming (Fig. 8 in I). Since
liming has been shown to have generally
negligible effects on bacterioplankton (Bell &
Tranvik 1993, but see also Gahnstrom 1995),
high bacterial abundance in 1987 might result
from wet weather conditions (cf. I, chapter
7.1), which likely imported “fresh” more
biologically available DOM to the lake (cf.
Hessen 1998). During the rainy summer of
1987, DOC concentrations of the inlet water
of L. Pussijarvi were clearly higher (2245
g'm °; n=11) than in the other study years
(<22 g'm’; n=2). High bacterial numbers and
reduced acidity might explain the increase in
the density of mixotrophic chrysophycean
species in the lake in the year of the liming
(cf. D).

7.3 Nutrient limitation
7.3.1 Phytoplankton

Results of nutrient enrichment bioassays
suggested primary production of
phytoplankton to be potentially P limited
before the introduction of whitefish to L.
Mekkojarvi (Figs. 5-6 in V). During this
period, the zooplankton community was
dominated by the cladoceran D. longispina,
which had a high P content (Salonen et al.
1994, V). It is possible that because of its
C:N:P stoichiometry (V, Andersen & Hessen
1991) Daphnia retarded P cycling in the
epilimnion of L. Mekkojérvi. Potential P
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limitation decreased immediately after the
disappearance of Daphnia, while the opposite
was found for N limitation (Figs. 4-6 in V).
This shift in potential nutrient limitation was
in line with the concept of consumer-driven
nutrient stoichiometry (Sterner 1990, Urabe
1993, Sterner & Hessen 1994, Elser & Urabe
1999).

Excretion of whitefish was probably also
responsible for the relaxation of P deficiency
in L. Mekkojarvi (V). In planktivore-
dominated systems, excretion by young fish
sometimes dominates P recycling (Carpenter
et al. 1992, D.E. Schindler et al. 1993, Vanni
et al. 1997). Whitefish probably contributed
most to the pelagial nutrient dynamics
immediately after their introduction to the
lake, because then they had plenty of Daphnia
to prey on (V). After the disappearance of
Daphnia whitefish became resource-limited
and literally stopped growing (V). Along with
rotifers, which probably benefited from the
reduced competition (e.g., Neill 1984, Gilbert
1988, Pace etal. 1998), protozoan zooplankton
increased after the collapse of the Daphnia
population (Fig. 11, V-VI). Because protozoans
can recycle more efficiently nutrients than
herbivorous macrozooplankton (Vadstein et al.
1993, Glibert 1998), their several-fold increase
following the fish introduction could also
contribute to the relaxation of P limitation in
L. Mekkojérvi (cf. VI). Moreover, the increase
in the total algal biomass (Fig. 1inV) increased
the overall need for mineral nutrients in the
epilimnion of L. Mekkojarvi (V).

In L. Valkea-Kotinen, the results of the
enrichment bioassays indicated potential N
limitation of phytoplankton throughout the
summer (Fig. 8, M. Jarvinen & K. Salonen,
unpubl.). This agrees with the recent results
(Jansson et al. 1996) that phytoplankton
primary production can be limited by N rather
than P in brown-water lakes. However, the
measurements of primary production 8-, 20-
and 48-h after nutrient enrichments into 1-litre
containers showed that nutrient limitation
developed during incubations and a clear
response to the added nutrients could be



In vivo fluorescence

0.8 0.8
June July
2 06 0.6
5
o 04 0.4
=
w 0.2 0.2
°
0-0°2 O'O—n.zzoooo
szzoggg E goR22

Primnary production

180 150

June July

Q@

s 120 100

O

g 60 50

0 0

EAZZ0000 EAZZ0000
O o D-ZE O o n.z&

Figure 8. Mean responses (withrange, n=2)
of phytoplankton primary production (4-h
incubation) and biomass (in vivo fluorescence)
to nutrient enrichments in L. Valkea-Kotinen
water in June and July 1996.

discerned only after 48-h incubation (Fig. 9).
This and the 1-d results of L. Mekkojirvi
nutrient bioassays (Fig. 4 in V) suggest that
phytoplankton do not necessarily experience
in situ nutrient limitation in brown-water
lakes (cf. Jones 1990). In the summer of 1995
and 1996, when the enrichment bioassays
were conducted in L. Valkea-Kotinen,
phytoplankton biomass was dominated by
migrating and/or mixotrophic species (Table
4, A.-L. Holopainen, unpubl.). As discussed
earlier (chapter 7.2), cryptomonads and
Gonyostomum migrate to deeper water layers
of the lake during darkness; very likely to
acquire nutrients (Salonen et al. 1993, Salonen
& Rosenberg 2000). Luxury consumption and
storage of phosphate into the cells in the
hypolimnion might explain the development
of N limitation during the bioassays, when the
algae were restrained from migrating. This
could also be an alternative explanation for
the increased N limitation in L. Mekkojarvi,
because the biomass of the migrating
phytoplankton species increased after the
disappearance of Daphnia in the lake (V).
Another reason for the observed N limitation
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of phytoplankton in L. Valkea-Kotinen could
be the high numbers of mixotrophic algae
(Table 4), which can acquire their needed P
via phagotrophy (e.g., Nygaard & Tobiesen
1993) thus increasing the relative N
deficiency (Jansson 1998). Jansson and co-
workers (1996) have shown that among the
phytoplankton community of a brown-water
lake in northern Sweden, mixotrophic species
were N limited at the same time when
obligatory autotrophic species experienced P
limitation. Thus, bacterivory by algae is likely
an important strategy to acquire P and/or
other nutrients which are in short supply
(Nygaard & Tobiesen 1993, H. Jones et al.
1994, Jones 1994). Algae cannot generally
compete with bacteria for available P in the
epilimnion (Currie et al. 1986), and therefore
several species likely compensate their
nutritional demands via ingesting and
digesting P-rich bacteria (Jansson 1998). In
brown-water lakes, P-limitation of bacteria
(Table 1, chapter 7.3.2, VI, M. Jérvinen,
unpubl.) and high bacterial numbers induced
by high inputs of allochthonous organic
matter (Hessen 1985, Tranvik 1988) probably
promote this strategy to acquire nutrients for
growth (Jansson et al. 1996, Jansson 1998).
Potential N limitation of phytoplankton was
also in line with the theory of the consumer-
driven nutrient stoichiometry, because
zooplankton community in L. Valkea-Kotinen
was mostly composed of small-sized
herbivores (Table 2) which typically have
higher C:P and N:P ratios than Daphnia
(Sterner & Hessen 1994, V).

7.3.2 Bacterioplankton

The results of enrichment bioassays with L.
Mekkojarvi (VI) and L. Valkea-Kotinen water
(M. Jarvinen, unpubl.) agree with recent
studies (Table 1) that besides labile C, P often
limits bacterioplankton in brown-water lakes.
Bacterioplankton production was almost
exclusively limited by P in L. Valkea-Kotinen
and it increased most when P additions were
coupled with N additions (PN and PNC
enrichments, Figs. 9-10, M. Jérvinen,
unpubl.). Enrichments with glucose did not
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increase the bacterial production suggesting
that bacteria were not C limited in L. Valkea-
Kotinen. On the contrary, the development of
plankton respiration after nutrient
enrichments in L. Mekkojirvi water indicated
potential C limitation or co-limitation of C
and P by bacteria (VI). Nutrient limitation of
bacterioplankton ~was estimated in L.
Mekkojarvi by following changes in plankton
respiration after the nutrient additions, and in
L. Valkea-Kotinen following changes in
bacterioplankton production, respectively.
The difference in the potential nutrient
limitation of bacterioplankton between the
lakes probably did not result from the
different methods used, because when the
both methods were used simultaneously in the
1996 experiments in L. Valkea-Kotinen they
produced similar results; P deficiency of
bacterioplankton (data not shown, M.
Jarvinen unpubl.). One potential explanation
for the difference in bacterial nutrient
limitation between the lakes might be that L.
Valkea-Kotinen has a higher phytoplankton
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biomass and production than L. Mekkojarvi
(Table 4, Table 1 in Arvola et al. 1999b), and
accordingly there is  possibly more
autochthonous DOC available for bacteria in
L. Valkea-Kotinen, which can be more
readily used for bacterial growth than
refractory allochthonous DOC (e.g., Tranvik
1998).

Contrary to the phytoplankton production,
bacterial production increased already 8-h
after the nutrient enrichments suggesting that
bacteria likely experienced in situ P limitation
in the epilimnion of L. Valkea-Kotinen in
1996 (Fig. 9). Bacterial cells may be
insatiable with respect to P (Vadstein et al.
1993) and due to their high surface area to
volume ratio, bacteria are considered superior
competitors for nutrients (Currie et al. 1986).
In the paper V, combined additions of P and
C failed to increase phytoplankton production
during 5-d in the bioassays with L.
Mekkojarvi water (Fig. 6e in V). This also
suggested that bacteria might be superior to
algae in the uptake of P in the presence of a
labile organic C source (V), which potentially
limited bacteria in L. Mekkojarvi (VI).
Despite the observation that bacterioplankton
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Figure 10. Responses of bacterioplankton

production to nutrient enrichments 2-d after
nutrient additions in L. Valkea-Kotinen water on
June 17, July 31 and September 1, 1996. In June-
July, bacterial production was measured from the
mixed sample of duplicates, in September
separately from the duplicates (mean and range,
n=2).



dominates P uptake in L. Mekkojérvi (Jones
1990, Salonen et al. 1994) phytoplankton has
been suggested to successfully compete with
bacteria for the available P in the lake (Jones
1990). This is likely related to mixotrophy
and DVM of several algal species in the lake
(cf. chapters 7.2 and 7.3.1).

7.4 Grazing control of plankton

The central role of Daphnia in regulating
phyto- and microzooplankton in L. Mekkojarvi
became evident after the food web
manipulation. The disappearance of Daphnia
following the whitefish introduction was
accompanied by the increase in phytoplankton
(Fig. 1 & 3a in V) and protozoan biomass (Fig.
11, Fig. 10 in VI, V=VI) in the epilimnion of
the lake. The changes in single-celled
plankton were similar to those earlier reported
in enclosure experiments with L. Mekkojérvi
water after the removal of Daphnia (Salonen
et al. 1992b, c, Arvola & Salonen 2001). The
disappearance of Daphnia, which effectively
grazes on Dbacteria, phytoplankton and
phagotrophic flagellates (Kankaala 1998,
Porter 1996), likely released rotifers and
protozoan  zooplankton from  resource
competition, and  phytoplankton  and
protozoans from grazing control, respectively.
An inverse relationship between Daphnia and
rotifer abundance could also be found in L.
Pussijarvi (I). In the control side of L. Iso
Valkjérvi, predation by the increased numbers
of Chaoborus following the fish-kill was
probably responsible for the decrease in
small-sized crustacean zooplankton and the
increase in rotifers (IV). The biomass of
phytoplankton was low in the epilimnion after
the fish-kill which was mainly due to the
decreased density of the large-sized
Gonyostomum semen. This might result from
the increased numbers of the cladoceran
macrofiltrator Holopedium gibberum (IV),
which has been suggested to be able to
control Gonyostomum abundance by grazing
(Salonen & Rosenberg 2000).

The importance of zooplankton regulation of
phytoplankton biomass (chl-a) has been
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1994. The arrow indicates the time of whitefish
introduction (July 14, 1994). Modified from Fig. 1
in VI. Unpublished Keratella data by T. Aalto &
K. Salonen and protozoan data by M. Jdrvinen.

shown in Swedish and Antarctic lakes by
Hansson (1992). It appears that the large-
sized Daphnia can significantly control lower
trophic levels by efficient grazing in the
absence of efficient predators both in
clearwater and brown-water lakes. On the
contrary, in lakes with three food chain levels
fish predation may release phytoplankton
from zooplankton grazing control (Hansson
1992, Carpenter et al. 2001). Then, according
to this food chain theory (Persson et al. 1988),
phytoplankton ~ abundance is  mainly
influenced by ”bottom-up” forces (nutrient
availability). However, the “top-down”
control may be limited to the uppermost
trophic levels (Ramcharan et al. 1995) in
aquatic ecosystems and the complex trophic
interactions may strongly modify or dampen
the cascading effect (Elser et al. 1995,
Ramcharan et al. 1996, Currie et al. 1999,
Persson 1999, Hulot et al. 2001). Differential
use of habitat by fish may also affect the
outcome of trophic cascades (Holopainen et
al. 1992). It has been argued that the most
drastic “top-down” effects can be typically



found after massive manipulations and within
a short time-span after the manipulation,
whereas during a longer time period systems
may be more stable (Ramcharan et al. 1995).
Fish introduction to L. Mekkojrvi represented
this kind of massive manipulation. However,
the low epilimnetic biomass of phytoplankton
in the studied lakes with Daphnia (two-level
systems; sensu Persson et al. 1988) also indirectly
indicated the regulating role of zooplankton in
these lakes (Fig. 6, chapter 7.2).

Although bacteria may contribute noticeably
to the diet of Daphnia in L. Mekkojirvi
(Kankaala 1988), bacterial biomass was not
clearly affected by the changed food web
structure in the epilimnion of the lake (M.
Likolammi, unpubl.). It is probable that the
simultaneous increase in rotifer and protozoan
abundance compensated for the loss of the
grazing pressure by Daphnia against bacteria.
Pace et al. (1998) have also noted that
potential trophic cascades can be truncated at
the microbial level. Thus, based on the
heterogeneity within trophic levels, potential
cascading effects at community level may be
compensated by resource species less
vulnerable to consumption (Persson 1999).
Bacterioplankton responses to the food web

manipulation could be at least partly
explained by the above mentioned
compensatory changes, and partly by

nutrients, in L. Mekkojérvi experiments (VI).

Whole-lake and smaller-scale experiments
have earlier shown that Daphnia abundance
can strongly affect microzooplankton
dynamics (Salonen et al. 1992c, Pace et al.
1998). Daphnia typically reduces the
abundance of heterotrophic flagellates and
ciliates mainly via consumption and feeding-
induced mortality, and that of rotifers via
suppressing their resources over time (Pace et
al. 1998, see also Neill 1984). In L. Iso
Valkjérvi, ciliate numbers varied in both sides
of the lake during the year of liming (IIT). The
highest ciliate numbers were observed in the
spring and autumn. In paper III this was
related to high phytoplankton and bacterial
abundance and low zooplankton numbers
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during these periods, but in addition to these
also the supply of fresh humus from the
watershed following the snow melt in the
spring and during autumn rains might be
responsible (cf. Hessen 1998). Epilimnetic
ciliate numbers remained unaffected after
liming probably because liming did not cause
noticeable changes in prey (bacterio- and
phytoplankton) and predator (metazooplankton)
populations (III, Kuoppamiki 1993a,b). The
changes in ciliate abundance and size
distribution in the control side in June—July
1991 probably resulted from higher rotifer
and crustacean zooplankton abundance (III).
After the fish death, the abundance of
cladocerans decreased in the control side of L.
Iso Valkjarvi which possibly resulted from
increased invertebrate predation (IV). This
had no clear effects on the ciliate numbers in
the epilimnion of the lake during the summer.
On the contrary, ciliate numbers increased
strongly in the hypolimnion (IV). Although
the massive fish kill was responsible for the
changes in hypolimnetic microzooplankton,
the mechanism behind the change was clearly
resource-based: fish carcasses introduced high
amounts of new degradable organic material
to the bottom layers of the control side of the
lake. This stimulated bacterial growth which
in turn provided extra food for ciliates and
heterotrophic flagellates. At the plankton
level it was often difficult to distinguish
whether the observed changes following the
fish-kill (IV) were resource-based or
consumer-driven.

7.5 General discussion

The studies included in the thesis provide
mainly indirect evidence on resource-based
and consumer-driven control in brown-water
lakes, because originally they were not
designed for that purpose. Also, as pointed
out by Osenberg & Mittelbach (1996) “while
trophic cascades clearly reveal that predators
influence prey dynamics, the occurrence of
trophic cascades says little about the relative
importance of limitation imposed by predation
vs. resources”. Nevertheless, examination of



the results of papers [-VI from this point of
view revealed interesting features of food-
web regulation in the studied lakes. The
results of nutrient enrichment bioassays
suggested that despite low mineral nutrient
concentrations  phytoplankton was not
necessarily nutrient deficient in situ in the
epilimnion (V, and unpubl.). The results gave
also support to the view that the grazer
community structure can affect which nutrient
becomes potentially limiting. The comparison
of plankton communities between the lakes
with or without planktivorous fish, and the
results of the fish manipulation experiment
revealed the central role of large herbivorous
(omnivorous) Daphnia in regulating phyto-
and microzooplankton in lakes devoid of
planktivorous fish. In fishless brown-water
lakes Daphnia possibly retard nutrient cycling
in several ways. Daphnia may act as P sink
due to its characteristic nutrient stoichiometry
(high body P content; e.g., Sterner & Hessen
1994). Daphnia may reduce the -efficient
functioning of the microbial loop by grazing
protozoan zooplankton, which are efficient
nutrient recyclers (e.g., Glibert 1998). Daphnia
may further slow down nutrient cycling by
grazing small-sized edible algae which may
increase the numbers of non-edible “’slow-
growth” algal species (e.g., Sterner 1989).

The studies presented in the thesis cover the
range from small-scale bottle experiments
(V=VI) to whole-lake ecosystem manipulations
(I-1I, V). Higher level experimental tests
(enclosure or ecosystem level experiments)
are more natural than culture or community
culture tests, but their results can be difficult
to interpret (e.g., Hecky & Kilham 1988). The
experimental designs of the Iliming
experiments in Lakes Iso Valkjarvi and
Pussijarvi  were strongly based on
limnological monitoring with the emphasis on
possible changes in the plankton community
structure. Because limnology of lakes may
vary strongly between the years simply due to
variations in weather conditions (Kratz et al.
1998, George et al. 2000), as was seen e.g., in
the phytoplankton dynamics of L.
Ruuttanajarvi (I, chapter 7.1), pre-treatment
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as well as post-treatment monitoring periods
should be long enough in experimental
manipulations. In this respect, limnological
monitoring of the pre-liming period after the
division of L. Iso Valkjérvi (1) was, due to
logistic reasons, too limited e.g., to allow a
proper statistical comparison between the lake
sides (e.g., Carpenter et al. 1989). Also, the
division of a lake into separate compartments
may lead alone to divergence in water
chemistry or biology e.g., due to altered
hydrology or morphometry of the basins
(Brettum 1992, Christensen et al. 1996).
Winemiller & Polis (1996) state that
“experimental manipulations of food webs
can identify species and feeding links that
most influence population and community
dynamics”. On the other hand, whole-lake
experiments, such as the fish introduction in
L. Mekkojarvi (V-VI), can seldomly be

replicated. ~ Despite  this, = whole-lake
experiments can provide important and more
realistic information on the ecosystem

functioning than smaller-scale or laboratory
experiments (Schindler 1990, 1998, Carpenter
et al. 1995, Pace et al. 1998). Risks related to
small-scale bottle-experiments were also
appreciated in the nutrient enrichment
bioassays of this study; isolation of
phytoplankton into bottles and the prevention
of their vertical migration likely strengthened
potential nutrient limitation (V-VI, and
unpubl. results from L. Valkea-Kotinen). An
ideal in experimental tests would be of course
a combination of several experimental scales
during the study.



8. Conclusions

1. Liming of L. Pussijirvi and the
experimental side of L. Iso Valkjérvi resulted
in only minor changes in the plankton
community structure. This probably resulted
from the negligible changes in the nutrient
concentrations and the mostly unchanged
food web structure. In particular, no changes
occurred at the level of key species (European
perch, Perca fluviatilis, in L. Iso Valkjarvi).

2. Nutrient enrichment bioassays suggested
phytoplankton primary production to be N
limited in L. Valkea-Kotinen and after the
removal of Daphnia also in L. Mekkojérvi.
The results also suggested that phytoplankton
do not necessarily experience in situ nutrient
limitation in these lakes. This likely results
from the behavioural strategies of several
phytoplankton species to acquire nutrients
(diel vertical migrations and mixotrophy).

3. In L. Valkea-Kotinen, phytoplankton was
N limited while at the same time
bacterioplankton was P limited. The affinity
of bacteria to P was high.

4. Potential P limitation shifted towards N
limitation in L. Mekkojirvi after the
disappearance of Daphnia longispina which
was in line with the consumer-driven nutrient
stoichiometry (e.g., Elser & Urabe 1999)
suggesting that zooplankton community
structure may determine, via the body C:N:P
ratios and excretion, the nutrient which limits
algal growth.

5. The food web manipulation experiment in
L. Mekkojarvi showed that in the absence of
planktivory, large Daphnia can strongly
control the abundance of its single-celled
prey. Indirectly this was further supported by
the low phytoplankton biomass in the
epilimnion of the fishless lake, Pussijédrvi. The
regulating role of Daphnia was clearly
discernible in phytoplankton, ciliates and
rotifers, but less in bacterioplankton.
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6. It is possible that low phytoplankton
biomass in oligotrophic brown-water lakes
devoid of planktivorous fish may be related,
in addition to unfavourable light conditions
and humus-metal-P binding properties (e.g.,
Jones 1992), to Daphnia grazing on algae, the
characteristic low C:P stoichiometry of
Daphnia which may retard epilimnetic P
cycling, and to the grazing of Daphnia on
protozoans which may reduce the nutrient
recycling via the microbial loop.
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